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Data-driven analytics to inform forces and torques in particle-laden flows
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Abstract
This talk will present recent advances in modeling

of mesoscale/microscale hydrodynamics, heat transfer
and chemical reactions in particle-laden flows using the
data-driven method and the ML-augmented method. In
particular, we will introduce a microstructure-based
probability-driven point-particle model (MPP) and a
physics-informed neural network (PINN) model that can
predict particle-to-particle force and torque fluctuations
in a fixed bed of randomly distributed monodisperse
spheres. Note that the above models incorporate the

effect of local neighborhood of particles. We will discuss
in detail how to leverage the statistical information
obtained from particle-resolved direct numerical
simulations (PR-DNS) to establish force/torque
conditioned probability distribution maps that can be
used as basis functions for regression. Moreover, we will
present ideas and undergoing implementations on further
extension development of the above MPP. The ultimate
goal is to apply the constructed MPP model for
Eulerian–Lagrangian simulations.
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Abstract
Facing the pressing environmental and climate

change challenges, novel approaches are needed for
sustainable energy transitions towards a carbon-neutral
future. The emergence of big data analytics, internet of
things, machine learning (ML), and general artificial
intelligence (AI) provide enormous smart tools for
processing complex data and information generated from
experimental and computational research, as well as
industrial applications, which could revolutionize
next-generation research, industry and society. The
potential contribution of ML combined with big data and
cyber-physical systems to energy and environmental is
worth of investigation. In this talk, an overview of

multi-scale smart systems engineering approaches and
their applications in crucial domains of energy and
environment management will be first given. The recent
developments of ML models and data-driven
optimization that can expedite smart systems engineering
development will be demonstrated via a series of use
cases. The design, operation and management of
multi-scale systems with enhanced economic and
environmental performance are then presented. Finally,
opportunities, challenges, and future directions of smart
energy and environment management faced by the
pressing carbon-neutrality or net-zero targets are
discussed.
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Abstract

Fluid-structure interaction systems are ubiquitous in
energy related engineering problems. Among them, the
flow subproblems are often multi-phase. In this study, a
variational multiscale framework is presented, with an
emphasis on modeling the multi-phase flow in such
systems. We start from a finite element variational
multiscale (VMS) formulation for incompressible
turbulent flows. The multi-phase flow is modeled by a
level-set scalar convection system, which is enhanced by
a re-distancing technique and mass balance operator. A
simple but effective and generalized moving contact line
model is proposed. To account for the ill-conditioned
system matrix originated from the multi-scale nature of
the problem, a direct coupling approach based on a
matrix-free technique is developed. The framework is
further augmented by an immersogeometric method to
model complex geometries and large-scale structural
displacements. The simulation results demonstrate good
agreements between the numerical framework and
experimental measurements in engineering applications,
such as off-shore wind turbines and marine engineering
problems.

Introduction

Fluid-structure interactions involving multi-phase
flow simulations play an essential role in the design and
optimization of engineering structures in many areas,
such as renewable energy and marine engineering, etc. In
addition to handling high Reynolds number turbulent
flows, there are two key challenging problems in
free-surface flow simulations. One problem is how to
treat the fluid–fluid interface, the associated large
property ratio between two fluid phases, pressure

discontinuity, and possible violent topological interfacial
changes. Another problem is how to treat the
fluid–structure interface, which typically has
complicated geometry for real engineering structures and
the surrounding thin boundary layers. In this work, we
present a finite-element based variational multiscale
numerical framework aiming at the two aforementioned
bottleneck problems (Zhu et al. 2019; Yan et al. 2020).

Numerical Methodology

The FSI systems in this work are carried out by a
dynamically augmented Lagrangian (DAL) framework.
The computational FSI system includes the dynamics of
multiphase flow, the structural mechanics of solid or
shell structures, and their coupling. The key numerical
ingredients of the framework for multiphase flow FSI
problems are briefly summarized here.

The multiphase flow is governed by the
Navier–Stokes equations of incompressible flows,
augmented by a level-set scalar convection system.. The
equations are numerically solved using the variational
multiscale (VMS) formulation on an arbitrary
Lagrangian–Eulerian (ALE) frame. It accounts for the
turbulent flow and transition regime using a residual
based large-eddy simulation (LES) turbulence model. A
re-distancing/re-initialization technique is added to
enhance the conservation property of mass.

The structures can be divided into two types. Solid
structures are modeled by a large-deformation
hyperelastic solid written in the Lagrangian frame. On
the other hand, shell models are more suitable for some
thin structures, and a generalized hyperelastic
Kirchhoff–Love shell formulation is employed in this
work. The geometric and material nonlinearities are both

mailto:fei.xu@ansys.com
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accommodated in the framework using the isogeometric
analysis (IGA) method, which uses higher order smooth
basis functions to achieve satisfactory accuracies with
few degrees of freedom compared with traditional
polynomial basis functions.

Finally, the DAL framework introduces a Lagrangian
multiplier field on the fluid-structure interface to enforce
the kinematic and dynamic constraints, such as the
compatibility of fluid tractions and structural stresses. To
handle the strong added mass effect introduced by the
huge difference in numerical scales of subproblems, a
quasi-direct coupling FSI solution strategy is employed
to solve the discrete FSI equations at each nonlinear
iteration within a time step. We use a Generalized-α time
integration scheme, which requires us to solve a coupled,
nonlinear equation system. To tackle the ill-conditioned
matrix, a matrix-free method is developed for solving the
linear algebra problem.

Results and Discussion

The developed numerical framework is applied to the
simulation of various engineering devices. First the
David Taylor Model Basin (DTMB) 5415 ship model is
simulated. Figure 1 shows the free-surface colored by the
water elevation and the wave heights normalized by the
ship length along the centerline. From the wave height
contour, the wave profile looks symmetric with respect
to the centerline at the scale of the figure. The
experimental data of the wave height distribution is
plotted for comparison. A close agreement is achieved
that indicates the accuracy of the proposed formulation.

Figure 1: Numerical simulations of the ship model. Left:
Free-surface colored by wave height (m) at the
quasi-static stage; Right: Comparison of wave height
along the centerline.

The method is then used to numerically simulate

multiple horizontal tidal turbines at full-scale operating
in realistic free-surface flows. Both pure hydrodynamics
and free-surface flow simulations are performed with the
same set of operation parameters, based on which the
experimental measurement of a single turbine is
available. We compare the performance between the
upstream and downstream turbines and quantify the
free-surface effect. The effect of the turbulence generated
by the upstream tidal turbine on the downstream turbine
is emphasized (Figure 2).

(a) t = 2.1 s

(b) t = 9.4 s

Figure 2: Free-surface and underwater vorticity colored
by the velocity magnitude in the simulation of tow
back-to-back tidal turbines

Conclusions

A numerical framework for FSI systems involving
multiphase flows is presented and used to model
complex problems. Experimental validation of the
method is carried out with good success. The simulations
are carried out at full-scale and with the full complexity
of tidal turbine geometry. Without any empiricism, the
simulations can accurately capture the effect of the free
surface. By comparing the results of the pure
hydrodynamics simulation and free-surface simulation,
we found that the free-surface does not affect the
upstream turbine but significantly change the
performance of the downstream turbine for this
deep-immersion case.
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Manipulating the flow of light & heat at nanoscale
Jia Zhu
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Abstract

Light and heat are the two most common and widely
used energy in the society. Nanostructures with carefully
tailored properties can be used to manipulate the flow of
light and heat, to enable novel devices and functionalities
in an unconventional manner. In this talk, I will present
three examples.

The first example is about water. Water scarcity is one
of the most pressing global challenges. I will present our
recent progress in interfacial solar vapor generation and
its related applications. We report that efficient and
broad-band plasmonic absorber can be fabricated
through a three dimensional self-assembly process.
Inspired by the transpiration process in plants, we further
report an artificial transpiration device with a unique
design of two dimensional water path. The energy
transfer efficiency of this artificial transpiration device is
independent of water quantity, a signature of interfacial
solar evaporation. At the end, we would like to
demonstrate that this type of interfacial solar vapor
generations can have direct implications in various fields
such as solar desalination, zero liquid discharge,
sterilization and power generations.

The second example is about passive cooling.
Radiative cooling which sends heat to space through
atmospheric transparency window without any energy
consumption, is attracting significant attention. For

radiative cooling to achieve high cooling performance, it
is ideal to have a selective emitter, with an emissivity
dominant in the atmospheric transparency window.
However, so far scalable production of radiative cooling
materials with selective emissivity has not been realized.
Here I will present a hierarchical design for a selective
thermal emitter to achieve high performing all-day
radiative cooling. Moreover, it is revealed that this
hierarchically designed selective thermal emitter shows
significant advantage if being applied to alleviate Global
Warming or to regulate temperature of the Earth-like
planet.
The third example is about integrated photonics.
Plasmonics combining the advantages of the speed of
light and the size of electron, has long been pursued as
promising candidates for integrated photonics. However,
the loss of plasmonic materials has long been the
primary road blocker for its widespread implementations.
Here I report the first experimental demonstration of
alkali metal as high performing plasmonic materials.
Because of low loss property, a room temperature
sodium based plasmonic nanolaser with a record low
threshold is demonstrated. In addition, as alkali metal
also possesses unique electrochemical properties, alkali
metal plasmonics at the intersect of plasmonics and
electrochemistry, open up tremendous opportunities for
both information and energy storage.
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suspension flows and separation: Applications in nuclear waste processing
Timothy Hunter
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Abstract

Within the UK nuclear environment, there is a
considerable accumulation of legacy wastes in the form
of liquid effluents and suspensions or sludges, contained
in various ponds, silos and tank storage areas. For many
waste operations, there are significant challenges to safe
and efficient waste processing, due to their complex
compositions, poor current containment facilities and,
most importantly, a lack of available characterisation
data. In response to these problems, our research group

have investigated the application of ultrasonics, as
innovate online characterisation instrumentation.
Presented in this talk will be a number of ongoing case
studies, where novel backscatter profilers have been used
to monitor nuclear waste transport in multiphase
pipeflows, as well as larger waste separators and
intensified agitated tubular reactors. Comparisons with
predictions from computational fluid dynamics are also
included, as ultimately, the UK nuclear industry seeks to
use digital twins as a hazard free route to process
understanding and optimisation.
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Abstract

Density segregations of binary particles in a vibrated
fluidized bed are investigated numerically and
experimentally. A numerical model is constructed by
coupling the discrete element method (DEM) with the
computational fluid dynamics (CFD) in a non-inertial
frame of reference. An upscaled coarse-graining model is
employed to prevent the large computational cost of
DEM-CFD. After the validation study of the model, the
change of segregation behaviors depending on gas
inflow velocity is investigated. A sudden change from
reverse to forward segregation observed experimentally
is reasonably captured numerically, and its physical
mechanism is discussed in detail. In addition to the
positive gas pressure gradient in the vertical direction,
the particle transportation to the bed bottom induced by
the wall friction plays a major role in the segregation.

Introduction

Vibrated fluidized beds (VFBs) combine an
air-agitated fluidized bed with a mechanical vibrated bed
to enhance fluidization, segregation, and mixing of
granular materials. VFB was originally proposed to
fluidize particles with low flowability; its application has
been expanded to segregate and mix heterogeneous
particles with different properties. The mechanical
vibration drastically alters the solid and gas flow in the
beds, increasing its physical diversity and complexity
(Rosato and Windows-Yule, 2020; Cano-Pleite et al.,
2017; Oshitani et al., 2020).

This study explores the segregation due to the density
difference of binary particles in VFBs numerically and
experimentally. After the validation study of the
numerical model, the change of segregation depending
on gas inflow velocity is investigated.

Upscaled coarse-graining DEM–CFD for VFBs

A DEM-CFD simulation is a powerful tool for
considering the density segregation in the macroscopic
bed and microscopic particle scales, while large

computational cost is a major drawback. We have
developed a coarse-graining DEM–CFD model for a
vibrated fluidized bed in the non-inertial frame of
reference fixed to a bed under the acceleration and
deacceleration due to vibration (Jiang et al., 2020 and
2021). Particles were upscaled based on the similarities
in the particle scale.

Figure 1: Change of segregation depending on gas inflow
velocity u0. Experimental results. Positive and negative
segregation efficiency show reverse and forward
segregation, respectively (Oshitani et al., 2022).

mailto:tak@mech.eng.osaka-u.ac.jp
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Figure 2: Reverse (u0=0.0904 m/s) and forward
(u0=0.181 m/s) segregations under the same vibration
strength  = 4.4. Numerical results. Black particles: p

= 4000 kg/m3 and white particles: p = 1500 kg/m3.

Results and Discussion

As shown in Figure 1, Oshitani et al. (2022)
experimentally observed the reverse segregation in
which heavy particles locate above light particles when
the gas inflow velocity is zero or much less than the
minimum fluidization velocity of the light particles.
Increasing the gas velocity turns to the forward
segregation in which the heavy particles locate below the
light particles. The numerical model reasonably captures
the change of density segregation depending on the gas
inflow velocity under the same vibration condition
(Figure 2).

The constructed DEM-CFD model elucidates the
mechanisms of reverse segregation and the sudden
change from the reverse to the forward segregation.
Relative motions between the particles and the bed
induce a positive gas pressure gradient in the vertical
direction depending on the vibration phase. In the
reverse segregation case, the accumulative effect of the
downward gas pressure gradient force induced by the
vibration overcomes the upward force by the forced air
flow. The wall friction transports both the heavy and
light particles in the vicinity of the side wall to the bed
bottom, where the local void fraction is comparatively
high, and the reverse segregation mainly occurs.

Conclusions

A coarse-graining DEM-CFD model was constructed
for VFBs. A sudden change from reverse to forward
segregation observed experimentally is reproduced
numerically. It is revealed that the reverse segregation
results from the combined influences of the downward
gas pressure gradient force and the particle transport. The
increase in gas inflow velocity enhances the upward
pressure gradient force, and the segregation turns to
forward.
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Electrochemical CO2-to-CO conversion in solid oxide electrolysis cells
Yihang Li

Xidian University, China

Abstract

Depletion of natural energy resources and environmental
deterioration are among the biggest challenges for
sustainable development. Both issues are resulted from
the unsustainable utilization of fossil fuels accompanied
by the release of greenhouse gas CO2. In this regard,
more and more attention has been focused on the
processes of CO2 conversion to valuable fuels powered
by nuclear enrgy or renewable electricity sources (e.g.,
solar, wind, tidal and hydropower), which could not only
help to reduce CO2 emissions, but also mitigate the
energy crisis. Solid oxide electrolysis cells (SOECs) can
efficiently convert the greenhouse-gas CO2 to valuable
chemicals. For example, CO2 is electrochemically

reduced to CO at the fuel electrode (cathode) while
releasing O2 at the oxygen electrode (anode). SOECs are
considered as not only a promising technology base for
sustainable energy systems but also helpful to achieve
the goal of carbon-neutral cycling. This talk will present
our recent advances in designing mixed conducting
perovskite oxide materials as fuel electrodes for
electrochemical CO2-to-CO conversion in SOECs. In
particular, we proposed to investigate surface oxygen
exchange (kchem) of CO2-RR kinetics using a new
theoretical method based on the electrical conductivity
relaxation (ECR) technique.
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Bubble dynamics in gas fluidization of nonspherical particles
Zongyan Zhou
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Abstract

Bubbling fluidized beds (BFB) have widespread
applications in various industrial process because they
have excellent features such as high chemical conversion,
heat and mass transfer and mixing. Bubbles generated
are generally regarded as the driving force influencing
the performance and efficiency of BFB. Several
variables can affect the bubble dynamics such as
fluidization gas velocity, particle shape, inter-particle
force, etc. Understanding the effect of these variables is
of paramount importance to the improvement of design,
operation and control of BFB. In this presentation, the
aim is to report how the particle shape affects bubble
dynamics under via numerical simulation under different
conditions. Ellipsoidal particles are used as they have
unique advantage in representing a quite range of particle
shapes varying from disc-like to rod-like. The results
reveal that for the case of continuous single jet, particle
shape can alter the mechanisms of bubble behavior such

as splitting and coalescence. Ellipsoids have larger
bubble equivalent diameters, more irregular bubble
shape, and lower bubble frequency and bubble velocities.
For the case of uniform BFB, the results show that
bubble flow patterns for ellipsoids are asymmetric
leading to different solid flow pattern, solid mass flux,
and mixing characteristics in the whole bed. The
ellipsoids have a smaller bubble size and lower bubble
rising velocity than spheres. The combined effects of
particle shape and van der Waals force on bubble
dynamics are also examined. It is found that the bubble
coalescence and splitting phenomena are suppressed with
the increase of van der Waals force. The bubble diameter
and velocity decrease with the increase in extent of van
der Waals force for particle of different shapes.
Moreover, the oblate/prolate spheroids transform to
non-bubbling fluidization under the influence of high
cohesive force while spheres form channels.
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Abstract

Severe slugging is a destructive flow pattern with
long fluctuation period and obvious non-uniform phase
distribution in the pipeline-riser system at the low flow
rate. This flow pattern will cause large and abrupt
fluctuations in the pressure and the flow rate of the outlet
gas and liquid in the oil and gas exploitation industry.
Based on the data of Severe slugging in industrial grade
pipeline system, we discusses the varying regularity of
time proportion of each stage of Severe slugging with the
increase of superficial gas or liquid velocity. It is found
that the change of superficial gas velocity has a great
influence on the time domain distribution of each stage
of Severe slugging. Finally, we make a quantitative
analysis for the average flow velocity of the liquid slug
blowout stage, which can provide reference for the
design of slug catcher in industrial field.

Introduction

In the deep water oil and gas exploitation industry, a
subsea pipeline with downwards inclination ends with a
vertical riser to a platform, or a pipe is laid in a hilly
terrain, under certain conditions the lower section of the
pipe accumulates liquid and blocks the gas passage
(Taitel 1986). Under such conditions a cyclic operation
is obtained, termed severe or terrain slugging. Severe
slugging is considered to be an unstable flow regime in
the sense that it is associated with large and abrupt
fluctuations in the pipe pressure and in the gas and liquid
flow rates at the outlet.

Tin(Tin 1991), Park and Nydal, Montgomery and
Yeung(Montgomery and Yeung 2002), Li(Li 2013),
Ye(Ye 2013), Li(Li 2017) and other researchers have

carried out flow pattern division, flow pattern
transformation mechanism research and flow
characteristics analysis of multiphase flow in the
Pipeline S-riser System respectively.

Through the statistical analysis of experimental data
under industrial pipelines, the time of each stage was
obtained, and the flow characteristics of each stage under
different gas-liquid velocities were revealed. It has
important guiding significance in ensuring the safety of
oil and gas transportation process and improving the
service life of oil production platform.

Experimental Setup

The experimental setup consisted of water and air
supply lines, an air-water mixer, and a test section, as
shown in Fig.1. The test section adopted a
horizontal-downward-S riser structure. The length of
horizontal section is 1657 m, the downward section is 30
m, the inclination angle is-7 °, the length of S-riser is
16.7 m, the height is 11.2 m and the inner diameter of the
experimental pipeline is 46 mm.

Air and water were used as working fluids in this
study. Wateris supplied from a storage tank by
high-pressure plunger pumps with a maximum flow rate
of 29 m3/h. Air is compressed by a set of piston
compressors into a buffer vessel before entering the
pipeline, with a maximum flow rate of 1020 Nm3/h.
Both phases are introduced into the test loop through a
gas-liquid mixer, which ensures a stratified flow at the
inlet. After the pipeline and riser, fluids are discharged
from the riser into a gas-liquid separator operating under
atmospheric condition.

The coriolis mass flowmeters with different ranges
are employed to measure the flow rate of each phase.

mailto:lj-guo@mail.xjtu.edu.cn
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During the experiments, pressure and differential
pressure were measured at different pipe positions. the
ranges of superficial liquid velocity and superficial gas
velocity under standard conditions are set as 0.025–2.0
m/s and 0.075–10.0 m/s, respectively.

Figure 1: Schematic diagram of the experimental facility

Results and Discussion

1 Influence Analysis of Severe Slug Flow in Each Stage
1.1 Effect of superficial gas-liquid velocity on slug
formation stage

With the increase of the superficial velocity of the
gas phase, the proportion of the liquid slug formation
time to the total slug period generally shows an
increasing trend. With the increase of liquid superficial
velocity, the proportion of liquid slug formation time to
total slug cycle shows a basically stable trend. As shown
in Fig.2.

Figure 2: The results of the proportion of the liquid slug
formation time in the total slug period versus gas or
liquid superficial velocity
1.2 Effect of superficial gas-liquid velocity on slug
production stage

With the increase of gas superficial velocity, the
proportion of liquid slug production time in the total slug
period shows a decreasing trend. With the increase of the
liquid superficial velocity, the proportion of the liquid
slug production time to the total slug period generally
shows a basically stable trend, which is consistent with
the slug formation stage. As shown in Fig.3.

Figure 3: The results of the proportion of liquid slug
production time in the total slug period versus gas or
liquid superficial velocity

In summary, it can be considered that the ratio of
slug formation time and slug blowout time to slug cycle
at the same gas phase superficial velocity fluctuates
around the fixed value, and is less affected by the liquid
phase superficial velocity.

2 Quantitative analysis for the average flow velocity
of the liquid slug production stage

In this paper, a dimensionless liquid velocity

parameter ( U ) is used to characterize the production

velocity of the slug production stage of the severe slug
flow, which is the ratio of the average liquid velocity

( mU ) to the inlet apparent liquid velocity ( SLU ) in the

discharge stage of the severe slug flow (Zhou 2018).

m

SL

UU
U

 (1)

With the increase of gas superficial velocity, the
dimensionless velocity parameter shows an increasing
trend, while the increase slope decreases. With the
increase of liquid superficial velocity the dimensionless
velocity parameter curve generally showed a trend of
decreasing first and then unchanged. As shown in Fig. 4.

Figure 4: The results of the dimensionless liquid
velocity parameter versus gas or liquid superficial
velocity

Conclusions

1 The time domain distribution of slug period and
the change of slug structure caused by the change of gas
phase superficial velocity during the development of
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severe slug flow is more obvious than that of liquid
phase superficial velocity.

2 The mechanism of severe slug flow period
decreasing with gas-liquid velocity is dominated by the
compressibility of gas phase and the growth rate of gas
pressure at the bottom of riser.

3 The average slug blowout velocity of severe slug
flow is 1.1-2.4 times of the inlet liquid phase velocity,
and the dimensionless velocity parameter increases with
the increase of gas phase superficial velocity.
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Abstract

The boiling characteristic of electronic cigarette oil
on the porous ceramic involves complicated microscale
two-phase heat and mass transfer problems, which
determines the atomization performance of electronic
cigarettes. In this work, an electronic cigarette
experiment system is built, in which a high-speed camera
is employed to observe the boiling phenomenon of
e-cigarette liquid on the porous ceramic surface due to
the heating by a “S” shape thin film heat element.

Based on the result of boiling images on the porous
ceramic surface, the boiling process can be divided into
four stages with unique heat transfer characteristics of
each own. An image processing method is also
introduced to extract liquid film thickness to
quantitatively study the boiling phenomenon in porous
ceramic.

Introduction

As a healthier alternative to traditional cigarettes,
electronic cigarettes have shown promising potential
with the rapid growth of their market share.
E-cigarette-related studies, such as how to control the
amount of e-cigarette oil atomization and reduce the
health threat of smoking to the human body, have shown
extremely high research value and application prospects.

Although the formation of e-cigarettes is varied, they
are mainly composed of three parts: power system for
control the heating, storage system for storage the
E-liquid and atomization system where the vaporization
and condensation phenomenon happen in the porous
ceramic thus producing smoke.

Therefore, the boiling phenomenon in the e-cigarette
porous ceramic heating core is a vital observation
indicator used to reflect the atomization quality of the
e-liquid directly. This paper builds a comprehensive
system for testing the performance of E-cigarettes. Due
to limitations of space, this article only focuses on
introducing the dynamic boiling characteristics of the
heating core captured by the high-speed camera.

Experimental Method

The experiment platform we designed for electronic
cigarettes test is shown in Figure 1. This platform allows
operators to input variables like the heating power,
suction duration and output the boiling image on the
ceramic surface, the particle distribution, heating core
temperature and chamber pressure. The data acquisition
cards is NI-9205 and NI-9213 from National Instruments
Inc. and controlled by Labview programing, the
high-speed camera is FASTCAM SA-Z type
1000K-M-64 GB from Photron Inc. The particle size
analyzer is the Spraytec laser diffraction system from
Malvern Panalytical.

mailto:zfzhou@mail.xjtu.edu.cn
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Figure 1: Schematic of the E-cigarette experiment
platform.

Results and Discussion

Firstly we present the temperature and pressure
curve under the operating condition of 5W heating and
1.5 kPa suction in Figure 2.

Figure 2: Temperature and pressure curve under the
operating condition of 5W heating and 1.5KPa suction

As it revealed in Figure 2, the temperature reaches
over 200K on the surface of porous ceramic and the
suction pressure shares a similar trend as the temperature
curve.

By observing the boiling image, we captured in the
porous ceramic surface, the boiling process of e-liquid
can be roughly divided into the following four modes
according to the boiling intensity on the ceramic surface.
The figure of 4 modes are shown in Table 1.
Table 1: 4 modes in boiling process on porous ceramic

Modes Bottom View Side View

Mode
1

Mode
2

Mode
3

Mode
4

Mode 1 occurs in the initial stage of heating, there
is no obvious boiling core, small amount of aerosol mist
composed of little smoke oil droplets appear on the
ceramic surface, and the heating core smoke oil has a
low degree of infiltration due to low suction pressure in
the beginning stage. In Mode 2, one or a few
vaporization cores appear in the ceramic surface and
producing an unstable liquid film. In Mode 3, a large
amount of e-liquid is sucked into the porous ceramic, the
e-liquid violently boils and the unstable liquid film
spreads further forward, covering the entire heating area.
A large amount of smoke is observed, accompanied by a
large number of liquid bubbles broken and droplets
splashing. In Mode 4, as the suction pressure drops and
the heating ends, the boiling phenomenon gradually
stops, and the oil film on the heating core is also sucked
back into the porous material.

Images taken by high-speed cameras are further
proceeded to obtain quantitative analysis data. This
article uses MATLAB to perform image processing as it
shown in the Figure 3.
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Figure 3: Diagram of image processing
The result of image processing is presented in Figure

4.

Figure 4: the thickness of liquid film change with time
As shown in Figure 4, the black curve filtered

indicated that the overall thickness of the e-liquid film is
between 1-2mm during the boiling process. Due to the
continuous generation and rupture of large liquid bubbles,
fluctuation of the liquid film is rather violent.

In addition, the fluctuation degree of the red liquid
film curve (unfiltered) represents the intensity of the
boiling disturbance phenomenon, and the height of the
green curve below it represents the base liquid thickness
of the film.

Comparing the changes in the thickness of the liquid
film and the overall evolution of the
pressure/temperature curve in Figure 4 and Figure 1, it
can be deduced that the height of the liquid film rises
simultaneously with the increase in the suction pressure
and the temperature of the porous ceramic. Because a
higher suction pressure leads to a rise in the pressure
difference between the atomization cavity and the
cartridge, making the liquid film thicker; and a higher

heating core temperature will also aggravate the boiling
phenomenon on the ceramic surface, which increases the
gas content in a porous material and also increases the
thickness of the liquid film.

Conclusions

In this work, we constructed an experiment platform
to study the boiling phenomenon in E-cigarette porous
ceramic heating core. The boiling process in the ceramic
surface can be divided into four modes which are
determined mainly by the superheat degree of ceramic.
An image processing method was proposed to extract the
film thickness and found that both heating degree and
suction pressure influence the liquid film thickness.
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Abstract

Based on the analysis of the differential pressure
signal, the simulation of the offshore pipeline gathering
severe slug flow in riser system with long distance
horizontal pipeline was studied. According to the
differential pressure signal of time domain and frequency
domain analysis, divided flow patterns in the pipeline,
extracting the difference between the signal
characteristic parameters of the system. And through the
analysis of these characteristic parameters, establishing
the flow pattern discriminant rules. The support vector
machine (SVM) technology was used to identify the flow
patterns online. With comparison of online experiments,
the method had the cacibility of judging the occurrence
of serious slug flow in the pipeline well, and the average
recognition rate of flow pattern in the pipeline is more
than 90%.

Introduction

In offshore oil and gas production, a long distance
horizontal riser system was usually used to transport oil
and gas products from underwater to the surface platform
for pretreatment. This particular type of pipeline could
lead to severe slug flows due to reduced production of oil
and gas[1]. The formation of severe slug flow would
make the system pressure and the gas-liquid flow at the
riser outlet fluctuates violently, resulting in the decrease
of oil and gas production, the overloading of gas phase
compressor, the overflow of downstream separator, and
other serious safety problems. The rapid and accurate
identification of flow pattern in the riser system provides
a benchmark for the timely and effective implementation
of the corresponding control strategy of dangerous flow

pattern, which is of great engineering significance to
ensure the safe and efficient operation of offshore oil and
gas system .

Experimental or Numerical Methods, etc.

Combining with the pattern classification method of
predecessors[2], Four kinds of flow pattern were observed
in this experiment system, which were severe slug flow
(SS1), the second category of severe slug flow (SS2),
Transitional severe slug flow (SST) and Stable flow
(Stable) respectively. Whereas, only depending the naked
eyes and pressure differential fluctuation of frequency
domain characteristic signal, resulting in some
differences in their discrimination. Studies show that
frequency domain characteristic analysis (PSD) of
pressure difference fluctuation signal had a good effect
on the discrimination of flow pattern in the riser system.

Figure 1:
Figure 1: Pressure differential signals in frequency
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domain of riser with different flow patterns under
atmospheric pressure, (a)SS1, (b)SS2, (c)SST, (d)ST.

Figure 2: Different signal recognition results,(a)
differential pressure signal of Riser.(b) Differential
pressure signal in Incline downward section.(c) Riser -
Incline downward section combined differential pressure
signal

Equations
The 0-1 standardized processing method for sample

signals can be calculated by the mathematical method

described below

i min
i

max min

= DP DPDP
DP DP

 
 1

Where, DPi* is the standardized differential pressure
signal; DPi is the filtered differential pressure signal;
DPmin is the minimum value of differential pressure
signal after filtering. DPmax is the maximum value of the
filtered differential pressure signal.

The calculation formula of characteristic parameter
mean MA, standard deviation SD and derivative DS was

as follows:

1

1 TI
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1
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  3
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Where Z stands for time series, t = 1, 2...TI is a series of
time points. The mean value of differential pressure
signal reflects the average liquid holdup rate in the tube,
and the standard deviation reflects the intensity of
pressure difference fluctuation. The mean value of
differential pressure signal derivative reflects the average
liquid phase accumulation rate, and the standard
deviation of differential pressure signal derivative
reflects the intensity of liquid phase accumulation rate
change.The standard deviation of the detail component
reflects the intensity of local fluctuations.

Conclusions

1. The flow pattern in the riser system can be divided
more accurately by combining analysis of time domain
and frequency domain signals, which could provide
guidance for the unification of flow pattern division in
the future study.
2. Further increasing the time length of intercepted
sample sequence didn’t significantly improve the
recognition rate of each flow pattern, which requires
scholars to conduct more quantitative research on the
optimal sample time length to ensure the real-time and
accuracy of the recognition model.
3. The longer the sample time series length was, the
higher recognition accuracy of the recognition model
trained by differential pressure signals ,and which
showed an upward trend. However, with the increase of
sample length, the contribution to the enhancement of
recognition rate was no longer evident.
4. In this paper, at the same time, the calculation was
easy to get the riser signal and the downward incline
section of underwater signal, contrast the double signals
combination mode of identifying with the single signal
ones, the recognition rate of steady flow and transitional
flow, had realized the real-time accurate identification of
all flow patterns, nevertheless which increased the
difficulty of signal acquisition and cost. In the future, the
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measurement of economy and practicality in flow pattern
identification should be further studied.
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Abstract

Supercritical Water Gasification ( SCWG ), as a new
type of hydrogen generation technology, has attracted a
large number of researchers to invest in this field with its
unique advantages ( high water content, mild
conditions ). Hydrogen can be used to reduce some metal
oxides, such as iron oxide, copper oxide, tungsten oxide
and molybdenum oxide to obtain metal elements or
intermediate valence oxides. For example, hydrogen
reduction of tungsten oxide powder to prepare violet
tungsten oxide and tungsten powder has become the
mainstream of the industry, but there are safety risks in
the process of hydrogen storage and transportation and
pipeline transmission. Therefore, this paper proposes a
new technical route : supercritical water gasification is
used to produce hydrogen, and the reduction of metal
oxides is completed simultaneously in the same reactor.
The process of separation and transmission of
intermediate hydrogen is omitted, and the process is
simplified to improve energy efficiency.

Introduction

Supercritical water gasification (SCWG) is a new
hydrogen generation technology, which has obvious
advantages in coal gasification and biomass gasification
for hydrogen generation : it can be directly gasification
under the condition of high water content and mild
conditions. The iron and steel industry needs to actively
develop hydrogen iron-making technology to meet the
requirements of energy conservation, emission reduction
and green development in the new era. Hydrogen is
added to the metallurgical industry as an alternative
reducing agent, bringing advantages of energy
conservation and emission reduction, but also increasing
costs, and security risks in storage, transportation and
pipeline transmission. Therefore, this paper proposes a
technical route : the reduction of metal oxides by
hydrogen is completed at the same time of supercritical
water gasification in the same reactor. The process of
hydrogen separation and transmission is omitted, the
process is simplified, safe and efficient, the energy
utilization rate is improved, and the investment cost and
production cost are reduced. Considering that hydrogen
production by supercritical water gasification requires

high water content, the mole fraction of hydrogen φ(H2)
is low. Therefore, it is necessary to select the appropriate
organic compounds and determine the appropriate
concentration according to the requirements of the
hydrogen equilibrium mole fraction of the reaction, so
that the hydrogen mole fraction can meet the
requirements of the forward reduction reaction and make
full use of organic compounds as much as possible.

Experimental

The high-pressure reactor was used in the experiment,
where the experimental conditions were 700 ℃ and 25
MPa. Match the appropriate organic compounds for
supercritical water gasification according to the
hydrogen equilibrium mole fraction of the hydrogen
reduction metal oxide reactions calculated by
thermodynamics. Glycerol and formic acid were selected
as organic materials for supercritical water gasification
to obtain the corresponding hydrogen molar fraction.
Glycerol has poor gasification results at higher
concentrations, while formic acid is the opposite.
Therefore, glycerol is used to match reduction reactions
requiring a low equilibrium mole fraction of hydrogen
( CuO, Fe2O3 are easily reduced to Cu and Fe3O4 ), and
formic acid is used to match relatively demanding
( tungsten trioxide). The experimental results are shown
in the following figures.

Table 1 Experimental conditions of glycerol gasification
coupling with Fe2O3 reduction

Reagent
concentration 2 w.t.% 5 w.t.% 10 w.t.%

Reagent volume/mL 4.00 4.00 4.00
Fe2O3 powder

mass/g 0.2022 0.2013 0.2005

temperature/℃ 700 700 700
pressure/MPa 25 25 25
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Figure 1 XRD diagram glycerol gasification coupled
with Fe2O3 reduction

Figure 2 XRD diagram for formic acid gasification and
tungsten trioxide reduction of hydrogen simultaneously

Table 2 Experimental conditions of formic acid
gasification coupling with WO3 reduction

Reagent
concentration 50 w.t.% 60 w.t.% 70 w.t.%

Reagent volume
/mL 3.40 3.22 3.10

WO3 powder mass
/g 0.4012 0.4022 0.4033

temperature /℃ 700 700 700
pressure/MPa 25 25 25

×10000 ×50000
a

×10000 ×50000
b

×10000 ×50000
c

Figure 3 SEM diagram for formic acid gasification and
tungsten trioxide reduction of hydrogen simultaneously

(a) 50 w.t.% formic acid; (a) 60 w.t.% formic acid; (a) 70
w.t.% formic acid

Equations

Hydrogen molar fraction:
2

2
2 2

( )( )
( ) ( )

n HH
n H n H O

 


(1)

Equilibrium constant for hydrogen reduction
reactions:

2 2

2 2

( ) ( )
( ) ( )

p H O n H OK
p H n H

  (2)

Hydrogen equilibrium molar fraction:

2
1( )=

1
H

K



(3)

Results and Discussion

For Fe3O4 powder, Cu powder and MoO2 powder, it
is easy to reduce the corresponding high valent metal
oxides by hydrogen from supercritical water gasification
of low concentration of normal organic compounds like
Glycerol simultaneously. Furthermore, preparation of
violet tungsten oxide was successfully realized by
supercritical water gasification with high concentration
formic acid simultaneously. The experimental results
reached the expectation. Also explain that coupling
reactions can be well predicted and matched by
equilibrium constants of reduction reactions and
supercritical water gasification data of organic
compound.

Conclusions

In this paper, a new hydrometallurgical technology
route is proposed and successfully verified, which
combines supercritical water gasification for hydrogen
generation with hydrogen reduction for the preparation
of metal elements and metal oxides, so as to realize the
hydrogen reduction of metal elements and metal oxides
in a short process and improve the energy utilization
efficiency.
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Abstract

The condensation flow and heat transfer are an
important physics process in two-phase thermal control
system. The complicated interface phenomena and fluid
flow and heat transfer characteristics in the condensation
process are usually determined by inertial forces, surface
tension and gravity. Therefore, a detailed analysis of the
effects of different forces on gas-liquid behavior and heat
transfer performance in the flow condensation process is
of certain significance to the optimization and design of
condensers, especially for space application.

Currently most of the condensation studies pay their
attention on the condensation heat transfer and fluid flow
characteristics under terrestrial gravity condition. Only a
little literatures analysis the gravity influence. Zhao and
Peng (2011) reviewed the research status of condensation
flow and heat transfer in horizontal tubes under different
gravity conditions. Based on the Bond number criteria,
they pointed that the influence of gravity on flow and
heat transfer in horizontal in-tube condensation with
small scale tube diameter will be weakened, even
become negligible. Da Riva and Del Col (2011) used
VOF (volume of fraction) method to simulate and
analysis the effects of gravity during the condensation of
R134a in a 1 mm tube. Their simulation results shown
that the condensation heat transfer process is dominated
by the gravity at lower mass flux, while the gravity
influence is unnoticeable at higher mass flux. Similar
conclusions are also can be found in the experimental
study of Lee et al. (2013). According to the FC-72
microgravity flow visualization results, they found that
the tube bottom film thickening with the gravity level
increase for same low mass flux. Whereas this trend is
nonexistent at high mass flux.

The aforementioned literature mainly discussed the
influence of gravity on the condensation process from
global perspective, while ignoring the analysis of its
local details. In fact, the show different characteristics
varying with the gravity level. The gravity effect on the
local heat transfer coefficients for R410A condensation
in tube were simulated (Li et al., 2018). The results show
that the local heat transfer coefficients increase with
increasing gravity at the top of the tube and decrease
with increases in gravity at the bottom. Recently, Wen et

al. (2018) conducted the simulation analysis on the
condensation of R1234ze(E) round pipe in the diameter
range of 0.493~4.57mm, and the simulation results
showed that the decrease of pipe diameter would
significantly reduce the thickness of liquid film, and the
gravity effect would affect the distribution of liquid film
and velocity, which would lead to heat transfer
enhancement and deterioration of gravity in the process
of condensation.

Those researches indicated that the gravity effects on
the tube condensation process needed more detail
research. In comparison with the room temperature
refrigerating medium condensation studies, such as
R134a, R1234ze(E), there are few researches of
cryogenic working fluid condensation due to the
constrain of strictly experimental conditions.

In present work, a series transient simulation of the
Neon flow condensation inside the horizontal tube have
been conducted, to analysis the behaviors fluid flow and
heat transfer during the condensing process. The
simulation employs the transient VOF model for tracking
interfacial behavior during flow condensation. To
consider the mass transfer between the two-phase, the
Lee model is used to determine phase change mass
transfer source in the simulations.

Fig. 1 shows the comparison between the simulation
and experiment results (Qi, 2019) of the condensation
heat transfer coefficient in a 1mm tube under different
mass flux conditions. The saturation temperature is 37.5
K, and the inlet working fluid is saturated. The wall heat
flux is 7500 W/m2. The simulation model and
experimental test results under different working
conditions are relatively close, and show high
consistency, which verifies the reliability of the model.
In addition, it can be seen from the figure that the
condensation heat transfer coefficient increases with the
mass flux or quality, which is mainly because the quality
and mass flux determine the condensate film distribution
and movement. The lower the quality, the greater the
thickness of the average liquid film at the cross-section,
so the smaller the condensation heat transfer coefficient.
The increase in mass flux will not only increase the
movement speed of the gas-liquid phase, but also
increase the interphase shear velocity. both of which will
improve the efficiency of condensation heat transfer.

mailto:jfzhao@imech.ac.cn
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Figure 1: The heat transfer coefficients comparison
between the simulation and experiment

Basing on the validated model, the gravity effect on
the gas-liquid flow pattern and the heat transfer
performance of the condensation process were
numerically investigated. Fig. 2 shows the two-phase
flow pattern of neon and nitrogen during the
condensation process under normal gravity. As the figure
shown, for 2mm and 1mm pipe diameter and 20 kg/(m2·s)
mass flux condition, the main the flow patterns of Neon
flow condensation simulation include annular flow,
wavy/stratified flow and slug/bubbly flow. Those flow
patterns also can be observed in the Nitrogen flow
condensation experiment tests under 20-40 kg/(m2·s)
mass flux (Qi, 2019). According to the experiment
results, the gravity effect on the flow pattern is obviously
weakened when the diameter decreases from 2 mm to 1
mm. That is because of the surface tension force become
dominant when the tube diameter decreases. The Bond
number of Nitrogen flow condensation is about 6.6 and
1.6 for 2mm and 1 mm diameter, respectively. According
to the criteria of gravity independence proposed by Zhao
et al. (2000), the critical Bond number range from 1.5 ~
6. It is obvious that the Bond number of 2mm and 1mm
diameter Nitrogen flow condensation is closed to the
critical value upper and down limit, respectively. For
Neon condensation simulations, the flow patterns show
strong gravity dependence, which can be seen from the
1g and 0g simulation results. Even the 1 mm diameter
tube, the Bond number of Neon flow condensation is 4.3,
which is near to the upper critical value.

Figure 2: The two-phase flow pattern under different
conditions

Figure 3: The gravity effects on the heat transfer
coefficient and cross-section gas-liquid distribution

Fig. 3 shows the comparison of the effect of gravity
(1g and 0g) on the condensation heat transfer coefficient
of Neon in a 1mm diameter tube under the same mass
flux. The simulation results show that the gravity can
both intensify and weaken the condensation heat transfer,
which is determined by the quality. As shown in the
figure, when the quality is between 1-0.91, there is
almost no difference in the condensation heat transfer
coefficient regardless of whether gravity is considered;
when the quality ranges from 0.91 to 0.34, the heat
transfer coefficient of microgravity is slightly high than
the normal gravity condition; when the quality is lower
than 0.34, the condensation heat transfer coefficient
increase with the gravity level. Similar results have also
been reported by Wen et al. (2018), for R1234ze(E) flow
condensation simulation inside tube. In fact, the heat
transfer and fluid flow characteristics during the
condensation process are sensitive to the distribution of
condensate and its transportation behavior, which
directly affect the local liquid film thickness and
convective heat transfer intensity.
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Abstract

High heat flux generated by quartz lamps can be
used to build a simulated aerodynamic thermal
environment for structural thermal tests on spacecraft
shells. To explore the radiation distribution on the
surface of the engine shell, this paper established a
quartz lamp array radiation model based on Monte Carlo
photon tracking method. A three-dimensional model of
the quartz lamp heater and shell in the cylindrical
coordinate system was built. A coordinate transformation
method in the process of photon transmission was
proposed, considering the process of the emission of
photons from the filament, the reflection of the inner
wall of quartz envelope and the reflective coating, and
the refraction on the quartz envelope. According to the
simulation results, the influences of the filaments space
of neighbor layers, the radiation angle of the lamp, and
the distance between the lamp and the shell on the
radiation distribution were explored. The results show
that the distance between the lamp and the tested surface
has the most significant effect on the uniformity of the
radiation field. Besides, due to the edge effect of the
quartz lamp, the space between two filaments of the
neighbor layers will cause a serious radiation trough.

Introduction

Spacecraft suffers from high temperature in the
high-speed flight due to aerodynamic heating, which
affects flight safety. High heat flux generated by quartz
lamp heater can well simulate the aerodynamic heating
and thus is widely accepted in the ground thermal test of
spacecraft. However, the complicated arrangement of
multi-layer lamps, such as the gap between the filaments
of neighbor layers, will cause an uneven radiation field
and affect the uniformity of the temperature field.
Therefore, the research on the radiation field distribution
generated by a complexly arranged quartz lamp heater on
the tested surface needs to be carried out.

For the radiation distribution problem, Turner [1]
numerically investigated the radiation field of quartz
lamps with a reflective wall on the back side based on
the Monte Carlo method, provided a complete simulation
method and obtained numerical results consistent with
that of experiment. However, this study can only provide
the radiant heat flux of the quartz lamp heaters arranged
at equal intervals on the same plane, and the radiation

model for the quartz lamp still needs to be improved.

For the radiation characteristics of the light source,
Zhang and Anderson [2] established a finite model to
predict the radiation field around the line light source
using solid angles. This method considered the influence
of parameters such as linear lamp source and lamp radius
on the radiation field and proposed that the reflection,
refraction, and absorption of the UV lamp are not
negligible.

Based on the Monte Carlo method, this paper firstly
proposes a multi-layered lamp radiation model in
cylindrical coordinate and to investigate radiation
distribution numerically, in which the processes of
photons emission, absorption, re-emission, reflection,
refraction, etc., were comprehensively considered. The
radiation distribution results and its contours were
obtained. This paper also explored the influence of the
filaments space of neighbor layers, the lamp radiation
angle, and the distance between the lamp and the tested
shell on the radiation distribution.

Numerical Method

In the numerical calculations based on Monte Carlo
method, the trajectory of a large number of photons were
described by using random numbers, the total number of
photons falling into each surface grid was counted. The
radiant heat flux of each grid was proportional to the
number of photons.

The main calculation process, which is trajectory
tracking of photons, consists of several repeated
computing units describing the propagation of photons
on two surfaces. In the computing unit, we determined
the coordinates and emission direction of the photon, and
calculated the coordinates of the intersection point. At
the beginning, the emitting points and directions are
determined by random numbers using equation (1) and
(2), respectively. The matrix equation (3) based on
Euler's rotation theorem was used to calculate the
direction in the normal coordinate system. For the
reflection of photons on the inner wall of the quartz
envelope, the local reflectance can be calculated by the
Fresnel equation.
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Figure 1 Algorithm flow chart for photons based on
Monte Carlo method

Equations
�0 = �·cos(�)
�0 = �·sin(�)
�0 = �2·�
� = 2��1

(1)

� = arcsin �3
� = 2π�4 (2)

� =
sin� cos� 0
−cos� sin� 0
0 0 1

(3)

Results and Discussion

The effects of three factors on radiation distribution
are presented. Figure 2 shows radiation distribution at
the condition of the 15 mm space between filaments of
neighbor layers. The result indicates that the axial space
produces a serious radiation trough due to the edge effect
of the lamp. That is the radiation distribution at the edge
part of the lamp is much lower than that at the middle
part. From the simulated result, the range of influence by
edge effect is estimated to be 40mm. Figure 3 shows that
the appropriate increase of radial distance between the
lamp and the tested surface can improve the uniformity
of the radiation field. The area with extremely low
radiation occurred in Figure 2 nearly disappeared in
Figure 3. However, the radiant efficiency decreases
slightly. In addition, appropriately increasing the lamp
radiation angle can improve the circumferential radiation
uniformity, but it will greatly reduce the radiation
efficiency.

Figure 2 The contour of radiation distribution - space
between two neighbor layer filaments is 15 mm

Figure3 The contour of radiation distribution - distance
between the lamp and the tested surface is 50 mm

Conclusions

1. The edge effect occurs at both ends of the lamp.
Due to the edge effect, the space between filaments of
neighbor layers leads to a large range of radiation trough.

2. The appropriate increase of distance between the
lamp and the tested surface can significantly improve the
uniformity of the circumferential and axial radiation
distribution.

3. Increasing the radiation angle of the lamp can
improve the uniformity of the radiation distribution in
the circumferential direction, but it will increase the
power loss.
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Abstract

Supercritical water gasification (SCWG) technology
is a promising technology for large-scale hydrogen
production and its success is greatly affected by the
performance of SCWG reactor. In this paper, a novel
mathematical modeling and optimization approach is
applied to design optimal plug flow SCWG reactors. The
objective is to maximize the hydrogen yield and multiple
constraints have to be fulfilled. After solving the problem,
the optimal reactor design (e.g., reactor length, diameter,
and axial fluid temperature profile) can be obtained. To
demonstrate the applicability of our approach, two
design scenarios are studied. The results show that
non-isothermal reactors with three-stage zigzag-like
temperature profiles are preferred for hydrogen
production, instead of traditional isothermal reactors.
Compared with isothermal reactors, the optimal
non-isothermal ones can increase hydrogen yield up to
25.06%. The results provide useful insights on industrial
SCWG reactor design for achieving efficient hydrogen
production.

Introduction

Supercritical water gasification (SCWG) technology
has attracted many attentions due to the distinct
physicochemical properties of supercritical water [1, 2].
Since the performance of SCWG process is greatly
affected by the reactor, it is essential to study how to
design an optimal reactor for hydrogen production by
SCWG. It is clear that detailed CFD simulations can help
design SCWG reactors [3, 4]. However, it is worth to
mention that most CFD works assumed isothermal
reactors. Based on the basic reactor design domain
knowledge, isothermal reactors cannot guarantee optimal
product outcomes, particularly when multiple complex
reactions exist. Non-isothermal reactors are always
favored for enhancing reaction efficiency. More
importantly, the performance of a reactor is determined
by multiple design variables. Each design variable is
interdependent to the others. Therefore, all the design
variables should be optimized simultaneously to generate
real optimal reactor design. Unfortunately, it is difficult
to directly use CFD to optimize multiple design variables.
In fact, it can be found that for SCWG reactor design, no
one has addressed these issues yet. Obviously, it is

imperative to develop an effective approach for
designing optimal non-isothermal SCWG reactors in
order to achieve better reaction efficiency.

In this work, a new mathematical modeling and
optimization strategy is proposed to design optimal
SCWG tubular reactors. To demonstrate the applicability
of our approach, two design scenarios are studied.

Mathematical modeling

In order to model the reactions occurring in different
positions along the reactor, the plug flow SCWG reactor
is spatially discretized into � finite cells using the
Finite Difference Method, as depicted in Fig. 1.

Figure 1: Schematic diagram of mathematical modeling
of optimal design for SCWG reactor: (a) discrete model
of the whole length reactor; (b) the i-th cell.

Equations

Objective function:

��2
� =

1000��2
�

�(��, �) × ����������
( �

= 1, 2, …, �)
(1)

Subject to:
�� ≥ 99.5% (2)

500 ≤ �0, �� ≤ 750, (� = 1, 2, …, �) (3)
�� − ��−1 ≤ 20, (� = 1, 2, …,�) (4)

Results and Discussion

The proposed approach is demonstrated by two reactor
design scenarios, namely optimal reactor design with and
without fixed reactor sizes. The results suggest that
comparing with isotherm reactors, non-isothermal
reactors with optimized temperature profiles can help
enhance the hydrogen yield. More importantly, the
simultaneous optimization of reactor sizes and
temperature profiles can push the reactor efficiency to a
higher level. In addition, when the reactor length
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(diameter) is fixed, the average temperature of reactor
decreases as the diameter (length) increases. If the mass
flowrate of input stream is fixed, the maximal hydrogen
yield decreases and the average temperature increases as
the glycerol composition increases. Clearly, the results
provide constructive guidelines on the industrial SCWG
reactor design for hydrogen production from biomass

Figure 2: Optimal design of SCWG reactor in the first
scenario: (a) non-isothermal and isothermal temperature
profiles; (b) carbon gasification efficiency and hydrogen
yield along with the reactor.

Conclusions

To the best of our knowledge, this work is the first
attempt for designing optimal non-isothermal SCWG
reactors. This study can be extended in several ways.
Although a specific reaction network for SCWG of
biomass is studied in our work as an example, the novel
reactor modeling and optimization strategy can be
extended for other raw materials and any plug flow
SCWG reactors. Moreover, once the reaction kinetics are
known, any other objective functions such as heating
value of products and total gas yield, can be applied to
get optimal reactor temperature profiles, length and
diameter. Importantly, in addition to the SCWG reactor,
other operations (e.g., heat exchanger and pump) can be
incorporated and simultaneously optimized to improve

the efficiency of the entire SCWG process. Efforts in
these directions are on the way.
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Abstract

In recent years, the research and development of
aeroengines are developing towards high speed, large
thrust-weight ratio, high intake ratio, high turbine front
temperature and high reliability, which puts forward
higher requirements for the mechanical kinematic
lubrication system. These requirements make accurate
thermal analysis of the bearing cavity.

Due to the lack of experimental data and the
difficulty of measurement technology. the measurement
of bearing cavity temperature field becomes more and
more important. this paper refers to the experimental
data of “Calculation and Measurement of temperature
fields for an Aero-engine Bearing Oil Cavity” published
by Li Jian of Northwest University of Technology in
1999, and based on the temperature test value T4 of node
4 under 10 different working conditions.

The ANN (artificial neural network method) in the
machine learning method is introduced. The BP neural
network model is established with the engine speed n,
the lubricating oil supply of the bearing chamber Loil, the
internal pressure P2 of the bearing chamber, the external
temperature Tq of the bearing chamber, the inlet
temperature Ti of the bearing chamber, and the return oil
temperature Te of the bearing chamber as the input layer,
and the temperature test value T4 of node 4 as the output
layer.

Ten groups of data samples were obtained, 70% of
which were selected as the training data, 15% as the
validation data, and 15% as the test data. The
experimental data and predicted data in the figure are
near the line Y = T, and the coefficient R2 is 0.9842.
Compared with the calculated value by the thermal
network method, it is found that BPNN can accurately fit
the temperature field of the bearing cavity. Therefore, it
is a good research method to introduce machine learning
method into the study of heat transfer in bearing cavity.

Introduction

Bearing chambers are one of the most challenging
components in lubricating oil systems. Only oil system
design is reasonable, to avoid oil fire failure or high
temperature part of the engine oil coking. However, in
the design of bearing cavity engineering, the problems of
large volume and heavy weight of components in
lubrication system and secondary flow system are
common. How to solve the design to give a reasonable
oil flow is challenging.

The purpose of thermal analysis of bearing chamber
is to determine the temperature distribution of each part
of the bearing chamber, especially to find out the parts
with high local temperature, easy ignition and coking
and limited temperature, so as to provide basis for
improving lubrication cooling and material selection.
The bearing cavity in the hot zone of aero-engine is
generally in a high-pressure and high-temperature
environment, and its thermal analysis has become a key
research content concerned by scholars at home and
abroad. Based on the domestic and foreign literature, it is
found that the thermal analysis research can be carried
out comprehensively by analyzing the main heat source
of the bearing cavity and the flow and heat transfer
characteristics of the oil-gas two-phase flow in the
cavity.

Li [1] used the thermal network method to conduct the
thermal analysis of the bearing cavity. It is difficult to
determine the convective heat transfer coefficient
between the outer wall of the cavity and the airflow by
using the appropriate convective heat transfer criterion
equation. The convective heat transfer coefficient of each
part of the bearing cavity can only be roughly
determined according to the comparison between the
engine test results and the calculation results of the
aviation turbine experts, so as to realize the solution of
the thermal balance equation group and finally obtain the
temperature distribution of the bearing cavity. The
calculation results show that the calculation results are
consistent with the test results.

Glahn and Wittig [2-4] designed different lubricating
oil injection structures, and experimentally studied the
formation mechanism and formation law of oil droplets
in the cylindrical bearing cavity. The study found that the
diameter of oil droplets was closely related to the
rotation Weber number. Within a certain range, the oil
droplets were also more refined with the increase of
rotational speed. However, after exceeding a certain
rotational speed, the diameter of oil droplets tended to be
a stable value.

Farrall and Simmons [5-7] judged the behavior of
adhesion, rebound, spreading and splash after droplet
impacting the oil film according to Weber number,
studied the influence of initial injection conditions on the
motion characteristics of oil droplets, established the
calculation model of oil droplets impacting the oil film,
simulated the impact characteristics of oil droplets in the
cavity and bearing cavity wall, and the calculation results
were used as input conditions for numerical simulation
of oil film flow.
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Based on the temperature field test data of
aero-engine bearing cavity, This paper proposed an
artificial neural network model to predict the local
temperature of bearing cavity and prevent oil ignition or
coking.

Established prediction models of ANN

A typical BPNN structure consists of input, hidden,
and output layers. Input data included engine speed n,
the lubricating oil supply of the bearing chamber Loil, the
internal pressure P2 of the bearing chamber, the external
temperature Tq of the bearing chamber, the inlet
temperature Ti of the bearing chamber, and the return oil
temperature Te of the bearing chamber a, and the
temperature test value T4 of node 4 as the output data.

The ANN was designed using the multilayer
perceptron algorithm. The prediction is affected by the
number of hidden layers and neurons. During each
training iteration, a new determined weight and bias
were conducted to obtain the minimum error. Therefore,
the optimum BPNN configuration is a 6–11-1
configuration., as shown in Fig. 1.

Figure 1: Schematic of back propagation neural network
(BPNN) topology

Results and Discussion

Fig. 2 shows the comparison between the
temperature value of aeroengine node 4 predicted by
BPNN model and the experimental test value. It can be
seen that the experimental data and prediction data are
near the straight line Y=T, and the determination
coefficient R2 is 0.9842. The closer the determination
coefficient is to 1, it means that the prediction data of
BPNN model is consistent with the experimental data. It
shows that BPNN model can predict the temperature
field of aeroengine bearing cavity with high accuracy.

Figure 2: BPNN Regression of Bearing Chamber
Temperature Field in Aero-engine

Figure 3 shows the comparison between the
predicted value of BPNN model and the calculated value
and experimental value of thermal network method. It
can be seen that BPNN model has good adaptability, can
be closer to the experimental data and has higher
accuracy.

Figure 3: Comparison between Thermal Network
Method, BPNN predictions and experimental data of
Bearing Chamber Temperature Field in Aero-engine

Conclusions

The work introduced in this paper is a part of heat
transfer in Aeroengine bearing cavity. The purpose is to
use artificial neural network in machine learning method
to understand and simulate the flow and heat transfer in
Aeroengine bearing chamber. Comparing the value
calculated by BPNN with the test data and thermal
network calculation data of Northwest University of
technology, it is found that BPNN can accurately fit the
temperature field of bearing cavity, which verifies that
introducing machine learning method into the study of
heat transfer in bearing cavity is a good research method.
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Abstract

A directional ghost-cell immersed boundary method
for reacting gas-solid flow with general boundary
conditions is presented in this paper. A locally directional
schemes is employed for ghost value reconstruction and
utilization along each discretization direction. The
general Dirichlet, Neumann and Robin boundary
conditions are implemented with formally second-order
accuracy through a reliable Taylor series polynomial
extrapolation scheme. The reaction-related coefficients
of Robin boundary condition in reacting gas-solid flow
with surface reactions can be easily treated while
preserving accuracy. The proposed method has been
checked by a series of test cases with different boundary
conditions, including basic flow, heat and species
transport, Stefan problem, and finally two practical
applications involving heat and mass transfer. This
method can be simply extended to multiple objects of
arbitrary shape, leading to fully resolved simulation of
reactive particle-laden flows.

Introduction

Fully-resolved simulation of reacting gas-solid flow
simulation is a challenging topic due to its complicity in
mesh generation with moving/embedded solid objects,
and difficulties in describing the interphase heat and
mass transfer relationship as well as its coupled effects.

The immersed boundary method (IBM) is a
promising tool which uses Lagrange markers or level-set
functions to track the immersed interface, and employs
fictitious forces based on Eulerian points to achieve
accurate representation of actual solid boundary
existence without body-conformal mesh generation.
Such method has attracted a worldwide attention in the
past twenty years; however, the application is largely
limited to incompressible and non-reactive flows due to
the drawback of conventional IBM.

This paper presents a novel directional ghost-cell
IBM, extending the incompressible IBM from (Chi et al.,
2020) to low-Mach number reacting gas-solid flow
simulations. The method is then checked by a series of
test cases with different configurations, including basic
flow, heat and species transport, Stefan problem, and
finally two practical applications involving heat and
mass transfer.

Numerical Methods

The methodology of directional ghost-cell IBM is
exemplified in Figure 1.

Figure 1: Schematic of 1D, directional ghost-cell IBM.
The variable value of ghost point

incorporating Dirichlet boundary condition at
boundary intersection point (BI) is reconstructed through
a third-order Taylor series extrapolation scheme as

(1)
For Nuemann and Robin boundary condition, the ghost
value can be reconstructed as

(2)

Results and Discussion

The developed IBM methodology is validated by a
variety of benchmarks, involving aerodynamics, heat
exchange, mass transport, and a Stefan flow. It is finally
applied to a 3-D simulation of single spherical coal
particle gasification in supercritical water. The typical
temperature and species distribution is shown as

Figure 2: Temperature and species at Re=200.

(a) (b)
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(c) (d)
Figure 3: (a) Drag coefficient; (b) Nusselt number; (c)
Sherwood number vs. Re; (d) convergence rate

Conclusions

The proposed method can accurately solve practical
heat and mass transport problem in low-Mach number
reacting flows with second-order accuracy. It can be
further extended to multiple objects of arbitrary shape for
fully-resolved simulation of reactive particle-laden

flows.
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Abstract

Capillary driven flow in eccentric annuli under
microgravity is deeply analyzed in this paper. A
second-order differential equation for liquid climbing
height is derived and it can be solved by using
fourth-order Runge-Kutta method with initial
conditions.The influences of the dynamic angle, the
friction force on the annuli wall and the liquid meniscus
in the reservoir are all considered in this paper. Moreover,
effects of eccentricity on flow resistance and flow speed
are discussed. This study has been verified by numerical
simulation with Volume of Fluid (VOF) method.

Introduction

Plentiful achievements has been achieved in the
problems of flow and heat transfer in annuli, both
concentric and eccentric. For example, Snyder and
Goldstein analyzed fully developed laminar flow in
eccentric annuli and an exact solution for the velocity
distribution was presented. Flow in an annulus has
proved useful as a model for longitudinal flow in a tube
bundle. Satellite thrusters also usually contain concentric
components to mix oxidizer and combustion. However,
the problem of tube misalignment usually occurs. It’s
essential to master capillary driven flow features in
eccentric annuli under microgravity. But to the authors’
knowledge no results have been reported for capillary
driven flow in eccentric annuli under microgravity.

Numerical Methods

The solid curves and square signs represent
theoretical and numerical results respectively. And
different liquid’s results are plotted in different colors.
Numerical results are all in good agreement with
corresponding theoretical ones.

Figure 1: Comparison between theoretical and numerical

results. ri=2 mm, ro=4 mm, e=0.5 mm, h0=15 mm.

Results and Discussion

Capillary force in the annulus always plays a dominant
role. Inertia force in the reservoir begins with maximum
value and decreases rapidly. Pressure loss force at the
entrance increases vs time until reaches its maximum
value, and then decreases with time all the time. Friction
force in the annulus increases with time. At last it will be
close to capillary force in the annulus.

Figure 2: Forces development vs time. SF 1, ri=3 mm,
ro=6 mm, e=0.8 mm, h0=15 mm.
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Abstract

In the last decades, machine learning (ML) and
data-driven modeling/analytics are contributing to a
promising transformative paradigm useful for discovery
of unknown information and knowledge, and
acceleration of innovation in different kinds of
multiphase applications (Zhu and Luo, 2021).
Meanwhile, it is realized that they are not likely the
solution to every problem in multiphase fields and it is
not a complete replacement of the traditional methods.
We emphasize that these methods can serve as a valuable
toolkit which complements incomplete domain-specific
knowledge in traditional experimental and
first-principles methods. Particularly, ML can provide
easy-to-use techniques to facilitate conceptual
development of new robust predictive models for
multiphase devices and systems by finding hidden
information in a dataset (Zhu et al., 2020, 2021), as
shown in Figure 1.

Figure 1: Machine learning-augmented and data-driven
multiscale modeling of particle-laden flows.

This talk will present recent advances in data-driven
modeling of mesoscale/microscale hydrodynamics, heat
transfer and chemical reactions in particle-laden flows
using the data-driven method and the ML-augmented
method (Zhu et al., 2020, 2021). In particular, we will
introduce a microstructure-based probability-driven
point-particle model (MPP) (Seyed-Ahmadi and Wachs,
2020) and a physics-informed neural network (PINN)
model (Seyed-Ahmadi and Wachs, 2021) that can predict
particle-to-particle force and torque fluctuations in a
fixed bed of randomly distributed monodisperse spheres.
Note that the above models incorporate the effect of local
neighborhood of particles. We will discuss in detail how
to leverage the statistical information obtained from
particle-resolved direct numerical simulations (PR-DNS)
(Wachs et al., 2015) to establish force/torque conditioned

probability distribution maps that can be used as basis
functions for regression. Moreover, we will present ideas
and undergoing implementations on further extension
development of the above MPP. The ultimate goal is to
apply the constructed MPP model for
Eulerian–Lagrangian simulations. Note that the
relationship among different scales and methods in
Figure 1 may not be the most appropriate while we just
want to convey an idea that ML-assisted and data-driven
multiscale methods can complement the conventional
modelling of particle-laden flows and are probably
beneficial to design, scale-up and optimization of
multiphase devices and systems.
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Abstract

The existing commercial flow assurance software was
developed based on the laboratory studies and tuned
against operational data of oil and gas transport line and
production systems. Due to large differences in
thermodynamics and physical properties between CO2
and oil & gas fluids, the flow models as well as some
aspects of numerical method in the existing software
need to be tested against dedicated experimental data and
the available operational data of the real CO2 transport
and injection system. This article gives the overview of
the latest development in the CO2 flow assurance.

Introduction

Long distance transport by pipeline is found to be an
effective solution for storage of CO2, for instance
Snøhvit CO2 pipeline operated by Equinor ASA since
2008. Operation of CO2 transport systems has currently
been restricted to single phase (gaseous or liquid) flow in
the flowline. Such restrictions limit the selection of the
storage site (high or low reservoir pressure), and
sometimes require complex system design as well as
operational procedures.

To allow two-phase flow in transport and injection
system can reduce the cost for the storage in low
pressure reservoir significantly. However, some
challenging issues need to be handled properly, such as
slugging, fluid hammering, cavitation, leakage, etc. The
optimum design and effective operation of the CO2
transport and injection system are achieved by the flow
assurance tools, which covers all relevant physical
phenomena of the flow in pipeline and well system.

CO2 two-phase flow in a pipe

Extensive experimental studies were carried out
recently on the CO2 two-phase flow in a pipe with large
pipe diameters (44 mm and 78 mm ID) (Yang, et al.,
2020 and Andersen, et al, 2021). One of the main
observations from these experimental studies is that the
two-phase CO2 flow regimes under steady-state, close to
fully-developed flow and liquid dominated condition are
dominated by bubble generation process. For a near
horizontal pipe flow, the main flow regimes are: (1)
stratified flow with limited bubbles at gas-liquid
interface (ST); (2) stratified gas-liquid with liquid layer
filled with bubbles (bubble/CG); (3) bubble flow with a
clean liquid layer (bubble/CL); and (4) bubbly flow (BB).

The flow schematic flow regime map of CO2 two-phase
flow can be illustrated in Figure 1. The flow regime
identification was achieved by the advance mixture
density profile measurement (x-Ray) and video record.
These experiments were carried out under system
pressure between 35 and 70 bar. The hydrodynamic slug
flow, which is a typical flow regime for oil and gas fluid
system, was not observed in these experiments. The main
reasons for this observation may be: small gas-liquid
density differences for CO2 flow, and very small
interfacial tension (1-2 mN/m).

The experiments were also performed for both
upward and downward vertical pipe (Yang, et al, 2020),
the CO2 two-phase flow regimes are bubble flow and
churn flow. The test condition was liquid dominated
flow, therefore, the annular flow regime was not
observed. Similar to the near horizontal pipe flow, the
hydro-dynamic slug flow was not observed in either
upward or downward vertical pipe.

The observed flow regimes are key information for
the flow model development.

Figure 1 Schematic of CO2 two-phase flow in a near
horizontal pipe

Thermal non-equilibrium state between two phases

In a CO2 pipeline and well system, the two-phase flow
experiences continuous phase change process both via
external heat transfer and internal energy variation due to
pressure changes. In most situations, the phase change
process is documented by the internal energy. The
experimental observations (Munkejord, et al., 2020)
show that there is strong thermal non-equilibrium state
between phases when CO2 gas and liquid are stratified.
The temperature difference between these two layers can
be up to 15 degrees. Once the flow regime is dispersed
flow, the two phases are expected to be close to
saturation condition (thermal equilibrium). This
observation indicates that simulation of CO2 two-phase
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flow in a pipeline system needs to take into account the
thermal non-equilibrium effect, it is important for the
phase change process which is dominated by internal
energy variation in the system.

CO2 with impurities

There are different capturing technologies, it is
extremely expensive to achieve pure CO2. It is not
necessary to have pure CO2 for the permanent storage.
Inclusion of some impurities (such as N2, CH4, H2, etc.)
can reduce the capturing cost significantly. The main
impact of impurities can be:

 Impact on the phase envelope (see Figure 2);

 Uncertainty of other physical properties (EoS
uncertainty)

 Chemical reaction potential with multiple
components which leads to acid formation;

 CO2 hydrate formation

A lot of progress for many of these items has been
achieved, however, a systematic assessment of
existing models is not publicly available. It is the
common understanding that the thermal dynamics of
pure CO2 is captured very well by S&W EoS (Span
and Wagner, 1996), a lot of work is still needed to
improve the EoS model for CO2 fluid with multiple
impure components.

Figure 2 Phase diagram of CO2-N2 system with N2
concentration between 0 – 7 mol%.

Summary

To allow two-phase flow in CO2 transport and injection
system can reduce the cost for the storage in low
pressure reservoir significantly. Before the long distance

transportation of CO2 stream within two-phase domain
becomes a reality, several different issues have to be
resolved. The primary target should be re-qualification of
commercial flow assurance tools for CO2 stream. To
achieve this, the basis flow models as well as heat and
mass transfer models in these tools need to be improved.
Special attention is also needed on improved knowledge
on the fluid behavior for CO2 stream with impurities.
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Abstract
Drag plays a crucial role in hydrodynamic modeling and
simulations of gas–solid flows, which is significantly
affected by particle Reynolds number, solid volume
fraction, heterogeneity, granular temperature,
particle-fluid density ratio, and so on. The effect of
meso-scale structures on drag in heterogeneous gas-solid
flows and the derivation of drag correlation based on the
direct numerical simulation of fluid-particle systems are
both hot topics. For this reason, a deep and fundamental
analysis on the scale-dependent drag based on a

large-scale three-dimensional direct numerical
simulation was made. And the dependence of
dimensionless drag on the statistical scale was analyzed
by discussing the dominant mechanisms of granular
temperature and heterogeneity of particle distribution.
Considering the scale-dependence of Reynolds number
based on granular temperature and scalar variance of
local solid volume fraction, a new drag correlation was
proposed for gas-solid flows on the basis of the
bin-averaged results.
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Abstract

Liquid oxygen chill-down in exit-contracted pipe
has been investigated experimentally in both horizontal
and vertical pipes for modeling the filling and injection
processes in low-pressure cryogenic engine. Results
show that for this sort of pipe, quenching front is formed
in the central length or near the exit of the pipe, then
propagates to other area. This process is controlled by
fluid filling, which is quite different from those in
transport pipe and pool. Heat flux and heat transfer
coefficient for Leidenfrost and critical heat flux have
been well correlated. The effects of pressure on boiling
transition point for this pipe is similar with those for
transport pipe near the areas of quenching front
formation, and similar with those for pooling boiling for
other areas.

Introduction

When the cryogenic fluid flows into the path-line
with the room temperature, chill-down could happen
because of intensive vaporization. Fig. 1 gives a typical
process of cryogenic chill-down for a single point. With
the pipe temperature decreasing, fluid pattern in the pipe
undergoes film boiling, transition boiling, nucleate
boiling and single phase in sequence. These 4 flow
patterns are divided by 3 boiling transition points,
Leidenfrost (LFP), critical heat flux (CHF), onset of
nucleate boiling (ONB).

Fig. 1 Typical boiling curve and for chill-down
process

With the increasing demands on low-cost launch,
low-pressure cryogenic engine is under increasing
developing. On the start-up transient, cryogenic
chill-down happens when the cryogenic propellant flows
into the room-temperature components downstream the

main valve of this sort of engine. During the chill-down
process, with the decrease of the temperature on these
components, the fluid injected from the injector to the
combustion chamber changes from two-phase to liquid
gradually. In this way, combustion instability would be
triggered up because of two-phase injection primarily for
the engines with the combustion pressure range from 1~4
MPa.

This phenomenon has not gotten enough attentions,
from the aspects of neither analysis nor experiment.
However, it plays significant role on the low-pressure
cryogenic engine, and it is also a basic process during the
hot test performed by the present authors. For setting up
the appropriate mathematical models to predict both the
chill-down process and two-phase injection numerically,
this process could be reduced to cryogenic chill-down in
an exit-contracted pipe, on which a series of
experimental studies would be put forward. Based on
these experimental studies, chill-down process would be
outlined, and both boiling transition points and heat
transfer coefficients would be correlated.

Experimental Methods

This series of experimental studies was performed
on the platform as shown in Fig. 2. It is the oxidant
branch of a typical test bed for cryogenic engine. Four
rounds of tests have been performed. Horizontal pipes
were applied for round 1~3. Experimental section
applied in round 1 is the same one with that in round 3 as
shown in Fig. 3 (Zhang et al. Cryogenics, 2021),
however only two surface sensors were applied, with Lse
(Distance to main valve) of 0.71m and 1.39m
respectively (Zhang et al. 2020). Experimental section
applied in round 2 is with the Di of 20mm and two
surface sensors were applied, with Lse of 0.34m and
1.16m respectively (Zhang et al. ATE, 2021). For round
4, vertical experimental section was applied as shown in
Fig. 4 (Zhang et al., 2022).

For all of the four rounds, based on the recorded
surface temperature data, chill-down process and boiling
pattern were be drawn for these points.

Fig. 2 Experimental platform
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Fig. 3 Experimental section for round 3

Results and Discussion

Round 1 and 2
In the beginning, it was supposed that cryogenic
chill-down in exit-contracted pipe is similar with that in
transport pipe, in which LFP, the liquid rewetting point
propagates along the flow direction, basically. In this
way, liquid oxygen (LO2) chill-down was investigated in
round 1 and 2. TLFP and TCHF, indicating the inner wall
temperature when LFP and CHF happening respectively,
were correlated to the equations involving the physical
properties controlled by the pressure of the fluid. On the
other hand, qCHF, critical heat flux which deceases along
the pipe length, was correlated by the equation similar
with that for transport pipe. All of these results are
similar with those in transport pipe.

Fig. 4 Experimental section for round 4

Round 3 and 4
After that, for evaluating the effects of length and

circumferential position (bottom, side, top for horizontal
pipe), further experimental studies (round 3 and 4) were
performed. These series of tests in exit-contracted pipes
show significant different from those in transport pipes.
As shown in Fig. 5, for round 3, areas on the central
length (Lse=0.75m) of the pipe would be chilled first
(Zhang et al. Cryogenics, 2021). On the other hand,
experiments in round 4 show areas near the exit of the
pipe would be chilled first.

Based on the experimental studies, it has been
found that the formation and propagation of liquid
rewetting point (or quenching front, LFP) in
exit-contracted pipe are controlled mainly by the filling

process, which is much different from that in transport
pipe. According to the experimental results, quenching
front is formed in the central length of the horizontal
pipe, and near the exit of the vertical pipe.

Fig. 5 Chill-down process of Exp. 6, round 3

Experimental studies show that, it is very difficult to
correlate TLFP and TCHF. This is primary because with the
increase of pressure, the variations of both TLFP and TCHF
for liquid accumulation area (Lse=0.75m) are much
different from those for liquid propagation ways
(Lse=0.5m and 1m).

However, qLFP, hLFP, qCHF and hCHF (heat flux and
heat transfer coefficient for LFP and CHF) could be
correlated, and have been well correlated, at least for
every point. This gives another approach to set up
boiling transition models.

LFP is controlled by the competition between heat
transfer and the increase of instable wave. The increase
of instable wave dominates the LFP on the liquid
propagation area. In these cases, the increase of pressure
or flow rate always produces higher TLFP, which is
similar with that in transport pipe. For other cases, heat
transfer dominates the LFP, which the enhancement of
heat transfer always produces lower TLFP. These
situations are quite different from those in transport pipe
and produce extra difficulty on correlation.

Conclusions

LO2 chill-down in exit-contracted pipe has been
investigated experimentally in both horizontal and
vertical pipes for modeling the filling and injection
processes in low-pressure cryogenic engine. Results
show that for this sort of pipe, quenching front formation
and propagation are controlled by fluid filling, which is
quite different from those in transport pipe and pool.

Based on the data, qLFP, hLFP, qCHF and hCHF (heat
flux and heat transfer coefficient for LFP and CHF) have
been well correlated, at least for every point.
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Abstract

Under gravity effect, particles tend to deposit and
accumulate at the bottom, which may cause blockage.
However, fluid movement and particle deposition in a
partially blocked pipe has little been studied. In this work,
based on the assumption that particles accumulate at pipe
bottom and form a horizontal flat bed, LES (large eddy
simulation) one-way coupling Lagrange particle tracking
is used to calculate the flow field and particle deposition.
The Reynolds number Re of flow field is 40000 and
particle Stokes number St is 63. The results show that
secondary flow is generated and its magnitude is about
2% of the bulk velocity. The characteristics of the
secondary flow are similar to those presented in square
or rectangular duct flows, which make effect on particle
behavior. Most particles move toward the center at top
region, move toward corner in the lower half-part region,
and departure from corner near the floor. In addition,
particles near the side wall tend to leave wall and move
toward the center due to the upward secondary motion.

Numerical Methods

The continuity equation and momentum equation of
fluid are listed as following. In this work, Large Eddy
Simulation (LES) is used to simulate the flow field, the
superscript shown in following equations represents the
filtration operation, where the dynamic sub-grid model is
used. Several forces acting on particles including drag,
gravity, buoyancy and lift forces are considered.
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Results and Discussion

In this work, it is assumed that pipe bottom is filled
by solid particles and form a flat sediment bed. Turbulent
secondary flows can be found in straight square ducts
(Pirozzoli et al., 2018, Yao and Fairweather 2010) and in
other pipes with non-circular cross sections (Vinuesa et
al., 2014, Liu et al. 2021a). Secondary flows can be also
found in the sedimentary duct (Liu et al., 2021b), where
two eddies named top eddies and bottom eddies can be
found in the duct. The flow goes from center to corner,
and returns to center along the wall. It is known that the

secondary flow occurred in the sedimentary duct is about
2% of the bulk velocity. As shown in Fig 1 (left) with the
time-averaged flow pattern at the streamwise direction,
the flow accelerates near the corner bisectors and walls
and then decreases.

Particle behavior is dominated by the secondary
flow as shown in right Fig. 1. Particles at the duct top
tend to deposit directly and apart from the center as they
approach the floor. Particles in the bulk region of the
duct tend to move toward the corner and then deposit at
the floor. It should be noted that particles near the side
wall are found to move upward and then deposit toward
the floor as they enter the bulk region.

Unlike the flow, the time-averaged behavior of
particles is not presented as eddies. Generally, particles
are difficult to deposit on the floor and then return to the
duct center due to gravity effect. The eddy-like
time-averaged trajectory of particles near the side wall is
obviously lower than the flow top eddies. In addition, it
is worth noting that particle velocity is higher than local
flow velocity except near the side wall and floor due to
gravity effect.

Figure 1: Isocontours of time-averaged cross-flow stream
function (left half) and time-averaged particle trajectory
obtained by mapping particle mean velocity to the grid
(right half). The flow goes toward the corner along the
corner bisector and particles deposit except the side wall.
The color indicates the magnitude of mean cross-velocity
of flow and particle, normalized by bulk velocity ub.
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Abstract

In this work, Euler-Lagrangian method is combined
with Large Eddy Simulation (LES) to study gas-solid
turbulent flows in a circular cross-section 90° bend at the
state of “electrostatic equilibrium” (Yao et al, 2004;
2006). The curvature radius of the bend is 2d and the
corresponding Dean number is De=29k. The effect of
saturated electrostatic field and Prandtl's first type of
secondary flow on particle transport are considered. The
simulation results of flow field in the 90° bend at
Reb=58k are in good agreement with the experimental
data (Röhrig et al. 2015; Sudo et al, 1998). The
simulation shows that the maximum of mean secondary
flow velocity is up to 60% of the bulk velocity so the
secondary flow has a significant impact on particle
transport in the bend. The effect of electrostatics is found
to have a significant effect on particle behavior near wall
region. Particle concentration in near-wall region
increases due to electrostatic effect, which also increases
particle turbopheresis. The increase of particle
concentration at the inner stagnation point of the Dean
vortices is higher than that at the outer, which is due to
secondary flow. Such combined effect of electrostatics
and secondary flow leads particles to accumulate at the
bend inner wall. In addition, the drag force is found to
dominate particle behavior in the central region of the
bend. For particles near the wall region electrostatic
force is higher than drag force and dominates particles
motion and enhances turbopheresis. Finally, the working
mechanism of Dean vortices and electrostatics effect on
particle transport in the bend is revealed.

Figure 1: Distribution of mean secondary flow velocity
and vector diagram (left half) and the mean streamwise
velocity (right half) at the plane θ=90° of bend.

Figure 2: Electrostatic field distribution in the cross
section θ=45° of bend and the equatorial mid-plane.

Figure 3: Schematic diagram of the working mechanism
of Dean vortices and electrostatics effect on particle
transportation.
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Abstract

With the polymer flooding technology broad
application in the offshore petroleum industry,
polymer-containing oily sludge has caused tremendous
hazards to ocean environment. This article explores the
hydrothermal liquefaction (HTL) of polymer-containing
oily sludge (PCOS) under different operating parameters.
The influence of reaction time (15-90 min), temperature
(340-700 °C), catalysts (sulphates, carbonates and alkalis)
and co-solvents (methanol-water and ethanol-water) on
the distribution of end products are studied in details.
Results show the supercritical water has a great solubility
of PCOS, no solid residues are detected at supercritical
conditions (400-700°C, 23 MPa). At 340 °C, the increase
of reaction time and temperature have positive effects on
the phase conversion of PCOS. The conversion rate (CR)
reaches 81.77% at 60 min compares to 67.09% at 15 min.
Methanol-water reaches the maximum CR of 88.64% at
subcritical conditions (340 °C, 15 MPa). Organic matters
in liquid phase are classified into nine types and
analyzed by GC-MS. Besides, the migration of elements
(carbon and nitrogen) are comprehensively studied. The
increase of temperature is proved to have strong effects
on transforming nitrogen into the liquid phase. 98% of
nitrogen is distributed in the liquid phase at 700 °C.

Introduction

To date, combining HTL and supercritical water
gasification (SCWG) through two-step process bring
considerable results for the comprehensive utilization of
microalgae. Duan’s study showed that the integration of
HTL and SCWG could increase 5.53-18.30% energy
recovery than single HTL. Hu obtained the maximum
biocrude oil yield of 78.5wt% in HTL process, and
subsequently converted the biocrude oil into combustible
gases via SCWG. SCWG has showed remarkable effects
on reducing the total organic carbon of HTL downstream
water. However, these previous studies cannot be directly
used for PCOS as its unique properties, preliminary
experimental data of HTL of PCOS are still insufficiency.
Raw PCOS separates into two layers after long-term
placement. The heavy oil in the upper layer can be
recycled directly, but the under layer with a complex
colloidal structure is an intractable problem. Instead of
oily recovery, difficulty in handling PCOS lies in how to
effectively transform the under layer.

In this paper, HTL is used to break the unique
structure of PCOS feedstock and transform it into
gaseous, aqueous, oil and solid phase products. The main
objective of this study is to provide crucial references
and basic data for the first phase design of two-stage
reactors for PCOS. The effects of parameters (reaction
time, temperature, catalysts and co-solvents) on the
phase distribution are studied. A full investigation on end
products distribution at subcritical and supercritical
condition is obtained. Optimum condition is provided for
laying the foundations for the subsequent disposition.
Then, the distribution of carbon and nitrogen in each end
product are analyzed exhaustively. Moreover, the
reaction mechanism from PCOS feedstock to solid
products is investigated through a detailed analysis of
solid residues.

Experimental or Numerical Methods, etc.

A batch reactor is used to conduct the experiments,
the volume of it is 10 mL and the maximum pressure is
30 MPa. The experimental procedure is shown in Figure
1.

Figure 1: The procedure of HTL experiments

Results and Discussion

CR increases from 67.09% to 81.77% with the time
increases from 15 to 60 min. The further increase of the
reaction time from 60 to 90 min leads to the slight
decrease of CR from 81.77% to 80.48%. It indicates that
60 min is the optimal time and a further increase in time
would have no positive effects on CR.
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Figure 2: Phase distribution and conversion rate under
the effect of reaction time (340 °C, 15 MPa), catalysts
and co-solvents (30 min, 340 °C, 15 MPa)

Conclusions

In this paper, the hydrothermal liquefaction of

polymer-containing oily sludge (PCOS) at sub and
supercritical conditions are analyzed. The influence of
parameters (temperature: 340~700 °C, residence time:
15~90 min, catalysts: CuSO4, ZnSO4, K2CO3, Ca(OH)2
and KOH, co-solvents: methanol-water and
ethanol-water) on the end products are comprehensively
evaluated. The distribution of carbon and nitrogen in
each phase are studied in details.
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Abstract

This study establishes a numerical deposition and
removal model coupled with unsteady gas-solid turbulent
flow and heat transfer to predict transport, impaction,
sticking, and removal (or rebounding) characteristics of
ash particles under jet flow based on Ansys Fluent
software extended by user defined functions. In this
study, the effects of inlet gas temperature and panels
structure on ash deposits are further studied. The results
indicate that there is a torch-shaped jet flow in the top
section of the Radiant Syngas Cooler (RSC). The
particles are mainly deposited on the panels around the
jet, and the area with the highest deposition rate is 2.5 m
above the impact area due to part of the particles are
carried by the backflow which easy to deposit when
hitting the wall at high temperature. As the flow
temperature increases, the deposition thickness on the
panels increases significantly, but the deposition
thickness on the division wall is not greatly affected by
the inlet temperature. The deposition thickness on the
panel increases with the width, but only when the width
is 400 mm, the deposited thickness can gradually
stabilize. When the width of the fin is further increased
to 650 mm, the growth rate is getting faster and faster,
which is not conducive to the safe and stable operation of
the RSC.

1. Introduction

Severe fouling and slagging problems make it
difficult for the RSC to operate efficiently and stably.
Therefore, on the basis of simulating the gas-solid
two-phase flow and heat transfer process of RSC, this
paper further establishes a numerical model that couples
the particle deposition and dynamic change of ash
surface temperature to describe the characteristics of
particle deposition in RSC. The influences of the panels
arrangement on RSC are further discussed.

2. Numerical Methods

The deposition process includes the following
sub-processes: (a) Particle transport and fluid dynamics,
(b) Particle impacting and sticking, (c) The growth of ash
deposition, (d) The detachment of ash deposition, (e) The
effect of ash deposition on heat transfer condition. The
deposition of particles on the wall will seriously affect
the thermal resistance, once the heat transfer condition
have changed, it will further affect the cooling effect and
solidification process of the particles, and then affect the

deposition of the particles. On the other hand, the
deposition will in turn affect the heat transfer conditions,
these processes are dynamically coupled with each other.

In this study, the Euler-Lagrangian method was first
used to simulate the gas-solid two-phase jet flow in RSC,
and the dynamic particle deposition model and
detachment model were further established. In addition,
the deposition layer heat transfer model was further
established to realize the dynamic update of the surface
temperature of the deposition layer. The program of the
entire model is written with User Defined Functions
(UDF), and the program flow chart is shown in Figure 1.

Figure 1: Flow chart of UDF.

2.1 Deposition model

Due to the special working condition of RSC, the
particles need to undergo a process of melting to
solidification, based on the capture velocity given by
(Brach & Dunn, 1992) and critical collision angle given
by (Konstandopoulos, 2006), the model has further
modified on temperature in this study.

2.2 Detachment model

For individual particle detachment，the peeling form
is mainly rolling peeling (Soltani & Ahmadi, 1994). For
large scale deposit detachment, in order to adapt to the
computational grid, a new calculation method is
proposed in this study based on Berker's research (Baker,
2010).

3. Results and Discussion
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3.1 Flow field and temperature distribution

Fig. 2 shows the distribution of continuous and
discrete phases, a torch-shaped inlet jet is formed in the
top section of the RSC.

Figure 2: Velocity and temperature distribution.

3.2 Deposit distribution in different parts

As shown in Fig. 3, for panels, the particles are
mainly deposited around the jet, and the deposition area
is getting larger and larger over time, but the thicker
deposits near the center of the jet are peeled off by the
shear force of the fluid.

Fig. 4 shows the impact rate and deposit rate of
panels, it is found that the area with the highest impact
rate is not the area with the highest deposition rate, a
large number of particles impact the wall due to the
dissipation of inlet jet. The area with the highest
deposition rate is 2.5 m above the impact area as shown
in Fig. 4. Due to the backflow, some smaller particles are
carried by the backflow and impact on the wall.
Meanwhile, the particles are in a molten state due to the
high temperature and are easy to deposit on the wall.

(a)Panels:16Days 57Days 178Days (b)Division
wall:16Days 57Days 178Days

Figure 3: Deposition thickness distribution.

Figure 4: The impact rate and deposit rate of panels.

For division wall, the main deposit position is also
around the jet, but compared with the panels, the
thickness of ash deposition has been reduced, which is
closely related to the impact rate of ash particles as
shown in Fig. 4. Moreover, at the lower part of division
wall, although the impact rate is very high, the
deposition rate is very low, because the particles have

been cooled to a solidified state, which leads to the
particles bounce off the wall and do not deposit on it.

3.3 The effect of deposition on the temperature of
syngas

Fig. 5 shows the temperature distribution of the
central axis in RSC. It can be found that the heat transfer
resistance caused by particle deposition has increased
over time, which weakened the cooling effect of the
syngas, and the temperature at the outlet has increased by
about 60 K.

Figure 5: Temperature distribution along the axis.
3.4 Effect of panel width on deposition characteristics

Fig. 6 shows the variation of the deposition
thickness on the panel with widths of 250 mm, 400 mm,
and 650 mm, respectively. It is found that the deposition
thickness on the panel increases with the width, but only
when the width is 400 mm, the deposited thickness can
gradually stabilize. When the width of the fin is further
increased to 650 mm, the growth rate is getting faster
and faster.

Figure 6: The impact rate and deposit rate of division
wall.

Conclusions

A numerical model that couples the particle
deposition and dynamic change of ash surface
temperature has been developed to analyze the
deposition behavior of molten slag and heat transfer
process in RSC. The deposition conditions for different
structural parameters were obtained by numerical
simulation. The results are as follows:

(1) The temperature and velocity fields have
similar characteristics.The top of RSC has a torch-shaped
structure.

(2) The area with the highest deposition rate is 2.5
m above the impact area on panels due to part of the
particles are carried by the backflow.

(3) When the width of panels is 400 mm, the
growth rate of deposition thickness is getting slower and
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slower, which is conducive to the safe and stable
operation of RSC.
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Abstract

The turbulence-enhanced flotation of fine particles
can be achieved by arranging vortex generators, but the
existing vortex generators in the mineralization tube are
arranged in a single way, which makes it difficult to
realize the efficient recovery of fine particles in different
particle size ranges simultaneously. Based on this, this
paper firstly constructs the relationship between
turbulence characteristics and particle size floatability
through flotation experiments of different particle sizes
under different inclination rectangular vortex generators,
and then compares the flotation recovery effects of
rectangular vortex generators and step vortex
mineralization tubes with different inclination angles.
The improvement of efficient recovery of wide particle
sizes are achieved through integrated step vortex
mineralization tubes finally.

Introduction

The complex flotation flow field is the main site for
mineralization separation of mineral particles (Mesa and
Brito-Parada, 2019)and affects the critical sorting
performance. The microscopic turbulence characteristics
is of great importance for further flotation
recovery(Duong and Hassanzadeh et al., 2019). The
high-frequency fluctuation caused by a highly turbulent
pulp increases the frequency of particle-bubble
collisions(Zheng and Yan et al., 2021) and also makes
the fine-grained mineral particles less hydrophobic,
producing a large velocity difference with the fluid.
Therefore, it is important to generate high turbulence in
the narrow pipe space to achieve high efficiency
collision and adhesion for the mineralization of
microfine particles (Nguyen and An-Vo et al., 2016).

Currently, the collision and adhesion of fine-grained
minerals in the tube are enhanced by strengthening the
turbulent environment in the tube flow section to
improve the sorting efficiency of fine-grained minerals.
Compared with the light tube, the vortex mineralization
tube effectively improves the flotation recovery of
microfine particles(Lijun and Yongheng et al., 2017).
Meanwhile，the flotation recovery of coarse particles is
poor, mainly due to the single turbulent environment in
the vortex tube, where only a high turbulent
environment(Ngo-Cong and Nguyen et al., 2018)
suitable for the recovery of microfine particles exists.

In this paper, we studied the flotation turbulence
environment of rectangular vortex mineralization tube at
different inclination angles, and obtained the adaptation
relationship between flotation turbulence environment
and mineral floatability. Efficient flotation recovery of
particles in multiple particle size ranges through an
integrated stepwise enhanced fluid environment

Experimental or Numerical Methods, etc.

1. Experimental
The pure mineral of chalcopyrite was selected for

the experiment, and the slurry flow rate was controlled to
be 0.7 m3/h, the inlet air flow rate was 1 L/min, the slurry
concentration was modulated by 1%, and 0.0005
mol/lL(100 μL) MIBC frother was added. The
experimental were carried out in rectangular vortex
mineralization tubes with different inclination angles
(25°, 35°, 45°, 55°) and step vortex mineralization tubes
for particles(0-45 μm, 45-75 μ m, 75-125μm and
125-180μm).
2. Numerical simulation control equations
Continuity equation：
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where q is the volume fraction，%； q is density，
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is velocity，m/s； pqm is mass transportation.
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where pqK is the interphase coefficient；P is pressure，
Pa； g


is gravitational acceleration，9.8m/s2； qF


,

,lift qF


, ,wl qF


, ,vm qF


, ,td qF


is external body force, lift force，
wall lubrication force， virtual mass force， turbulent
dispersion force separately ， N ； pqv


与 qpv


is the
interphase velocity，m/s； q is the stress-strain tensor of
phase q.
3. Numerical simulation settings

The water density is 998 kg/m3, gravitational
acceleration is -9.81 m/s2, air density is 1.205 kg/m3. The
inlet is velocity inlet, corresponding to the inlet flow rate
of 0.6 m3/h, the gas content rate is set as 10%, the outlet
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is set as pressure outlet, and the solid wall surface is a
non-slip wall surface. The control equations are
discretized by the implicit solver algorithm, and the
SIMPLE algorithm is used for pressure-velocity
coupling.

Results and Discussion

The relationship between the ratio of different
vortex scales to particle size and the flotation rate
constant is shown in Figure 1. The flotation rate constant
tends to increase and then decrease as the flotation law
increases. At the same particle size, it is easy to obtain
the maximum value of flotation rate in the flow field of
smaller vortex scale. The overall level of flotation rate
constant is high when it is between 0.1 and 0.15, which
is beneficial to the flotation recovery of minerals.

Figure 1 Relationship between the ratio of vortex scale to
particle size and the flotation rate constant

As shown in Figure 2, when the flotation time
reaches 5 min, the stepped vortex current mineralization
tube can achieve higher cumulative flotation recovery
compared to different inclination-angles rectangular
vortex generators. The high turbulence region of the
stepped tube can effectively enhance the flotation
recovery of microfine particles, while the low turbulence
region can effectively suppress the mineral particle
desorption.

Figure 2 The cumulative flotation recoveries of stepped
vortex and rectangular vortex mineralization tubes

As shown in Figure 3, for particles larger than 45
μm, the ladder vortex mineralization tube can effectively
reduce desorption. For 45-75 μm particles, the best
recovery is achieved in the 45° flotation mineralization
tube, followed by the ladder tube but still has a high
flotation recovery. For -45 μm particles, the flotation rate
constants of the ladder tube and 55° vortex
mineralization tube were comparable and significantly
higher than the others.

Figure 3 Flotation rate constants for stepped and
rectangular vortex mineralization tubes

As shown in figure 4, fluid velocity in the main
flow area after each row of vortex generators will
increase extremely. In the back of each row of vortex
generators there are a pair of positive and negative
vortex amount of flow vortex. The vortex amount shows
a gradual decrease in counterflow area. The turbulent
kinetic energy and turbulent dissipation rate in the tube
also show a decreasing trend, which satisfies the
existence of both high and low turbulence environment
in the same flow field.

(a) (b) （c） (d)
Figure 4 Stepped vortex mineralization tube flow field

analysis ((a) velocity, (b) turbulent dissipation, (c)
turbulent kinetic energy, (d) vortex structure)

Conclusions

Compared with the single inclination-angle
rectangular vortex generator, a stepped vortex
mineralization tube can effectively achieve efficient
recovery of a wide particle size class at the same time.

(1) The relationship between turbulence
characteristics parameters and mineral floatability was
established through flotation experiments with different
parameters, and an optimal turbulent environment for
flotation was found to be suitable for each particle size
distribution. A high flotation rate constant can be
obtained when it is between 0.1 and 0.15.

(2) The stepped vortex mineralization tube has a
high turbulence environment to meet the microfine
flotation and a low turbulence environment to ensure the
transport of mineralized particles. The graded vortex
mineralization tube has a good flotation recovery effect
on various particle sizes at the same time.
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Abstract

Stirred tank reactor is stable, reliable and flexible in
continuous production, but it is not suitable for reaction
with high conversion rate because of the backmixing of
fluid in the reactor caused by stirring.In this paper, a
scheme of gas-liquid mixed swirling flow is designed, a
gas distributor is installed at the bottom of the stirred
tank reactor to generate Taylor vortex in the reactor,
which not only improved the effective reaction area and
increased the output, but also is convenient for the
conventional stirred tank reactor modification and had
universal applicability. In this paper, the gas-liquid
two-phase flow in a reactor is studied by means of
numerical simulation and experiment. The results show
that with the increase of the number of rotating Re, the
Taylor vortex cell structure similar to that of the Taylor
reactor can be formed in the larger annulus ratio of the
bioreactor. At the same time, the flow pattern in the
bioreactor tends to be flat pushed with the increase of the
Number of rotating Re. The small scale Taylor vortex
cell strengthens the mixing of gas and liquid phase to
some extent, improves the dissolved oxygen rate in the
reactor, and increases the dissolved oxygen content in the
liquid phase in the same time.

Introduction

It has been proved that the axial backmixing in Taylor
reactor is small, the reaction driving force is high, and
the existence of Taylor vortex can strengthen the heat
and mass transfer in the reactor. In spite of the
advantages mentioned above, there are limitations in the
practical application of Taylor vortex. Currently, the size
of the Taylor vortex reactor in application is too small,
and it can only generate Taylor vortex at a small annulus
ratio, which cannot meet the needs of large-scale
industrial application. Combined with the study of Taylor
vortex by our research group, the gas-liquid mixed swirl
was enhanced by installing a gas distributor in the stirred
tank reactor, so as to generate Taylor vortex column in
the reactor, providing a feasible scheme for large-scale
industrial production.

Experimental or Numerical Methods, etc.

120L of water was added into the reactor to stir, and air
was passed through the new air distribution device. The
experimental conditions were 250rpm and 0.001kg/s of

air flow per second at the bottom. After the flow is stable,
2% potassium permanganate solution is rapidly injected

with a syringe from the inlet as a colored tracer, and

samples are taken every 30 seconds at the outlet
sampling port, ensuring the same amount of samples

until the materials in the reactor are basically colorless
and transparent. The zero point of the spectrophotometer
is adjusted with water, and the absorbance value of the

sample is determined by colorimetric analysis. The
residence time distribution curve is drawn in direct

proportion to the concentration of the substance and the
degree of light absorption.

The numerical simulation is carried out in Fluent
software, and the solver is coupled algorithm based on
pressure method and first-order upwind mode. Laminar

model and standard K -ε model were selected for
turbulence models in the mainstream region, and

multiple reference frames were adopted to divide the
computational domain into multiple independent

reference frames. The boundary conditions were set as
follows: The bottom of the bioreactor was an air mass
flow inlet; The top outlet is the gas outlet boundary,
allowing only gas through; The torus of the inlet and

outlet of the static distributor is the inner boundary. The
inner and outer walls of stirring shaft and static

distributor are rotating walls, and the rest are static walls.
When the continuity residual curve and flow velocity
residual curve fall below 1E-4, and the concentration

residual curve converges to 1E-5, it is regarded as
computational convergence. The fixed bottom air inlet

flow rate was 0.001kg/s, the static distributor speed was
200rpm, and the agitator rotation Re numbers were

19000, 57000, 95000 and 133000, respectively.

Figure 1: Stirred tank reactor experimental device.

Equations

No blank line is included above and below each
equation.
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Results and Discussion

Figure 2: Annulus flow diagram on the right of cross
section x=0 of reactor.

Figure 3: the Q-criterion vorticity cloud of x=0.

Figure 4: Variances at cross sections at different heights
of bioreactors at different rotational Reynolds numbers.

Figure 5: Annulus gas concentration distribution on the
right of cross section x=0.

Figure 6: The dissolved oxygen rate at cross sections at
different heights of bioreactor was obtained under
different rotating Re numbers .

Conclusions

1) With the increase of the number of rotating Re, a
Taylor vortex cell structure similar to that of the Taylor
reactor can be generated in the large annulus ratio of the
bioreactor. At the same time, with the increase of the
Taylor vortex cell, the flow pattern in the bioreactor also
develops toward the horizontal push flow.

2) The small scale Taylor vortex cells in the
bioreactor strengthen the mixing of gas and liquid phase
to some extent, improve the rate of dissolved oxygen in
the bioreactor, and increase the content of dissolved
oxygen in the liquid phase in the same time.

It can be concluded that the gas-liquid mass transfer
efficiency can be effectively enhanced by installing gas
distributor in the bioreactor with large annulus gap,
which is of great significance for the application of
Taylor eddy current in large-scale industrial production.
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Introduction

Electronic cigarettes (e-cigarettes) have become
increasingly popular recently because they are marketed
as a healthier alternative to tobacco smoking and as a
useful tool for smoking cessation. Electronic cigarettes
use a heating element, which mostly is a porous ceramic
atomizer, to create the aerosol from a solution usually
consisting of propylene glycol (PG), glycerol (VG), and
nicotine (Ingebrethsen 2012). Despite the widespread of
electric cigarettes, information about the electronic
cigarette aerosol microscopic characteristics is rather
sparse. This is probably caused by the relative newness
of e-cigarettes and the difficulty of the measurements.
One has to deal with high concentration aerosol
containing volatile compounds.

Experimental Methods

In this study, we built an experimental setup for
microscopic characteristics measurements of electronic
cigarette aerosol in conjunction with a LabVIEW
controlled system to simulate the typical electric
cigarette puff. As shown in Figure 1, the experiment
system of electronic cigarette atomization mainly
includes a porous ceramic atomizer, an electronic
cigarette oil injector, a quartz cylinder, a digital control
DC power supply, a suction pump, an aerosol collector,
thermocouples, a needle valve, pressure sensors, a
Photron high-speed camera, Malvern Spraytec spray
granularity meter, NI acquisition control boards and
computers.

Figure 1: Schematic of the electronic cigarette
atomization experiment system.

Specifically, the “S” shape film heating element
deposited on bottom surface of the porous ceramic
atomizer starts to heat the liquid inside or on the surface
of the porous ceramic atomizer once the suction pump
starts to work under the control of LabVIEW. Driven by
the differential pressure and capillary force, the
electronic cigarette oil is sucked into the porous ceramic
and then is heated to vaporize. The condensation of
vapor of electronic cigarette oil and the droplet induced
by the heating atomization on the surface of porous
ceramic atomizer results in the electronic cigarette
aerosol. A high-speed camera is used to record the
atomization process. Furthermore, the Malvern Spraytec
spray granularity meter is employed to measure the
particle distributions and sizes of the aerosol, obtaining
the microscopic characteristics of the electronic cigarette
aerosol under different working conditions. An electric
cigarette commercially available on the Chinese market
is tested and the results are shown below.

Results and Discussion

The atomization process of the porous ceramics
bottom surface is shown in Figure 2, where the heating
power is 6.5 W and the suction pressure is 1.5 kPa. It can
be seen from Figure 2(a) that after 1 second of heating,
the e-liquid on the porous ceramic heating element starts
to boil and evaporate, producing white smoke and a
small number of small bubbles. As the heat rises, large
bubbles form on the porous surface of the ceramic. Until
the 3rd second, bubble collapse occurs on the porous
ceramics bottom surface and the large bubbles burst
together with the generation of a large number of large
droplets, which are sucked out along with the aerosol.
Analysis believes that when the e-liquid is heated, the
low boiling point component PG will evaporate first. The
high-boiling component VG forms an oil film on the
surface of the porous ceramic, thereby inhibiting the
outward diffusion of the internal PG, causing the PG to
overheat, nucleate, and generate bubbles. When the
bubble pressure reaches a critical value, it will burst to
form large droplets.

(a)1s (b)2s (c)3s
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Figure 2: Dynamic microscopic properties of the porous
ceramic surface when heating duration is (a) 1s; (b) 2s;

(c) 3s.
It can be seen from Figure 3 that the suction pressure

has indistinctive effects on the practical sizes of the
aerosol, where D32 is Sauter mean diameter, D10 means
that the volume of all droplets smaller than this diameter
account for 10% of the total volume of all droplets, and
the meaning of D50 and D90 are also understood in the
same way. Basically, higher suction pressure generates
larger D32 and D90. This can be explained by the fact that
the increase in negative pressure will correspondingly
reduce the boiling point temperature of the e-liquid,
making the e-liquid easier to boil, and bubbles are more
likely to grow and burst, resulting in more large droplets.
Moreover, large suction pressure will increase the flow
rate of the airflow and the supply of e-cigarettes oil,
resulting in strengthening the coalescence between the
droplets.

Figure 3:Average and Characteristic particle size of
electronic smoke aerosol under variable suction pressure.

It can be seen from Figure 4 that the heating power
has a significant impact on the particle size of the
e-cigarette aerosol. Specifically, as the heating power
increases, the particle size D32 of the electronic cigarette
aerosol decreases. In addition, the characteristic particle
sizes D10, D50 and D90 substantially decrease with the
increase of heating power starting from 5.5W. According
to the two-phase flow thermodynamic balance
relationship, increasing the heating power appropriately
can reduce the characteristic particle size of the

e-cigarette smoke and improve the quality of
atomization.

Figure 4: Characteristic particle size of electronic smoke
aerosol under variable heating power.

Conclusions

An experimental study was carried out to explore the
evolution of the particle size of e-cigarettes atomized
under different suction pressures and heating powers.
According to the visualized image of e-liquid
atomization, PG with the lower boiling point vaporizes
first during heating, while VG tends to form a film on the
surface, causing bubbles to break and form large droplets.
Compared with the heating power, the particle size of the
e-cigarette aerosol is less affected by the suction pressure,
but a larger suction pressure will enhance the
coalescence of the droplets, resulting in larger droplet
size. With the increase of heating power, the particle size
is reduced and the quality of atomization is improved.
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Abstract

The dynamic behavior of droplet impingement and
the involved heat and mass transfer are the basic
processes of spray cooling. Many studies have been
carried out on low- volatile droplets impingement.
However, for refrigerants with lower boiling points, it is
relatively difficult to generate stable droplets under
atmospheric pressure due to its high volatility. In this
paper, an experimental system for low-boiling refrigerant
droplet to generate and impact under atmospheric
pressure was successfully established. The impacting
dynamics of R1336mzz (Z) droplet on groove-textured
carbon steel was studied by using high-speed camera.
The evolution of droplets spreading factor under
different We and different roughness was acquired and
analyzed. Cassie-Wenzel transition occurs when the
surface roughness increases. Finally, the empirical
formulas of maximum spread factor (βmax) are fitted.

Introduction

Spray cooling is widely used in the fields of heat
dissipation of high-power electronic chips and skin
cooling of laser surgery. It is very difficult to study the
thermal and kinetic mechanisms of spray because of the
complex interactions between droplets themselves with
different droplet sizes and velocities. The study of single
droplet dynamics is the basis of the whole multiphase
flow process

Droplet impacting on solid wall is also often
involved in spray cooling applications. Range et al. (Kai
and Feuillebois 1998) found that the roughness of the
solid surface was an important factor affecting the
morphology of the droplet impingement. Scholars have
conducted numerous studies on the droplet impact
behavior of water, ethanol and other working media on
solid walls with different roughness(A et al. 2017).
Although refrigerants with low boiling point have been
widely used in spray cooling, their high volatility makes
it difficult to generate a single droplet under atmospheric
pressure and thus the dynamic behavior of droplet
impingement is rarely reported. This paper select
R1336mzz (Z) (M. et al. 2019) that is environmental
friendly to qualitatively and quantitatively study its
droplet dynamics on groove-textured surfaces.

Experimental Methods

The experimental system includes droplet generation
system, one-dimensional positioner, image acquisition

system and solid surfaces as shown in Fig.1. Particularly,
the droplet generation system includes an insulated tank
with thermostatic water bath circulation to preserve the
refrigerant in liquid at atmospheric pressure. The
temperature in the tank is monitored in real time by
thermocouples.

Figure 1: experimental system

Results and Discussions

Fig.2 and Fig.3 shows the spreading images and
curves of spreading factor β developed with
dimensionless time τ under different We. When 0 < τ <
0.1, the β-τ curves almost coincide for evolution of β was
not affected by any factors at the early stage of droplet
motion (R., M., and C. 2002). With the increase of We,
βmax increases accordingly due to greater inertial force.

Fig.4 shows the β-τ curves with different roughness.
Cassie-Wenzel transition (Vaikuntanathan and
Sivakumar 2014) occurs between 1.6 µm and 3.2 µm. A
part of energy input is used to conquer the energy
barriers of the state transition (Bormashenko 2015), and
βmax starts to decrease beyond the critical roughness.

Figure 4 shows the comparison of predictive results
of βmax and experimental data.

Figure 2: droplet spreading process with different We
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(We=77, We=535, We=994 in turn)

Figure 3: β-τ curves with different We

Figure 4: β-τ curves with different roughness

Figure 5: models and empirical formula of βmax

Conclusions

The effects of roughness (0.8µm, 1.6µm, 3.2µm,
6.3µm) and We (50-2000) on droplet impingement are
studied. The main conclusions can be summarized as
follows:
(1) It was observed that the shape of droplet changed
from truncated spherical to producing a thin liquid layer
and then spreading into a liquid film with a thicker rim.
Moreover, when the droplets just contact the wall,
splashing will occur at the contact surface, and the
phenomenon of splashing will be more obvious under the

conditions of high We and high surface roughness.
(2) The curves of spreading factor β and dimensionless
time τ are obtained. The results show that We has a
significant effect on the dynamic behavior of droplet
spreading. When 0 < τ < 0.1, the β-τ curves almost
coincide. The higher We, the larger the slope of the curve
and the longer the dimensionless time to reach βmax.
(3) The effect of roughness was analyzed. The droplet
exhibits Cassie state (Cassie and Baxter 1944) on the
surface with low roughness, and βmax increases with the
increase of roughness. At a certain threshold of Ra
between 1.6 µm and 3.2 µm, the droplet undergoes a
Cassie-Wenzel transition.
(4) The empirical formulas of βmax with different
roughness are fitted using regression analysis.
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Abstract

The departure from nuclear boiling (DNB) is an
essential point for the heating channel with water
flowing through, because when it happens, the water
near the heated wall can be dried out, which will cause
the material temperature exceeding the upper limits.
Presently, the blanket is under design phase, and some
essential parameters are uncertain, including the heat
flux on first wall. For the sake of thermal safety, the
occurrence conditions of DNB are analyzed solely,
regardless whether material temperature exceeds the
limits or not, in the first wall of Water Cooled Ceramic
Breeder blanket (WCCB) for CFETR. This study is
useful for further blanket thermal design. Based on the
Look-up table which is summarized by experiments for
the uniformed heating circular tube of 8mm diameter, the
local critical volumetric fraction of vapour, which acts as
the evaluation criteria for the U-shaped first wall of
square channel with one sided heating, is obtained using
CFD approach under different DNB operating conditions.

After the comparison of phase distribution between
different turbulence models, the k-Ω model is selected to
do the calculation. The effects of coolant inlet
temperature, mass flow rate and operating pressure on
DNB value are evaluated. Under the same operating
pressure, either increasing mass flux or decreasing inlet
temperature can reduce the critical vapour fraction. On
the contrary, the DNB is enlarged effectively. Under the
same inlet conditions, the lower operating pressure can
increase DNB because of the higher latent heat of
vaporization.

Key words: DNB; WCCB; First wall
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Abstract

Focusing upon efficient tank venting and reliable
engine restart capabilities after microgravity coasting
flight, a series of numerical simulations on the motion of
the gas-liquid interface wave in the partially filled tank
with a step reduction in gravity have been conducted.
The propagation velocity of the interface wave under
different residual gravity are systematically analyzes.
The law of the interface wave propagation in the tank is
obtained in the form of the Froude number (Fr) vs the
Bond number (Bo).

Introduction

Since the advent of space flight, the complexity of
spacecraft and the difficulty of missions require
propellant management systems to be more adaptable. In
order to ensure efficient tank venting and reliable engine
restart capabilities after microgravity coasting flight, the
study of the dynamic behavior of the gas-liquid interface
in the tank under the condition of microgravity has
important application value. As a typical fluid motion
form, the propagation of surface tension waves can
predict the deformation process of the free interface in
the tank, thereby guiding the designs of space
management systems. This paper uses numerical
simulation to study the motion of the gas-liquid interface
wave in the tank upon step reduction in gravity, and
systematically analyzes the propagation velocity of the
interface wave under different residual Bo (representing
the ratio of gravity to surface tension in the tank).

Numerical Methods

The geometry and computational grid for the storage
tank partially filled with liquid oxygen and gas helium
are shown in Fig. 1. This is a 2D axisymmetric grid that
was used in the tank study. A 50% tank fill ratio was
considered. Fluid flow in the tank are described in terms
of the continuity, Navier-Stokes for both phases. Does
not consider thermal effects. Use VOF model to capture
gas-liquid interface.

Figure 1: 2D grid used for the 50% fill ratio cases

Results and Discussion

We have studied the flow characteristics under
different residual gravity, and the residual Bo number in
the simulation ranges from 1 to 5000.

Through linear fitting, the propagation velocity of
the main wave under different residual gravity can be
calculated. From this, the Froude number (representing
the ratio of inertial force to surface tension in the tank)
can be calculated.

Figure 2: Displacement of main wave with different
residual Bo numbers over time

The interfacial wave is induced by the imbalance
between surface tension and static pressure difference
across the free interface. It can be found that there are
two limit states in the storage tank system. When Bo
number is far greater than one, gravity and capillary
force dominate the flow in the tank, and there is a -1/4
scale relationship between Fr and Bo numbers. When Bo
number is much smaller than one, inertial force and
capillary force dominate the flow in the tank, and there is
a -1/2 scale relationship between Fr and Bo numbers. For
medium Bo numbers, gravity, inertial force and surface
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tension work together. The Churchill-Usagi method can
be used to correlate transition states. At the same time, an
exponential attenuation effect term is introduced to better
fit the simulation results. Figure 3 shows the asymptotic
relationship between the two extreme conditions and the
fitting effect of the transition zone.

Figure 3: Fitting relationship between Froude number
and Bond number

Conclusions

We have obtained a correlation (1) to describe the
propagation law of the gas-liquid interface wave in the
tank upon step reduction in gravity.
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Abstract

As a typical centrifugal pump, electric submersible
pump is widely used in petroleum engineering. However,
the free gas in the oil well seriously affects the
pressurization ability of the centrifugal pump. When the
gas content exceeds a certain value, the pump will face
the problem of pressurization failure. Therefore, the
study of gas distribution in centrifugal pump with high
IGVF is of great significance to analyze the reason of
pump pressurizing failure and optimize impeller
structure. In this paper, a numerical method for
two-phase pressurization of pump is established based on
CFD-PBM model. The phenomenon of bubble
aggregation and breakage in centrifugal pump is studied,
and the distribution characteristic of bubbles of different
sizes in impeller is revealed.

Introduction

As a typical centrifugal pump, electric submersible
pump is widely used in petroleum industry, but its
performance is seriously affected by downhole flow
conditions. Previous studies have shown that the
presence of gas in centrifugal pumps will lead to
problems such as worsening of pump pressurization
(Pessoa & Prado, 2001) and pressure fluctuation (Monte
Verde, Biazussi, Sassim, & Bannwart, 2017). Pressure
fluctuation leads to serious vibration of centrifugal pump
and its pipeline system, and the cavitation formed in the
impeller will seriously reduce oil and gas production. In
some specific working conditions, the bubbles
continuously formatting and releasing in the impeller
make the pump oscillate unstably between two working
conditions, which will cause the pipeline flow and
pressure fluctuations and make the whole production
system have strong instability and vibration (Gamboa,
2008) (Monte Verde et al., 2017).

Most researchers study two-phase flow of centrifugal
pumps by CFD with fixed bubble size. The result can
agree well with results by experiment under low inlet gas
volume fraction, but under high inlet gas volume fraction,
the results of the method have a large deviation from the
experiment (Zhu, 2017) (Chen, Patil, & Chen, 2018) (Ge,
He, Huang, Zuo, & Luo, 2020). extended abstracts and
final papers must be formatted strictly according to these
instructions. Therefore, in order to reflect the two-phase
pressuring character of centrifugal pump realistically, it
is necessary to introduce the aggregation and breakage
behavior between bubbles.

Numerical Methods

To simulate centrifugal pump performance under
two-phase flow conditions, the commercial CFD code
ANSYS FLUENT 17.1. Fig.1 shows the 3D model of the
centrifugal pump, including impeller and diffuser and
extended section. the simulations are set to be transient
with the realizable k-ε model and standard wall function
which has been proved to get reliable results for
modeling two-phase flow in centrifugal pump. The
time-step is set to 2.3*10-5, which means the impeller
rotates 0.5° each time-step.

a b c d
Fig.1 Computational domains: (a) (d)extended section, (b)

impeller, (c) diffuser.
The theoretical governing equation of PBM model is as
follows:
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Results and Discussion

Fig.2 shows in-situ gas void fraction αG of impeller
shroud versus flow time. In-situ gas void fraction
increases gradually, and gas gradually gathers at the
entrance of blade. With the accumulation of gas, the
pressurization of the impeller also decreases, and finally
the gas occupies the whole flow channel, which makes
the impeller pressurization failure.

Fig.2 in-situ gas void fraction αG of impeller shroud
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versus flow time (IGVF=20%, N=3500rpm, QL=21m3/h).
Fig.3 shows gas volume fraction distribution of

bin-2 and Bin-8 in impeller. Bin-2 is mainly concentrated
at the entrance of the impeller, while bin-8 is mostly
distributed in the latter part of the impeller.

(a) (b)
Fig.3 Volume fraction distribution of bin-2 and Bin-8 in

impeller ((a) bin-2, (b) bin-8).

Conclusions

In the paper, a numerical method for two-phase
pressurization of pump is established based on
CFD-PBM model. The main conclusions are as follows:
(1) In the case of high IGVF, it is relatively close to the

experimental results to use CFD-PBM model to
predict pressurizing of centrifugal pump, because the
model can effectively simulate the dynamic behavior
of bubbles aggregation and breaking in centrifugal
pump.

(2) In the case of high IGVF, the in-situ gas void
fraction in the impeller is much higher than in the
pump inlet, indicating that a large amount of gas
accumulates in the impeller. With the accumulation
of gas in the impeller, the pressurization of the pump
gradually deteriorates, finally pressurization failure
because of the gas occupation the whole flow
channel.

(3) In the case of high IGVF, bubbles in the impeller are
prone to aggregation, the large bubbles formed are
distributed at the inlet of the impeller, while in the
diffuser, bubbles are more inclined to break into
small bubbles and flow out with the liquid phase.
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Abstract

Hydrogen is an ideal carbon neutral energy carrier
due to its high calorific value and pollution-free
combustion. Solar energy, wind energy and biomass
energy can be used as energy sources for hydrogen.
Among them, biomass gasification technology has the
characteristics of a wide range of raw material sources,
diverse varieties, and no carbon emissions during the
conversion process, and is one of the most promising
hydrogen production technologies. Biomass gasification
reactors include fixed bed reactors, and fluidized bed
reactors. The fluidized bed reactor has received wide
attention for its good mixing effect and excellent heat
and mass transfer performance.

In this paper, a numerical simulation of biomass
gasification in a fluidized bed is carried out. Glucose was
used as the biomass model compound, and supercritical
water was used as the fluidizing fluid and reaction
solvent. Supercritical water gasification is a method of
using organic resources to produce fuel gas. Supercritical
water is not only a solvent for organic substances, but
also a reactant. Because supercritical water can directly
treat biomass with high moisture content without a
high-energy-consuming drying process, it has the
advantages of high gasification rate, generation of
hydrogen-rich gas with high calorific value, and
environmental friendliness, so it is widely used in
biomass gasification process. The simulated fluidized
bed is from the work of Zhao et al. (Zhao and Lu, 2018),
as shown in Figure 1.

Figure 1: Sketch of the simulated fluidized bed (Zhao
and Lu, 2018)

Based on the finite volume method and discrete
element method, a CFD-DEM mathematical model for
biomass gasification process in fluidized bed was
established. The particle flow characteristics, fluid phase
composition distribution, gasification reactor reaction
rate and reactor outlet composition distribution were
studied.

The time averaged axial velocity of particles, gas
composition and reaction rate distribution in the reactor
were obtained. The distribution of mole fraction,
chemical reaction rate and outlet component were
studied by changing the wall temperature and inlet flow
rate of the gasification reactor.

Figure 2 gives the instantaneous particle distribution
in 0-1.5s. With the entry of supercritical water from the
bottom inlet, the bed layer begins to expand, and the bed
height rises continuously; at 0.4s, an obvious area of
dilute particles appears at the bottom of the fluidized bed,
which is related to the particle diameter and the bed layer.
The color of the particles in the figure represents the
temperature of the particles. Near the entrance of the
glucose, the temperature of the particles is lower. The
particles on the upper part of the bed are in contact with
the preheated N2, and the temperature rises. The
collisions increase, the heat conduction between particles
increases, and the temperature of the particles in the bed
also begins to rise.

0.0s 0.2s 0.4s 0.6s 0.8s 1.0s 1.2s
1.4s

Figure 2: Instantaneous particle distribution in 0-1.5s
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Abstract

Boiling heat transfer is one of the most effective heat
transfer methods in energy conversion and cooling
systems, and has a wide range of applications in the
fields of power generation and thermal management of
electronic components. In the past century, many
scholars have tried to enhance pool boiling heat transfer
by increasing the heat transfer coefficient and critical
heat flux. In recent years, the influence of surface
wettability on boiling heat transfer has attracted
widespread attention. However, the requirements of the
boiling process under different superheat degrees are
dynamically changing, and the current methods of
enhancing boiling heat transfer cannot meet this dynamic
demand.

In this paper, a mixed thermal lattice Boltzmann
model of multiphase flow based on Shan-Chen
pseudo-potential model was adopted (Shan and Chen,
1993; Gong and Cheng, 2014), and the model was
verified by comparing with classical theory and
experimental correlation. It is found that the model has
good accuracy and stability, which can lay the foundation
for the subsequent simulation of pool boiling heat
transfer on hydrophilic and hydrophobic surfaces. The
calculation region is set as Fig. 1, a 2D square region.
The grid is set as 600×600, and a heating surface with
length as Lh, thickness as H is placed in the middle of the
bottom.

Figure 1: Schematic of the calculation region
A comparison between the boiling heat transfer curve

for single hydrophilic or hydrophobic surface and the
Rohsenow correlation prediction (Rohsenow, 1951) is
carried out, as shown in Fig. 2. When Csf are set as
0.0105 for hydrophilic surface and 0.0089 for

hydrophobic surface, the heat transfer curve agrees well
with the Rohsenow correlation prediction.

Further, the best corresponding relationship between
temperature and wettability was found through the
theoretical prediction model of the boiling process
(Kandlikar, 2001). And the contact angle of the heating
surface is set to change at the initial nucleation
temperature (ONB) and then gradually decreases, so the
surface gradually changes from a hydrophobic surface to
a hydrophilic surface. It can be easily nucleated at low
superheat and has a high boiling heat transfer coefficient.
It can also gradually delay the arrival of the critical heat
flux with the increase of wall superheat, achieving the
purpose of fully combining the advantages of
hydrophilic and hydrophobic surfaces.

Figure 2: Comparison between simulation and
Rohsenow correlation prediction
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Abstract

In this paper, flow and heat transfer of supercritical
carbon dioxide in the 1000MW supercritical boiler
cooled wall tube were investigated with numerical
simulation method. Half of the cooled wall tube was
heated near the furnace, and heat flux varied along the
height of the furnace.
Covering ranges of p=30.42MPa,
G=1592~2207kg/(m2-s), q=39.8~71.2kW/m2. The RNG
k-epsilon turbulence model is used to establish the
three-dimensional supercritical CO2 fluid in the cooling
wall tube in the parameters. Numerical simulation is
carried out according to the boundary conditions of
half-side insulation, half-side heating and Y-type tee.
The effects of mass flow rate, inlet temperature and heat
flux on flow and heat transfer characteristics in Y-tube
were analyzed. It can provide certain theoretical support
for the design of supercritical CO2 thermal power
generation unit in the future.

Introduction

At present, in the aspect of supercritical carbon
dioxide heat transfer, the existing supercritical carbon
dioxide heat transfer theory and experimental research
are not enough to support engineering design, mainly
reflected in the narrow range of experimental parameters,
concentrated in the near critical pressure area of 7.38
MPa critical pressure, and the actual operating pressure
is 20 ~ 30 MPa.

In practical engineering, the cooling wall of
supercritical CO2 boiler is radiated from the flame to the
fire surface, while the other side is back to the flame,
which is not directly radiated by the flame. Therefore,
the heating of the cooling tube in the furnace along the
circumferential direction is uneven. The experimental
research on supercritical CO2 in the non-uniform heating
tube has not been reported so far.

Numerical Methods

As shown in Figure 1,the geometric model of Y-Type
three-way pipe is derived from the vertical pipe ring of
the cooling wall of a 1 000 MW supercritical tower DC
boiler, and Figure 2 dispalys the material for the cooling
pipe ring is T-23 steel.

Numerical simulation is carried out according to the
boundary conditions of half-side insulation, half-side
heating and Y-type tee.

The RNG k-ε turbulence model is used with velocity
inlet and pressure outlet. Thermophysical properties of
supercritical carbon dioxide by retrieving NIST real gas
data in Fluent.

SIMPLEC algorithm is used for pressure and velocity
coupling, QUICK discrete scheme is used for momentum
and energy equations, and second-order upwind scheme
is used for turbulent kinetic energy and turbulent
dissipation equations.

Figure 1: Cooling wall tile drawing

Figure 2: Physical properties of T23

Equations

Momentum equation:
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Turbulent kinetic energy k equation:
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Diffusion coefficient epsilon equation:
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Results and Discussion

The temperature field and velocity field of S-CO2 in
the vertical cooling wall tube were obtained under the
conditions of pressure of 30.42 MPa, mass flow rate of
2207kg/(m2-s) and heat flux extension tube length. As
shown in Figure 3, the temperature of the vertical
cooling wall tube inlet supercritical CO2 is 718.8 K and
the temperature of the outlet is 795.1 K.

Figure 4 illustrates the flow cloud distribution of the
cross-section at 21.55m,21.81m,22.32m,23.34m., and the
maximum velocity 15.75 m/s. Variations of wall
temperature and heat transfer coefficient of vertical
cooling stave are also obtained.

The effects of inlet temperature, flow deviation and
thermal deviation on the flow field and temperature field
are further analyzed. The temperature effect of heat flux
on supercritical heat transfer as the Figure 5 explicated.
Figure 6 show the flow rate distribution of
supercritical CO2 fluid along the tube length at different
mass flow rates.

Figure 3: Temperature distribution of S-CO2 in vertical
cooling wall

Figure 4: Velocity distribution at different sections

Figure 5: Temperature effect of heat flux on supercritical
heat transfer

Figure 6: Velocity effect of mass flow rate on
supercritical heat transfer

Conclusions

In this paper, the flow heat transfer of supercritical
carbon dioxide in a half heated, half adiabatically
vertical rising Y-tube under different operating
conditions is numerically simulated and analytically
discussed.

Under the high-parameter conditions of pressure of
30.42 MPa, mass flow rate of 2207kg/(m2-s), and
variation of heat flux extension length, is concluded that
the temperature of working fluid at the outlet of cooling
wall is 795.1 K. After passing through the Y-type tee, the
growth rate of supercritical carbon dioxide enthalpy
decreases, and the rising trend of temperature slows
down. At this time, the flow rate increases rapidly due to
the reduction of cross-sectional area.

The effects of different heat flux, inlet temperature
and mass flow rate on the temperature field and velocity
field of working fluid were studied. It can provide some
theoretical support for the future design of supercritical
CO2-fired coal-fired generating units.
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Abstract

Laser speckle contrast imaging (LSCI) has
demonstrated its unique advantages as a non-invasive
full-field blood flow monitoring technique, especially in
the treatment of capillary vascular malformations.
Moving scatters beneath a diffuse surface illuminated by
coherent laser light could cause the laser speckle image
to become fuzzy. LSCI could calculate the contrast of the
image, which evaluates the blurry degrees, to determine
the velocity of the moving scatters.

Unfortunately, a variety of factors, such as the dark
current of CCD, animal breathing, and heartbeat, make
LSCI results less ideal. At the same time, many blood
vessels in the original speckle pattern image only have
vascular contour and no scattering signals. They
vanished in the contrast images after being processed
using traditional LSCI methods.

This paper proposes a laser speckle contrast analysis
based on anisotropic diffusion filtering to address the
aforementioned challenges. To validate the advancement
of our method, a laser speckle imaging system was built
to perform in vivo imaging of rat dorsal skin. Experiment
results show that our method effectively suppresses noise,
improves image quality, and shows blood vessels without
dynamic scattering signal in the original speckle pattern
image, which is useful for biomedical and clinical
applications.

Introduction

Port wine stains (PWSs) are a type of congenital
capillary malformation dermatosis, with an incidence of
0.3%-0.5% in newborn[1]. PWS commonly occurs on
exposed parts of human’s body like face and neck, which
seriously affects the mental and physical health of
patients. At present, laser surgery has been widely used
to treat vascular malformation especially for PWS, which
absorbs laser energy through hemoglobin to damage
diseased blood vessels. However, real-time monitoring of
the blood flow field is required to determine whether
thrombosis has formed, indicating that aberrant
capillaries have been blocked and destroyed. That is the
basis for achieving the best curative effect.

When a diffuse surface with moving scatters inside is
illuminated by coherent laser light, a random interference
pattern forms, which is also known as laser speckle[2].
Furthermore, according to dynamic light-scattering
theory, the intensity of speckle has a connection with the
velocity of moving scatters including blood cells. This
has been used by laser speckle contrast imaging

technology (LSCI) with calculating contrast to describe
the velocity of moving scatters[3]. LSCI, as a novel
technique for real-time in vivo blood flow measurement,
has the advantages of non-contact measurement, rapid
speed, and low cost.

Nowadays, LSCI is not always satisfactory in
practical applications due to a variety of factors, which
can be quantified by a low signal-to-noise ratio. At the
same time, because of static scattering of the upper tissue
or the blood vessels themselves being blocked by
thrombus, many blood vessels do not have dynamic
scattering signals in the original speckle pattern image.
As a result, they vanish from the velocity map produced
by traditional LSCI methods. The vascular contour in the
original speckle pattern, however, is still clearly visible
due to the blood absorption.

Experimental and Numerical Methods

We established an in vivo experiment using SD
female mice to evaluate the proposed method. The
schematic of our LSCI experimental system is shown in
Fig.1. A 632nm collimated beam emitted from a He-Ne
coherent laser was expanded by the lens group to
illuminate the sample. A CCD camera captured the
illuminated region with a resolution of 1392×1040 pixels
and a frame rate of 15 fps through a stereo microscope.

Conventional methods calculate the contrast of raw
laser speckle image first. In this paper, we process
anisotropic diffusion filtering with proper parameters
primarily in the Equation (1) and (2) [4]. Afterwards,
contrast of each 5×5 pixels window was calculated to
obtain contrast map. Equation (3) converts it to velocity
map. The final step is to extract the average of adjacent
frames for better equality of image.

Figure 1: Schematic of LSCI experimental system

Equations
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Results and Discussion

To demonstrate the improvement of our proposed
method, we calculate signal-to-noise ratio (SNR) by
Equation (4) to evaluate different methods.

The contrast images of traditional LASCA method
and our method are compared in figure 2. The light spot
in red circle has been obviously suppressed by our
method as useless noise. The SNR has been improved by
27.7% (from 3.296 to 4.210). Moreover, blood vessels’
contour without dynamic scattering signals are displayed
in white. Regretfully, we can’t get velocity of them for
the lack of dynamic scattering signals.

(a) Traditional LASCA method

(b) Our method
Figure 2: Contrast maps of LSCI

Laser treatment generates thrombosis and block the
abnormal capillary, for what the capillary vanishes in

LSCI system. But our method describes the contour
distinctly which is shown figure 3.

(c) Traditional LASCA method

(d) Our method
Figure 3: Velocity maps of LSCI

Conclusions

This paper proposes a laser speckle contrast analysis
method based on anisotropic diffusion filtering. A laser
speckle imaging experimental system was constructed to
perform in vivo imaging of rat dorsal skin to verify the
improvement. Our method can effectively suppress noise,
improve image quality, and show the blood vessels
without dynamic scattering signal in the original speckle
pattern image, which is helpful to the design of relevant
medical equipment and clinicians for better surgery.
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Abstract

Laser speckle contrast imaging (LSCI) is a
non-invasive, optical technique with high spatial and
temporal resolution. The optical properties of blood lead
to bias in its measurement. Therefore, it is necessary to
study the effect of blood with varying optical properties
on LSCI.

In this paper, intralipid solutions with Indian ink are
prepared to mimic the scattering and absorption
properties of human blood. According to the
experimental results, the correlation time is inversely
proportional to the scattering coefficient. The proportion
of dynamic scattered light ρ is introduced to eliminate
the influence of the static scattering layer. As the amount
of India ink added increases, i.e., the absorption
coefficient increases, the value of contrast tends to
increase and the fitted curve shows a linear relationship

Introduction

As a kind of non-invasive and quick technique, laser
speckle imaging (LSI) can be used to measure blood
flow velocity in subcutaneous blood vessels. The basic
idea is that the movement of red blood cells with
different velocity will lead to dynamic scattering and
subsequent different contrast value in the laser speckle
image. The contrast K and correlation time �� are
positively correlated, and �� is inversely proportional to
relative velocity �� , as shown in Eqs. (1) and (2).
Meanwhile, static scattering caused by skin tissues will
change the speckle intensity and influence the accuracy
of flow velocity, which necessitates the correction of the
effect of scattering.

Experimental Method

In this experiment, different concentrations of
intralipid solutions are prepared to mimic the scattering
properties of human blood under different hematocrit.
Indian ink is added as the absorption particles. As shown
in the right part of Fig. 1, a tissue phantom is covered on
half of a glass tube filled with intralipid solution to
mimic skin tissue with blood vessel. The left part is
uncovered to compare the effect of static scattering.
Original speckle images were processed by different
methods including laser speckle contrast analysis
(LASCA), temporal laser speckle contrast analysis
(tLASCA) and spatial laser speckle contrast analysis
(sLASCA). We use Eq. (1) to calculate the value of
contrast and Eq. (3) to eliminate the effects of dynamic
scattering. After getting spatial and temporal analysis

contrast from speckle image, Eq. (4) is used to calculate
the percentage of dynamic light Let x be the
quotient of the exposure time T and the correlation time
�� , then use Eq.(6) to get x, the corrected contrast value
K can be obtained by Eq.(7).
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Results and Discussion

For the dynamic scattering part, the flow velocity
has a positive liner relationship to the scattering
coefficient of the solution. For the static one, the value of
contrast isn’t corresponding to the actual flow rate.
Finally, the absorption strength is changed by adding
different volumes of ink, and the obtained
velocity-absorption relationship is fitted.

Conclusions

In the dynamic scattering part, by defining a new
correlation time, which is the product of the original
correlation time and the scattering coefficient, the effect
of dynamic scattering on the contrast is better removed.
In the static scattering part, the influence of static light is
eliminated by the proportion of dynamic scattered light.
Finally, the contrast is linearly fitted to the amount of ink
added, and it is found that the slopes are all biased to a
specific value, that is, there is a fixed correlation
between the two, and the contrast value is corrected
according to this relationship.

Figure 1: Effect of static scattering
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Figure 2: The relationship between scattering coefficient
and correlation time
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Abstract

Subsonic and sonic steam jet condensation in
subcooled water pipe flow is investigated experimentally
and numerically. Steam plumes are captured by a
high-speed camera, and thermal hydraulic parameters
and heat and mass transfer are presented using a
two-fluid model coupled with a phase change model. The
steam plumes show conical shapes and gradually shorten
in length with increasing water Reynolds number. The
steam dynamic pressure suddenly decreases at the nozzle
outlet, and the water dynamic pressure rises sharply to a
maximum at the end of the two-phase region where the
steam volume fraction is 0.001. Starting from the
single-phase region, the pressure, velocity and
temperature distributions of the jet are self-similar. The
heat and mass transfer mainly occur in the two-phase
region with steam volume fractions between 0.01 and
0.99, and the mass transfer reaches its maximum at the
phase interface where the steam volume fraction is 0.60.

Introduction

Direct contact condensation (DCC) of gas-liquid
two-phase jet flows occurs when a steam jet with high
temperature and high pressure is injected into another
subcooled liquid. This phenomenon, which combines the
advantages of efficient heat and mass transfer of jet and
condensation, is widely applied in the cooling of a large
amount of high-temperature and high-pressure gas in
industrial processes. It is of great significance to
accurately obtain the steam plume shape, the distribution
of thermal hydraulic parameters and the law of interface
transport during the condensation process of the
gas-liquid two-phase jet flow, for revealing the physical
mechanism of condensation heat transfer of the
gas-liquid two-phase jet flow.

This paper adopts the experimental visual observation
based on high-speed camera technology and constructs
the two-phase flow numerical simulation based on the
two-fluid model to thoroughly and systematically study
the plume shape, the flow and heat and mass transfer
characteristics of the condensation of the gas-liquid
two-phase jet flow in the pipe and its inherent physical
mechanism. First, the shape and length of the steam
plume taken by experiment and simulation calculation
are compared and analyzed, and the influence of the key
parameters of the gas-liquid two phase is further
discussed. Second, based on the numerical simulation
results, the characteristics of the turbulent jet flow field,
including the distributions of pressure field, velocity
field, and temperature field, are thoroughly and
systematically analyzed. Finally, combined with the

results of experimental measurement and numerical
simulation, the phase interface and its heat and mass
transfer characteristics are deeply and systematically
analyzed.

Experimental and Numerical Methods.

A visualization experiment on the direct contact
condensation of steam jets injected into subcooled water
in the pipe is carried out. The experimental system
mainly includes storage devices, power devices, an
experimental loop and measurement systems, as shown
in Fig. 1. The gas working medium is saturated steam,
which is provided by an electrically heated boiler. The
liquid working medium is subcooled water, which is
provided by a centrifugal water pump.

Figure 1: Schematic diagram of the experimental
setup.

A physical model is constructed where saturated
steam enters the subcooled water flow in the pipe
through the equal-diameter nozzle and direct contact
condensation occurs. A structured method based on
O-block is used for meshing, and the mesh distribution is
shown in Fig. 2.

Figure 2: Simulation domain and mesh distribution of
steam jet condensation.

Based on the Euler-Euler two-fluid model, a
numerical calculation model for the condensation of
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saturated steam injected into the subcooled water flow in
the pipe is established. The continuous phase is liquid
water, which is incompressible. The dispersed phase is
steam, which is a compressible ideal gas.

Results and Discussion

Fig. 3 shows the influence of Rew on the shape and
length of the steam plume. The steam plume includes
three main regions from inside to outside, the pure steam
region, the two-phase mixing region, and the
single-phase subcooled water region. With the increase
of Rew, the cooling capacity of the subcooled water
gradually increases, and both the length of steam plume
and two-phase region gradually decreases. The shape of
the steam plume gradually changes from a cylinder-cone
to a cone, and finally to an ellipsoid.

Figure 3: Influence of Rew on the shape and length of
steam plume, Ps = 280 kPa.

Fig. 4 presents the distributions of the thermal
hydraulic parameters along the nozzle centerline such as
steam volume fraction, two-phase superficial velocity,
total dynamic pressure, and average temperature, and the
contours of volume fraction of steam plume are given for
comparison. The dynamic pressure and velocity
gradually decrease after section d, which is in line with
the basic principles of single-phase jet mixing
development. Due to the long steam plume of sonic jet,
the length of the dynamic pressure decay region of the
subcooled water is significantly greater than that under
the subsonic condition.

Figure 4: Distribution of the thermal hydraulic
parameters of the steam jet along the nozzle axis, (A)
Ps = 150 kPa, (B) Ps = 350 kPa.

Conclusions

This paper conducted a systematic and in-depth
study on the condensation process of subsonic and sonic
steam jets in the subcooled water in a pipe combined
with experiments and numerical simulations. The main
conclusions are as follows:

(1) The steam plumes obtained by experiments
and simulations show a conical shape, and the
plume length gradually decreases as Rew
increases, verifying the accuracy of the
numerical simulation. When the steam mass
flux increases from 246 kg/m2 s to 648 kg/m2 s,
namely, from subsonic to sonic, the steam
plume gradually changes from cone to
cylinder-cone.

(2) In the two-phase flow field, the two-phase
dynamic pressure at the nozzle outlet, which
equals to the dynamic pressure of steam,
suddenly decreases and then sharply increases
at the end of the two-phase mixing region
where the dynamic pressure is equal to that of
water along with the steam volume fraction
being 0.001, reaching the maximum value.
The dynamic pressure, velocity and jet
temperature are self-similar along the axial
and radial directions starting from the
single-phase region.

(3) The heat and mass transfer of two-phase jet
condensation mainly occurs in the region
within the phase interfaces of the steam
volume fraction being 0.01 and 0.99, and the
mass transfer rate reaches the maximum at the
phase interface with the steam volume
fraction of 0.6.
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Abstract

Thin membranes with nanochannels made from
two-dimensional materials have ideal permeability and
selection properties for gas, which can greatly improve
the efficiency of a series of processes in energy
conversion, energy exploitation, and life activities (Nair
2012; Thiruraman 2020; Zhou 2018). In common sense,
simple gases such as helium flux through the membrane
by diffusion and their transports obey the description of
Knudsen’s theory (Keerthi 2018). With the increase of
the membrane thickness, the transport resistance through
two-dimensional membranes increases sharply, and the
permeability of gases weakens rapidly. When the
membrane thickness increases over a critical point, gases
can be blocked. However, it may be different for organic
gases, like butane. In this study, we surprisingly find that
the permeation of butane is independent of the
membrane thickness and can still maintain a high level
even in a thick membrane. We propose a new transport
mechanism to perfectly explain this abnormal transport
phenomenon, that is, gas transport driven by the
condensation-evaporation phase transitions. This work is
of great significance for theoretical research and
industrial application for oil and gas exploitation and
transportation.

We perform molecular dynamics simulations using
the LAMMPS package for butane and He through
two-dimensional membranes. The system contains three
parts: top reservoirs fulling of gases, a membrane in the
middle, and a bottom reservoir without gases. The
thickness of the membrane varies from 1 to tens of
nanometers. The nanochannels in the membrane are at a
height of less than 1 nm. The 12-6 Lennard-jones
potential with electrostatic potential is selected to
describe the atomic interactions in this simulation. The
cut-off radius is 1 nm. Periodic boundary conditions are
applied in all directions. The temperature is kept constant
at 300K with the NVT ensemble.

As expected, He atoms transport through membranes
via diffusion, which strongly depends on the thickness of
the membrane. However, the permeance of butane is
abnormal and does not vary with the thickness of the
membrane, causing a higher permeation rate of butane
than that of helium in the thick membrane. We find that
butane transports through the membrane in a totally
different way, which is driven by
condensation-evaporation phase transitions (see Figure
1). First, butane condensates at the entrance, then it flows
to the downstream side, and finally, it evaporates at the

exit. Here, the flux of butane is only determined by
evaporation, which is independent of the membrane
thickness. Therefore, butane can still permeate through
the thick membranes.

This work has important theoretical significance for
understanding the mechanism of hydrocarbon gas
transport at the nanoscale. It lays a foundation for further
study on oil and gas exploitation as well as their
transportation.

Figure 1: Schematic of the transport mechanism of
butane through the two-dimensional membrane.
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Abstract

With the popularity of the concept of "carbon peaking
and carbon neutrality goals", the cleanliness and
environmental friendliness of energy have been widely
valued. Salinity gradient energy refers to the Gibbs free
energy between salt water and fresh water. It is known as
"blue energy" for its cleanliness, renewability and
non-intermittency. The reversed electrodialysis (RED) and
the pressure-retarded osmosis (PRO) are two common ways
to obtain the salinity gradient (Mei et al. 2018). Both of
them rely on the selective membrane and RED shows a
more promising way. However, there are still some
problems remaining to be solved, especially in the
fabrication of separation membranes. The cation- or
anion-selective membranes, which do not only require high
selectivity and low resistance, but also need great
mechanical strength, so that they can be stable and intact in
the solution, and easy to be prepared on a large scale. As for
the membranes used in the traditional RED approach, they
are positively and negatively charged, so that most of their
output power is used to provide selectivity themselves
(Jiang et al. 2020). Due to its 2D nanostructure and
abundant oxygen-containing functional groups, the
graphene oxide (GO) membrane is a prospective candidate
to gain cation-selectivity and fast ions transportation
(Huang et al. 2018). In this article, we fabricate a
high-performance GO hybrid membrane (MFC-GO), which
also significantly improves the mechanical strength of
membranes.

The MFC-GO membranes are fabricated as follows. The
commercial solutions of suspending GO and MFC were
mixed first through the ultrasonator. And then the
membrane is assembled via a simple vacuum filtration
process. After drying in a vacuum drying oven and heating
in an oven, the membrane was easy to peel off from the PC
base membrane, see Figure 1a. The performance of the
membrane is tested with the following steps. The membrane
was held between two reservoirs fulling of saltwater
(1mol/L) and freshwater (0.01mol/L). The homemade
AgCl/Ag electrodes were immersed in the two reservoirs
and the CHI800d was used to get the I-V curves of different
membranes.

First, we explored the effect of thermal treatment. we
found out that thermal treatment can significantly
improve the membrane power generation for part of it
became reduced-GO under 80°C for 1 hour. Then we
carried out the experiment of different volumes of MFC
under the optimum thermal treatment temperature. As
inserting the filament of MFC into GO layers benefits
the formation of stable nanochannels, additional MFC
can decrease the membrane resistance and increase the
osmotic current. The optimum mass of MFC is between

2 mg and 4mg (Figure 1b). Finally, we tested the
stability of the MFC-GO membranes. Three kinds of
membranes were immersed in the water. The original GO
dissolved in just about two minutes. The thermal
treatment GO last a few minutes longer. MFC-GO can
maintain the structure stable in the water for a week.

Our work provides a new way to increase the output
power and mechanical strength, which can contribute to
the large-scale fabrication of high-performed RED
membrane and practical application on water
desalination.

Figure 1: a) A photo of the MFC-GO membrane; b)
maximum output power densities as a function of the
concentrations of MFC under 100 salt gradient.
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Abstract

Tight oil, as an important unconventional oil and gas
resources, has become an important development area of
today's petroleum industry and is of great significance to
safeguarding the world's energy strategic security.
Limited by development technology, the primary
recovery of the tight reservoir is very low. Therefore,
many scholars and engineers have carried out deep
research on enhanced oil recovery (EOR) methods and
theories in tight reservoirs. As an important oil recovery
mechanism, imbibition recovery has been widely used to
enhance oil recovery in tight reservoirs. Most scholars
have studied the effect of core permeability, porosity and
residual oil saturation on imbibition characteristics
through experiments. However, the tight reservoir is
characterized by low permeability, strong heterogeneity,
small porosity and excellent development of micro-nano
pore throats. It is difficult for conventional imbibition
experiments to reveal the mechanism of oil-water
two-phase imbibition from the perspective of
microscopic forces. To address the issues mentioned
above, the two-phase imbibition of water-oil
displacement in nanochannels under different conditions
is studied via molecular dynamics simulations in this
work. We derive the theoretical model of the two-phase
imbibition of water-oil displacement in nanochannels,
and find that the results of molecular dynamics
simulation are consistent with the model. This work not
only provides a theoretical basis for efficient
development and enhanced oil recovery of tight
reservoirs, but also provides new insights into the theory
of multiphase flow in nanoconfined spaces.

The simulation system of two-phase imbibition of
water-oil (where oil is represented by n-decane) in silica
nanochannels, as shown in Figure 1. Periodic boundary
conditions are applied in all directions. The temperature
is kept constant at 300K under the NVT ensemble
controlled by the Nosé-Hoover thermostat. The 12-6
Leonard-Jones potential (LJ) coupled with Coulomb
potential is used to describe the non-bonded interaction
with a cutoff radius of 10 Å. Particle-particle
particle-mesh (PPPM) algorithm is adopted to compute
the long-range electrostatic interactions. The CLAYFF
force field, OPLS-UA force field, and SPC/E model are
selected to describe silica wall, oil molecules, and water
molecules, respectively. The time step is 1 fs. First, 1 ns
simulation is conducted to obtain equilibrium.
Subsequently, the constant drive force along the positive
direction of the x-axis is applied to the left piston and a 5

ns simulation is carried out. All the simulations are
performed with the large-scale atomic/molecular
massively parallel simulator (LAMMPS) package. The
imbibition length x(t), defined as the distance between
the oil-water interface and the entrance of the
nanochannel, is calculated by the following method. We
first divide the space in the nanochannel into several
layers and compute the density of water molecules as a
function of x in each layer. The thickness of one layer is
0.25 Å. Then, the interface is defined as the location
where the density of water descends to 0.5 g/cm3, about
half of the bulk density of water. Next, after determining
the interface for each layer, we use least-squares
parabolic fits to obtain the shape of the oil-water
interface. Finally, the distance between the entrance of
the nanochannel and the pole of the parabolic curve is
determined as the imbibition length.

The influence of driving pressures in the two-phase
imbibition process is studied. As the extra driving
pressure increases, the length of imbibition gradually
increases. The results are in good agreement with the
derived theoretical model here based on the
Lucas-Washburn equation, as follows:
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where Pd is the driving pressure, μw is the viscosity of
water, μo is the viscosity of oil, L is the length of silica
nanochannel, t is the imbibition time, r is the
nanochannel radius, γow is the oil-water interface tension,
and θ is the three-phase contact angle. Based on this
model, we further analyze the effect of the three-phase
contact angle, the viscosity of fluids, and boundary
conditions on the imbibition length. All three effects are
determined by the fluid-solid interactions. There is a
strong adsorption effect on the fluid near the wall, which
leads to a sudden change in the density of the fluid near
the wall, demonstrated by the density distribution of the
water phase and the oil phase in the nanochannels. From
the density distribution curve, we find that the density
near the wall is much greater than the density in the bulk
phase. Due to the structure change of fluids, the contact
angle and viscosity deviate from the bulk value. And we
find that although the contact between oil molecules and
the wall is lossy, the water molecules are embedded in
the wall. Thus, the slippage here can be ignored.
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Figure 1: Schematic of the simulation system.
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Abstract

The diffusion of ions in nanochannels plays a critical
role in many processes in energy conversation. For
instance, it determines the rate of chemical reactions in
batteries and limits their performance. Recently, with the
development of nanotechnologies, nanodevices such as
ion channels, sodium and potassium pumps, and water
desalination have been proposed and their performances
mainly depend on the diffusion characteristics of ions
through two-dimensional nanopores and nanochannels
(Zhao et al. 2013). Therefore, the diffusion of ions in
two-dimensional nanopores has attracted wide attention.
However, when the diameter of the nanopore is close to
or smaller than the diameter of the hydration shell of the
ion, there is significant friction between the hydration
shell of ions and the narrow wall (Li et al. 2021),
resulting in the diffusion flux being different from the
macroscopic state. In this work, we study the
characteristics of ions passing through two-dimensional
nanopores with molecular dynamics simulations and
mainly focus on the effects of pore size and functional
groups at the edge of pores. This work is beneficial to
further research on ion transport and its potential
applications.

Limited by experimental technologies at the
nanometer scale, we use molecular dynamics simulation
with LAMMPS packages to study the diffusion
characteristics of the ions through the nanopores. The
simulation system is shown in Figure 1. The size of the
simulation box is 5×5×16 nm3. The simulation box is
divided by a graphene membrane with nanopores into
two reservoirs. The left reservoir is full of NaCl solution
at a concentration of 3.5 mol/L, while the right reservoir
is full of freshwater. Non-bonded interactions are
modeled by Lennard-Jones (LJ) potential, and the
long-range Coulomb forces are computed using the
particle-particle-particle-mesh (PPPM) solver. SPC/E
model is selected to describe the water molecules.
Periodic boundary conditions are applied in the x- and
y-directions, while a reflective boundary condition is
adopted in the z-direction. NVT ensemble is selected and
the temperature is controlled at 300 K. The time step is 1
fs. The simulation system is equilibrated with 1 ns. After
that, 10 ns is performed to collect data.

The size of the nanopore is probably the most
important impact factor on the diffusion of ions. We vary
the diameter of the nanopore from 2 to 3.6 nm (see
Figure 2) to study its effect on the diffusion of ions. It is
not surprising to find when the diameter of the nanopore
increases, the diffusion flux of ions increases. But it is

interesting to find that the ion diffusion increases faster
when the diameter of the nanopore is small. While the
further increase of pore size has no significant effect on
the improvement of diffusion of ions. That is to say,
when the pore size is large enough, the hindering effect
of the pores on ions gradually vanishes. We turn our
attention to the pore edge functional group. For a specific
pore size, different functional groups at the edge of the
nanopore can have a totally different effect on the
diffusion of ions. Thus, we then study the effect of two
charged functional groups on the diffusion of ions
through nanopores, including H+ and F-. It is found that
charged functional groups can attract counter-ions,
accelerating their transport through the nanopore, but
repel co-ions, making it difficult for them to pass through
the nanopore. The density distribution of ions in the
nanopores shows that counter-ions pass mainly along the
edge of the nanopore while co-ions mainly pass along
the center of the nanopore. The electrostatic interaction
between the ion and the charged functional group
determines the energy barrier. A large interaction can
totally block the co-ions and realize perfect selectivity.

Based on the results here, we can accurately control
the flux of ions by adjusting the pore size and the
functional groups. This study broadens the horizons for
subsequent research in related fields and explains the
selective passage of ions in two-dimensional nanopores
with different functional groups, which plays a critical
role in membrane separation, electrodialysis desalination,
lithium extraction from seawater, and other fields.

Figure1: Schematic diagram of the simulation model.

Figure 2: Schematic diagram of nanopores with
diameters 2.0 nm, 2.4 nm, 2.8 nm, 3.2 nm and 3.6 nm.

Acknowledgments

mailto:sun-cz@xjtu.edu.cn


MTCUE-2022

92

The supports from National Natural Science
Foundation of China for the general project (No.
51876169) is highly appreciated.

References

Li Y H, Yu Y Z, Qian J H, et al., Anomalous ion transport

through angstrom-scale pores: Effect of hydration
shell exchange on ion mobility, Appl. Surf. Sci., Vol.
560 no. 150022 (2021).

Zhao S, Xue J, Kang W., Ion selection of
charge-modified large nanopores in a graphene
sheet, J. Chem. Phys., Vol. 139 no.114702 (2013).



MTCUE-2022

93

No.220049
Flow Dynamics of Monolayer Water in Nano Slits

Qiyuan Wang, Runfeng Zhou, Chengzhen Sun*, Bofeng Bai
State Key Laboratory of Multiphase Flow in Power Engineering, Xi’an Jiaotong University, Xi’an, 710049, China

Corresponding E-mail: sun-cz@xjtu.edu.cn

Abstract

Due to many promising applications such as water
desalination and biosensing, the flow of water confined
in the nanospace has attracted wide attention. Currently,
with the development of the fabrication technologies of
nanochannels with two-dimensional (2D) material
including graphene and MoS2, many pieces of research
on the flow of water confined in the nanochannels have
been done (Liu et al. 2016). But the underlying
mechanism of the flow dynamics of monolayer water
passing through the nanochannel is so far not clear. In
this article, we study the flow of confined monolayer
water with molecular dynamics (MD) simulation
methods, unveil the physical mechanisms, and build a
theoretical description model.

All the simulations are conducted using the
large-scale atomic/molecular massively parallel
simulator (LAMMPS) package. The simulation model
consists of three parts (see inset of Figure 1): a water
reservoir at the left of the simulation box, the
nanochannel constructed of two separated graphene
sheets, and another graphene sheet at the far-left side (set
as the piston to exert a driving pressure on the water).
The water reservoir has the dimension of 21 × 34 × 72
Å3 and 2000 water molecules (equal to a mass density of
1 g/cm3) are placed in the water reservoir to produce. In
the x- and y-directions, periodic boundary conditions are
applied, while a reflective boundary condition is adopted
in the z-direction. SPC/E model is adopted to describe
water molecules. The interaction between water and
graphene is modeled by the 12-6 Lennard−Jones (LJ)
potential with a Coulombic term with a cutoff distance of
10 Å, which considers both the van der Waals and
electrostatic forces. The long-range electrostatic
interactions are computed with the
particle-particle-particle-mesh (PPPM) method and a
root mean square accuracy of 10-2. Initially, the water
molecules are relaxed for 30 ps with a timestep of 0.5 fs
to reach an equilibrium state. Subsequently, a driving
pressure by applying a force along the positive
z-direction on the piston is imposed on the system to
generate a flow through the nanochannel. After that, we
calculate the flow of water molecules through the
channel and analyze the effect of the friction coefficient
of the water molecules in the channel.

We first focus on the effect of driving pressure on
flow rate. The results show that a good linear
relationship between the flow rate of water and the
driving pressure still holds on. That is to say, the flow
rate is always proportional to the driving pressure, even
under pressure higher than 1200 MPa. This phenomenon

indicates both the structure and properties of monolayer
water are stable and are insensitive to the applied
pressure. Thus, to accelerate the simulation, we apply
large pressure (P = 600 MPa) in the next study. We then
study the effect of channel height. We find that the
monolayer water can only form in the channel at a height
of less than 8 Å. Beyond this critical height, more than
one layer of water appears. Surprisingly, the relationship
between flow rate and the channel height qualitatively
obeys the description of the Hagen-Poiseuille equation
modified with slip velocity at the solid-fluid boundary,
which is not expected at the nanoscale. But there is a
certain deviation between the theoretical predictions and
the simulation results, which is due to the difference
between the viscosity of monolayer water and that of
bulk water. Considering that the flow of monolayer
water has a large slip velocity, we simplify the
Hagen-Poiseuille equation to a slug flow with a constant
drift velocity. This corrected model can better describe
the flow of the monolayer of water and the accuracy of
this model is determined by the friction coefficient
between water and wall. This coefficient can be
calculated with the Green-Kubo formula (Li et al. 2021).
We further investigate the flow of monolayer water in
MoS2 and calculate the corresponding friction coefficient.
The flow rate of monolayer water in MoS2 is lower than
that in graphene nanochannel (see Figure 1). On the
contrary, the friction coefficient between monolayer
water and MoS2 is greater than that in graphene
nanochannel. The flow behavior of monolayer water in
MoS2 also tests the accuracy of the presented model.

Our research will help to have a better understanding
of the monolayer water molecule flow dynamics in the
slit channel and provide fundamental theoretical support
for related applications.

Figure 1: The number of water molecules passing
through different slits as a function of time.
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Abstract

Multiphase flow regime recognition is an important
tool to ensure the safety of mixed working fluids in
long-distance pipeline-riser system for deep-sea oil and
gas. Based on the long-distance S-shaped pipeline-riser
system with a pipe length of 1687 m and a pipe diameter
of 46 mm, this paper investigates the two-phase flow
regime of a wide range of gas-liquid flow rates and the
pressure fluctuation of the whole pipeline. The optimal
combination of pressure signals at different positions of
the pipeline-riser system is the combination of PR6, PR7
and PR8. The shortest sample duration for the flow
regime recognition rate that meets the practical
requirements is 37.2s.

Introduction

In the process of deep-sea oil and gas transportation,
the pipeline -riser system mainly consists of a
long-distance gathering pipeline laid on the seabed and a
riser section extending from the seabed to the offshore
platform. The severe slugging flow occurs when the
gas-liquid mixture passes the downward pipeline and
enters the riser at a low flow rate. This kind of flow
regime is extremely unstable, which has typical
characteristics such as long slug period, alternating
gas-liquid outflow, large pressure fluctuation. Severe
slugging may cause serious flow assurance problems.
Controlling and eliminating severe slugging flow to
ensure the safety of multiphase flow in the pipeline-riser
system requires an in-depth and systematic investigation
on the characteristics of multiphase flow, thus realizing
the accurate and rapid identification of gas-liquid
two-phase flow regimes in different application scenarios
of oil fields.

The type, location and number of signals are the most
important factors in the three parts of the gas-liquid
two-phase flow regime recognition. In this paper, the
pressure signals at key positions with different flow
regimes are used. Based on the optimizable KNN
classifier, the influence of multiple signal combinations
at different positions on the recognition rate is studied,
and the signal combinations with the optimal recognition
rate at different sample durations are optimized.

Experimental and Numerical Methods

In this paper, eight pressure signal sensors are
arranged at different positions along the pipeline. The
arrangement of sensors is shown in Fig. 1. There are
three pressures in the horizontal section, namely the inlet

pressure PH1, pressure in the middle of the pipe PH2 and
outlet pressure PH3; two pressures in the downward
inclined section, namely the inlet pressure of the
downward inclined section PI4 and the pressure in the
middle of the pipe PI5; three riser pressures, namely the
lower limb pressure PR6, the upper pressure PR7 and the
top pressure PR8 of the riser.

The number of nearest neighbors of optimizable KNN
is selected within the range of the whole sample number,
so as to find an approximate number of samples as the
final number of nearest neighbors. Fig. 2(A) shows a
total of 30 iterations of optimizable KNN when the
sample duration is 93.0 s and the pressure signal PR7 at
the upper of the riser is selected. From the first to the
fifteenth optimization process, the classification error
gradually decreases.

Fig. 1 Schematic diagram of the experimental setup
The model corresponding to the point closet to the

coordinate (0, 1) on the ROC curve has the best
recognition effect. The SS flow type in Fig. 2(B) is
positive class, and the false positive and true rates
corresponding to the optimal threshold are 0.02 and 0.87,
respectively. The closer the AUC is to 1, the better the
classification effect of the classifier. The AUC
corresponding to the optimal classifier obtained by
optimizable KNN in this paper is equal to 0.96, which
proves that the preferred classifier in this paper has
excellent ability of flow regime recognition.
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Fig.2 Minimum classification error and ROC curve of
optimizable KNN

Results and Discussion

Since the installation of water signals is obviously less
difficult than that of underwater signals, the combination
of water pressure signals PR7 and PR8 is firstly discussed.
If these two signals can meet the identification
requirements, there is no need to use underwater signals.
The recognition rates of the two signals with different
sample durations are calculated, as shown in Table 1. As
can be seen from the table, when the sample duration is
greater than or equal to 37.2 s, the overall recognition
rate of water signal combination and the recognition rate
of severe slugging are higher than 90.0%, and the
advanced and accurate recognition of severe slugging
can be realized with water signals. The accurate
prediction of severe slugging can be realized only by
combination of water pressure signals.

The recognition results of the three-signal combination
of PR7, PR8 and different underwater signals are
calculated with the sample duration of 18.6 s, as shown
in Table 2. When the sample duration is 18.6 s, the
recognition rates of the combination of underwater
signals and PR7, PR8 are all higher than 90%, which meets
the application requirements. Among all the underwater
signals, the signal PR6 at the bottom of the riser is the
closest to the platform and is easier to install and
maintain than other underwater signals. Therefore, the
three-signal combination of PR6, PR7, and PR8 is selected
as the optimal combination. Compared with Table 1, the
average recognition rates of the three pressure signal
combinations are all higher than the two pressure signal
combinations at 18.6 s.

Table 1 Recognition rate of the combination of water
signals PR7 and PR8 with different sample durations.
Sample duration 18.6s 37.2s 55.8s 74.4s

SS 87.3% 91.2% 93.1% 92.2%
OSC 80.9% 87.8% 90.2% 91.7%
ST 88.0% 90.7% 89.8% 89.6%
Average 85.4% 90.0% 91.0% 91.2%

In addition to the combination of above-water signals,
the combination of above-water and underwater pressure
signals, this paper also discusses the recognition rate of
the combination of underwater pressure signals PI4, PI5
and PR6 of the downward inclined pipe at different
sample durations, as shown in Table 3. As the sample
duration increases from 18.6 s to 74.4 s, respectively, the
recognition rate also gradually increases from 85.5% to
90.6%. Compared with Table 1, the recognition rate of
the combination of dual pressure signals on the water
reaches more than 90% at 37.2 s, while the recognition
rate of the combination of three pressure signals on the
downward inclined pipe of Table 3 reaches more than
90% at 74.4 s, so the water pressure signal is preferred.

Table 2 Recognition rate of three-pressure signal

combination of water signals PR7 and PR8 and an
underwater pressure signal (sample duration is 18.6 s)

PH1 PH2 PH3 PI4 PI5 PR6

SS 99.4% 99.6% 99.1% 99.9% 99.8% 99.9
%

OSC 85.2% 83.9% 83.0% 81.8% 82.9% 82.4
%

ST 93.2% 92.3% 91.9% 89.2% 90.2% 91.2
%

Average 92.6% 92.0% 91.3% 90.3% 91.0% 91.2
%

Table 3 Recognition rate of the combination of PI4, PI5
and PI6 with different sample durations
Sample duration 18.6s 37.2s 55.8s 74.4s

SS 99.7% 100.0% 99.9% 100.0%
OSC 73.2% 77.3% 80.7% 84.1%
ST 84.9% 86.4% 86.7% 87.7%
Average 85.5% 87.9% 89.1% 90.6%

Conclusions

Based on the optimizable KNN classifier, the
influence of multiple signal combinations of water and
underwater pressure signals at different positions on the
recognition rate is discussed, and the signal combinations
with the optimal recognition rate at different sample
durations are preferred. The main conclusions are as
follows.
(1) Using the combination of dual pressure signals on

water located at the top and upper part of the riser,
the recognition rate of 90.0% is achieved at the
sample duration of 37.2 s.

(2) The average recognition rate of the combination of
the dual pressure signals on water at the sample
duration of 18.6 s is lower than that of the
combination of the three pressure signals on water
and underwater. The average recognition rate of the
combination of dual pressure signals on water is
higher than that of the combination of three pressure
signals underwater when the sample duration is
between 37.2 s and 74.4 s.

(3) Among all the combinations of underwater and
water pressure signals, the recognition rate of the
combination of PR6, PR7 and PR8 is higher than 90%,
and the signal PR6 at the bottom of the riser is
closest to the platform, making installation and
maintenance more convenient than other
underwater signals. Therefore, this pressure signal
combination is preferred over other underwater
signals.
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Abstract

Drying shrinkage occurs accompanying with
heat-moisture transfer during drying process of
high-moisture porous media and forming mechanism of
drying shrinkage is complicated and influenced by
micro-pore structure characteristics of porous media. In
order to explore the forming mechanism of irregular
asymmetric shrinkage caused by drying, the pore-scale
modeling of heat-moisture and stress-strain distributions
for high-moisture porous media was directly established
considering the effect of micro-pore structure
characteristics of porous media in drying process and
analyzed using self-developed pore network simulation
algorithm. Simulation results indicated that the drying
curves (moisture vs drying time, average temperature vs
drying time, and shrinkage vs drying time) were in a
good agreement with hot-air drying experimental

measurement using apple slices as the typical
representation of high-moisture porous media. The
phenomenon of dry spots, wet spots, irregular drying
front, and irregular asymmetric shrinkage were reflected
through pore network simulation. Capillary stress was a
key factor affecting drying shrinkage and capillary stress
was negative related to the porosity of materials and
positive related to the coordination number of materials.
Capillary stress produced by materials with uniform
diameter distribution was larger, followed by the
distribution of normal distribution materials and
experimental materials. The findings in current elucidate
the mechanism of drying shrinkage and provide insights
into drying optimization of high-moisture porous media.

Keywords: High-moisture porous media; Capillary
stress; Pore network model; Shrinkage; Pore
parameters
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Abstract

Based on self-designed open water tunnel platform
and small solid rocket motor, the effect of underwater
exhausted gaseous jet on ventilated supercavity was
studied in this paper. The temperature of the gas
generated by the engine can reach 800K, and the flow
rate was about 20g/s, then an over-expanded jet state was
formed through the tail supersonic nozzle. Different from
past literature, a new mechanism of cavity instability
induced by tail jet was found in this experiment. During
the operation of the engine, ignition was carried out
under the premise of cavity covering. When the strong
tail jet was turned on, extremely high instantaneous
pressure caused the cavity to be squeezed and shrunk
forward. Thereafter the overall shape was greatly
deformed. When the cavity interface was curved beyond
a certain level, a strong liquid was re-entrained inside the
cavity, which would further induce the cavity to burst
into fog state. When the pressure was recovered, the
cavity was eventually rebuilt until closing at the nozzle
outlet. Then, the influence of various factors such as the
model length and shape were analyzed. It was verified
that increasing the model length and using the step tail
was beneficial to suppress this kind of instability.
However, large step could cause interference between
supercavity and the test body. Therefore, an optimum
length-to-diameter ratio exists for the supercavitating
vehicle.

Introduction

Supercavitation was acknowledged as an efficient
drag reduction technology for underwater vehicles. In
order to achieve high speed, jet propulsion was preferred
to generate enough thrust. However, the supersonic jet
could induce deformation and collapse of the
surrounding supercavity, leading to great difficulty in
predicting the hydrodynamics accurately. Therefore, it is
critical to make research on the interaction mechanism
between a ventilated supercavity with supersonic hot gas

Experimental Approach

Experiments were carried out in an open water tunnel
as shown in Figure 1. The ventilation rate can be varied
to achieve different cavity state. A hot gas generator
using solid propellant was designed to form supersonic
tail jet. The high-speed camera was adopted to capture
the transient evolution of the gas-liquid interface. The

shape of the test body was also varied during the
experiments as shown in Figure 2.

Figure 1 Components of the experimental system

Figure2 Different shape of the test body

Results and Discussion

Transient evolution of the supercavity surface was
shown in Figure 3. When the hot jet was triggered, the
cavity experienced shrinkage, collapse and rebuilding
processes.

mailto:xiangmin333@hotmail.com


MTCUE-2022

100

Figure 3 Transient evolution of the supercavity surface
Finally, the supercavity closed on the nozzle outlet and
the cavity tail presents as a periodically expansion and
shedding scheme.

When the model length was increased, the
supercavity was shrunk quickly. However, a transparent
partial cavity was observed during the whole process,
indicating that the re-entrained liquid was not strong
enough to reach the cavity head region. For the test body
with a back forward step, a stable cavity was maintained,
validating that the pulse pressure effect was suppressed.

Figure 4 Effect of model length and back forward step

Conclusions
Experiments were carried out to find out the

interaction mechanism between the ventilated
supercavity and the supersonic hot gas jet. A new
instability mechanism which related to the pulse high
pressure was proposed. The deformation, collapse and
rebuilding processes were analyzed in detail.
Furthermore, it was verified that increasing the model
length and using the step tail was beneficial to suppress
this kind of instability. However, large tail step could
cause interference between supercavity and the test body.
Therefore, an optimum length-to-diameter ratio exists for
the supercavitating vehicle.
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Abstract

Bubble evolution from photoelectrode during
photoelectrochemical (PEC) water splitting reaction,
greatly determining the PEC efficiency by complexing
incident light transmission, mass transfer and
electrochemical reaction at the electrode/electrolyte/gas
three-phase interface. In this study, thermal capillary
convection caused by Marangoni effect was numerically
studied, which was evidenced to be decisive to the
evolution processes of gas-product bubbles growing and
releasing at the photoelectrode. Numerical simulation
results reveal that the gas-product bubbles evolved at
photoelectrode during PEC water splitting would cause
the refraction of the incident light and then create a
longitudinal temperature gradient perpendicular to the
solid-liquid interface, with thermal capillary convective
vortex generated by the surface tension gradient along
the bubble interface. Given the high flow velocity of the
thermal capillary convection relative to that of thermal
natural convection, a negative pressure zone created at
each side of the evolved gas-product bubbles would
promote the local species transport and then accelerate
the bubble evolution processes. The negative pressure
area would increase with the vortex center moving
upwards during bubble evolution. In the presence of
multiple bubbles evolved at photoelectrode, the thermal

capillary convection surrounding two neighboring
bubbles will overlap, giving rise to the prolonged
developing time of bubble evolution and the increased
convective velocity between neighboring bubbles. It was
further revealed that with two neighboring bubbles
getting close to each other, the enhanced superposition
effect would significantly promote local heat and mass
transfer at neighboring bubbles, which would lead to
bubble coalescence. However, the formed thermal
Marangoni force at the bubble surface with direction
opposite to that of buoyance would hinder bubble
detachment, prolonging the bubble residence at
photoelectrode and impeding the subsequent reaction at
solid/solution interface. These observations demonstrate
that the thermal capillary convection caused by
Marangoni effect would facilitate the local mass transfer
with bubble growing at a fast rate, and yet hinder the
bubble detachment with the large diameter of bubbles
detaching, which together determine the gas-product
bubble evolution processes and then the PEC water
splitting performance. This study provides some
theoretical insights into the bubble evolution at
photoelectrodes during PEC water splitting, which are
believed to guide the design and optimization of surface
nanostructures of photoelectrodes from the viewpoint of
interfacial heat and mass transfer fundamentals.
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Abstract

Flow condensation heat transfer (FCHT) in plain
channels has a variety of industrial sectors, which makes
it important to predict FCHT coefficients accurately.
Although a number of correlations for FCHT coefficients
exist, the recent evaluations with large databases showed
that there was still a considerable room left for
improving the prediction accuracy (Shah 2019; Moreira
et al. 2021) This paper presents a new predictive method
with high prediction accuracy for FCHT coefficients in
plain channels of various sizes and a broad operational
parameter range based on a large compound database of
FCHT containing 5607 data points and 30 fluids was
compiled from 52 sources. The new correlation has very
high accuracy, predicting the entire database, D  3 mm
data, and D > 3 mm data with the mean absolute
deviation (MAD) of 14.1%, 16.8%, and 12.8%,
respectively, significantly better than the best existing
correlation.

Database description

A compound database of FCHT was compiled from
52 sources. It contains 5607 data points and covers 30
fluids, as shown in Fig. 1. The parameter range is
diameter or hydraulic diameter D = 0.493–20 mm, vapor
quality x = 0.003–0.992, mass flux G = 24–1533 kg/m2 s,
heat flux q = 2.9–422 kW/m2, reduced pressure pr =
0.04–0.95, liquid Prandtl number Prl = 1.7–8.5, liquid
Reynolds number Rel = 11.6–5.3×104, and gas Reynolds
number Reg= 75.1–9.1×105.

Figure 1: Data distribution as per fluid

Method for developing new correlation

Strategy
The strategy for developing a new correlation is

summarized below and elaborated in the subsequent
subsections of this section:

(1) Conducting evaluation analysis of existing
correlations for FCHT coefficients to unearth ideas for
developing a new correlation. The correlations predicting
the present database with MAD  30% are analyzed, and
the dimensionless parameters involved are counted, with
an emphasis put on the T-independent correlations.

(2) Exploring relationships between the Nusselt
number Nu and other two-phase flow dimensionless
parameters to identify different heat transfer regimes,
which is important to construct piecewise correlations.
The dimensionless parameters counted and information
obtained from step (1) are used as reference.

(3) Based on the work of steps (1) and (2) and the
authors’ experience, several tentative model forms are
constructed, from which computer tests with the methods
of the least squares and error analysis are conducted to
select the candidate baseline model forms. Then, using
the methods of the least squares and error analysis along
with adding and/or removing some dimensionless
parameters included but not limited to those identified in
step (1), computer tests are repeated to modify the
candidate baseline model forms.

(4) Step (3) is repeated until the mean absolute
deviation (MAD) cannot be reduced at the mean relative
deviation (MRD) around zero.

1

( ) ( )1MAD
( )

N
pred exp

i exp

y i y i
N y i


  (1)

1

( ) ( )1MRD
( )

N
pred exp

i exp

y i y i
N y i


  (2)

where y(i)pred is the predicted value of the FCHT
coefficient of point i, y(i)exp is the measured value of the
FCHT coefficient of point i, and N is the number of the
total data points in the database.

Evaluation analysis of existing correlations
With the present database, 37 existing correlations

were evaluated. 15 have MAD  30%, including seven
T-independent and eight T-dependent ones, where ΔT
is the excess temperature, the difference of the saturation
temperature Tsat and the inner wall temperature Tw.

The Cavallini et al. (2006) correlation has the
highest prediction accuracy among the existing
correlations, predicting the entire database with an MAD
of 16.9%. However, it is T-dependent, and T is often
unknown in common engineering practice, which may
cause accuracy loss and time consuming in iteration
process.

The top two  T-independent correlations in
prediction accuracy are the Dorao and Fernandino (2018)
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and Shah (2019) correlations, with MADs of 20.1% and
20.2%, respectively.

Analysis of relationships between Nu and other
dimensionless parameters

The diagrams of the Nusselt number Nu with other
two-phase flow dimensionless parameters were plotted to
identify different heat transfer regimes. The gas only
Weber number Wego and the Grashof number Gr come
out as the prominent partition criteria.

New correlation

Based on the aforesaid database and method, a new
correlation predicting FCHT coefficients is developed. It
is of the form
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(3)
where x is the quality,  is the dynamic viscosity,
subscripts l, lo, g, go, denote liquid, liquid only, gas, and
gas only, respectively, and the dimensionless parameters
are explained in Table 1.

Table 1: Dimensionless parameters in Eq. (3)
Dimensionless number definition
Fang number  2( )l gFa G D   

liquid only Froude number  2 2
lo lFr G gD

Grashof number   3 2
l l g lGr g D    

Prandtl number   k pk k kPr c  

liquid Reynolds number (1 )l lRe x GD =

gas Reynolds number g gRe xGD =

liquid only Reynolds
number

ko kRe GD 

liquid only Weber number  2
ko kWe G D  =

where cp is the constant pressure specific heat,  is the

density, g is the gravity,  is the thermal conductivity, 
is the surface tension, D is the channel diameter, and
subscript k = l denoting liquid and k = g denoting gas.

Discussion and conclusions

Based on the present database, the new correlation
is validated and compared with the aforesaid 37 existing
correlations. The results shows that

(a) The new model has a huge lead for all the
categories. It predicts the entire database, D > 3 mm data,
and D  3 mm data with MADs of 14.1%, 12.8%, and
16.8%, respectively, while the best  T-independent
correlation predicts the entire database, D > 3 mm data,
and D  3 mm with MADs of 20.1%, 18.9%, and 22.3%,
respectively.

(b) The Cavallini et al. (2006) correlation has the
highest prediction accuracy among the existing
correlations, predicting the entire database, D > 3 mm
data, and D  3 mm data with MADs of 16.9%, 15.0%,
and 20.6%, respectively. However, it is  T-dependent.
As aforementioned,  T is often unknown in common
engineering practice, which may cause accuracy loss and
time consuming in iteration process, resulting in
uncertainties in the iteration process to obtain  T, and
thus decreasing the prediction accuracy in usage.

The error distributions of the new correlation and
the top three most accurate existing correlations for the
entire database are shown in Fig. 2. It can be seen that
the error distribution of the new correlation is fairly even,
though it under-predicts a couple of points at very low
heat transfer coefficient. The Cavallini et al. (2006)
correlation under-predicts largely when heat transfer
coefficients are between 3 and 20 kW/m2 K.

Figure 2: Error distributions: New correlation vs. top
three best ones
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Conductivity evaluation of cross propped fractures in shale reservoirs
Li Ma

Abstract：

Volume fracturing is a key technology for shale gas
development. It connects hydraulic fractures and natural
fractures to form a large-scale cross propped fracture
network. The conductivity of cross propped fractures is
the key to the effect of shale volume fracturing. Based on
computational fluid dynamics and discrete element
methods, the proppant transportation and placement in
the cross fractures are simulated. Based on the similarity
principle of hydropower, an evaluation model for the
conductivity of cross propped fractures is proposed. On
the basis of the numerical simulation results of proppant
transportation, the factors affecting the conductivity of
cross propped fractures are analyzed. The results show
that the smaller the approach angle of natural fractures,
the more proppant enters the natural fractures, the larger
the propped area formed, and the greater the conductivity

of cross propped fractures. When the width ratio of
natural fractures increases, the seepage resistance of
proppant dune in hydraulic fractures gradually increases,
and the seepage resistance changes in natural fractures
have no obvious regularity, and the total seepage
resistance of cross fractures gradually increases, and the
conductivity of cross fractures becomes smaller. When
the viscosity of the fracturing fluid increases, the
proppant placement in the cross fractures changes
sharply, and the conductivity of the alternating fractures
decreases. As the injection rate increases, the
conductivity of the cross propped fractures first increases
and then decreases. The numerical calculation model is
used to evaluate the conductivity of cross propped
fractures, which provides theoretical guidance for the
optimization of shale gas volume fracturing schemes.

Keywords: Shale, Volume fracturing, Cross propped
fractures, Conductivity, Numerical model
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Abstract

It is significant to study the role of Ti3+ sites (VO) in
heterojunction and its influence on charge transport
kinetics for photoelectrochemical performance. Ti3+

self-doped reduced TiO2 nanotubes (R-TiO2 NTs) were
obtained by NaBH4 reduction treatment under mild
conditions. CuInS2, a narrow bandgap semiconductor,
was uniformly coated on R-TiO2 NTs to form a
CuInS2/R-TiO2 NTs heterostructure photoelectrode
through a one-step pulse electrodeposition method. The
charge transfer and recombination process were
characterized by the Intensity-modulated
photocurrent/photovoltage spectroscopy (IMPS/IMVS).
The results showed that the introduced Ti3+ sites formed
an intermediate gap. What’s more, the heterojunction
structure effectively inhibited the recombination of
photogenerated carriers, prolonged the electron lifetime,
and enhanced the interface charge separation, which
promoted the surface reaction kinetics. Due to the
reduction treatment and surface loading of CuInS2
nanoparticles, the carrier collection efficiency, and the
charge transfer efficiency of the CuInS2/R-TiO2 NTs
were also increased.

Introduction

The continuous fossil energy consumption has
caused severe energy crises and environmental problems.
Semiconductor-based photoelectrochemical technology
is an ideal solution for these troubles. TiO2 is widely
studied due to its non-toxic, low cost, and robust PEC
stability. Ti3+ self-doped TiO2 is an effective way to
improve photoelectrochemical performance because it
can enhance light absorption, improve the conductivity
of TiO2 NTs, and promote the transfer of photogenerated
carriers(Xu 2018). There is no introduction of new
recombination centers or thermodynamic instabilities by
Ti3+ self-doping. Modifying with narrow bandgap
semiconductors is another approach to improving the
photoelectrochemical performance of TiO2. CuInS2 is an
I-III-VI ternary semiconductor compound with a narrow
bandgap of 1.5 eV, high visible light absorption
coefficient, good optical stability, and low toxicity. The
pulse electrodeposition method with strong
controllability is selected to prepare CuInS2
nanoparticles. The suitable complexing agent is prepared
to realize the one-step deposition of Cu-In-S.

In this work, TiO2 NTs with plenty of oxygen
vacancies were prepared by a mild reduction method

using NaBH4 as a reductant. Then an improved one-step
pulse electrodeposition method was used to prepare n-n
CuInS2/R-TiO2 NTs heterojunction photoelectrode. The
photoelectrochemical properties of the modified
electrodes were tested. Intensity-modulated
photocurrent/photovoltage spectroscopy (IMPS/IMVS)
was applied to study the charge transport dynamic. The
photoelectrochemical study on the charge transfer and
recombination process can provide new insights in
understanding the mechanism of the charge process in
such a heterojunction structure.

Experimental Methods

The TiO2 NTs was prepared by the anodization
method and reduced by NaBH4 to obtain R-TiO2 NTs.
Then CuInS2 nanoparticles were deposited on R-TiO2
NTs by an improved pulse electrodeposition method.
CuInS2/R-TiO2 NTs composite photoelectrode can be
obtained.

Figure 1: Preparation process of CuInS2/R-TiO2 NTs.

Results and Discussion

Figure 2: Photoelectrochemical properties

CuInS2/R-TiO2 NTs have an increased photocurrent
density and a more negative initial potential shift, which
can improve photocurrent conversion efficiency. The
photo-generated carrier injection efficiency has also been
further improved, proving that more holes are injected
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into the electrolyte to participate in surface reactions.

Figure 3: Carrier dynamics performance

Through the test and analysis of carrier dynamics,
the charge transport and recombination dynamics at the
electrode/electrolyte interface are analyzed. The increase
of the electron transfer time τd of CuInS2/R-TiO2 proves
that it has a higher charge diffusion coefficient. The EIS
curve shows that the charge transfer resistance gradually
decreases, and the charge transfer rate ktr increases
accordingly. The electron lifetime τn and the electron
diffusion length is further prolonged. In addition, the PL
intensity is significantly weakened, and the surface
recombination rate kre is correspondingly reduced. The
carrier collection efficiency ηcc and the charge transfer
efficiency ηtr are also improved accordingly. It can be
proved that Ti3+(VO) as an adsorption site can effectively
reduce the recombination of electron-hole pairs, and the
n-n heterojunction can also promote charge transport,
showing better PEC performance.

Figure 4: Scheme of possible kinetics mechanism

R-TiO2 NTs doped with Ti3+ formed a new
intermediate energy level below the conduction band,
which significantly increases the density of oxygen
vacancies(Zhang 2018). Photogenerated electrons can be
excited to the intermediate energy level and then reach
the conduction band, forming an effective charge
transport channel(Li 2017). In addition, these donor
states will be ionized, causing the Fermi level to move
upward, reducing the actual work function and
increasing the carrier density, thereby increasing the
conductivity and indicating that more electrons and holes
participate in the redox reaction(Li 2015). The lower EF
of the CuInS2/R-TiO2 NTs means that stronger band
bending occurs near the surface area. The width of the
space charge layer is reduced, which is beneficial to the
separation and transport of carriers in the photoelectrode.

Due to the low conduction band position of R-TiO2, the
photogenerated electrons in CuInS2 are easily transferred
to R-TiO2. In addition, the built-in electric field is
generated by the n-n heterojunction, which can form an
energy barrier and promote the driving force for electron
transfer. The CuInS2/R-TiO2 NTs electrode has a faster
charge transfer rate by reducing the charge transfer
resistance. Electrons are quickly transferred to the
electrode along the one-dimensional fast path of the
nanotube within a limited lifetime, improving the carrier
collection efficiency. Then redox reactions are more
involved in enhancing surface reaction kinetics and
photoelectrochemical performance.

Conclusions

In this work, Ti3+ self-doped TiO2 photoelectrode
was obtained by NaBH4 reduction treatment. The
introduced Ti3+ sites created an intermediate gap and
oxygen vacancies between the valence band and the
conduction band, which raised the density of
photogenerated carriers and accelerated the transfer of
carriers. Then CuInS2 was uniformly deposited on the
surface of the R-TiO2 NTs by an improved one-step
pulse electrodeposition method. CuInS2/R-TiO2 NTs
photoelectrode shows excellent visible light response,
higher ABPE, and improved surface carrier injection
efficiency. The n-n junction interface nanochannels
further promoted the effective interfacial charge
separation and transfer, while the kinetics is analyzed by
IMPS/IMVS technology. Most importantly, this work
shows that reasonable energy band and heterojunction
structure design are promising for developing efficient
photoelectrodes with enhanced surface dynamics for
PEC applications.
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Abstract
Low-medium thermal resources, such as geothermal

energy, waste heat from chemical process, metallurgical
refinery, owns an enormous amount of energy.
Particularly, the waste heat takes up over half of the
energy consumption, not only causes wasting of
resources, but also gives rise to serious thermal pollution.
Thermoelectricity conversion by Thermoelectric
generators (TEGs) receive massive attention over the
recent decades due to TEGs own advantages of high
reliability, scalability and having no moving parts, etc. In
view of the low conversion efficiency of thermoelectric
materials, a large-scale commercial thermoelectric power
generation system seems to be unrealistic, while the
current work tries to address the issue of large-scale
applications of TEGs. A compact heat exchange system
is put forward for a thermoelectricity conversion system
with a better scalability, maintainment, low flow
resistance and solving technical problems of assembling,
contacting thermal resistance, etc. And on this basis, a
conceptual design of thermoelectricity conversion
system is presented to illustrate the current solution for
commercial applications of thermoelectric conversion
technology in the future.

Introduction
Carbon emission reduction compel us to seek cleaner

and more sustainable energy resources, while in fact over
half of the produced energy is rejected to the enviroment.
Moreover, geothermal heat and solar heat contains
enormous thermal energy. All these low and medium
thermal resources remain wasteful and for which lacks of
feasible technologies to recover or make use. Advances
in thermoelectric materials might provide a solution to
this problem, although commercial application has a long
way to go due to the low conversion efficiency. For a
large-scale thermoelectricity conversion system via
thermoelectric technology, compact and modular design
has to be adopted to achieve a better scalability.

Discussions
Fig.1 presents the schematic of modular design of the

thermoetricity coversion system. TEGs were sandwiched
by heat sinks through which high and low temperature
liquids flow, establishing temperature difference across
the TEGs and realizing conversion from thermal energy
to electricity. The heat sinks employ compact design to

reduce the volume and weight of the system for a
large-scale application. The main body of the system
presents cuboid in shape. Theoretically, varying the
numbers of TEGs along the three dimensions can gain
different scales under a specified temperature difference
across the TEGs. Our previsous work[1] have tested a
preliminary design on the basis of this conception with 5
TEGs, as shown in fig.2. The heat sink features in
compactness and low flow resistance.

Figure 1: Schematic layout of the modular design

℃
Figure 2: Compact heat sink for 5 TEGs

The test results of five TEGs indicate that the compact
design of thermoelectricity conversion system achieved a
high volumetric power density of 86.4 kW/m3 at the
temperature difference of 96.4℃ at negligible expense of
flow resistanc accounting for 0.64% of the total power
output. The previous work proved the feasibility of the
current schematic design, while for a large-scale
application, more work has to be carried out concerning
the assembly techonology, header, welding technology.

Conclusions
A compact heat exchange structure for a large-scale
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thermoelectricity conversion system is put forward
towards havesting thermal energy from low and medium
thermal resources. The feasibility was indicated while
more key issues needs to be tackled.
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Abstract
This contribution presents possible techniques to

identify and control a simple heat-exchanger process
with delays. An air-liquid heat exchanger is included in
the system. Two approaches to determining a model are
given to the reader. Namely, an analytic-numerical
anisochronic modeling principle and a relay-feedback
identification test. Although the delay-free dynamics of
the process is very simple, the inclusion of internal
delays makes the full dynamics much more complex and
tricky, since an infinite-dimensional model is eventually
obtained. Such systems are challenging to be controlled.
Hence, an algebraic robust controller design is proposed
herein, and its performance is verified by simulations
and laboratory measurements.

Introduction
Thermal plants and processes with heat exchangers

(TPHXs) are representatives of systems where fluid
flows of more than one phase meet (Kakaş and Liu, 2002;
Pekař, 2020). They inherently comprise delays and
non-simultaneous actuation of quantities due to
fluid-flow latencies and their distributed-parameter
nature (Gupta et al., 2018). Note that delays can appear
in both the input-output relation and state variables.
Hence, TPHXs models are mostly represented by partial
differential equations (PDEs) (Ray and Ogunnaike, 1994;
Maidi and Corriou, 2020). As an alternative,
single-variable delay differential equations (DDEs) can
be used instead of PDEs (Zítek and Hlava, 2001).
Simulation as well as experimental results proven that
DDEs can sufficiently reflect the dynamics of high-order
systems (Prokop et al., 2020).

The aim of this contribution is twofold. As first, two
distinct modelling and identification approaches to
determining a particular TPHX model are given to the
reader. One of them is based on the knowledge of heat
balances inside important parts of the process and on
reflecting all the significant delays due to fluid
transportation and signal latencies. Another one applies
principles of a relay-feedback identification test where
multiple parameters are determined via the ATV+ (Scali
et al., 1999) technique. In addition, the initial estimation
is done by the dominant spectrum assignment of an
infinite-dimensional model (Pekař, 2011). As second, the
eventual model is used to design robust control law using
algebraic parlance in the RQM ring (Pekař and Prokop,

2017a). The utilized Two-Feedback-Controllers (TFC)
control system enables the separation of the reference
tracking and disturbance rejection tasks. Several reasons
are considered to justify the application of robustness
principles (from quantities fluctuations through
non-modeled phenomena to quantization noise). The
efficacy is validated by simulations as well as real-life
measurements.

The TPHXAppliance
The modelled and controlled TPHX appliance is

displayed in Figure 1 (Pekař and Prokop, 2017b).

Figure 1: The TPHX appliance photo.

A magnetic drive centrifugal pump (position 1) is
continuously controlled by the input voltage

   P 0,10 Vu t  . It forces fluid (water) to circulate with
the flow rate  m t . Water goes through the inlet/outlet
valve (p. 2) to an electric instantaneous water heater (p. 3)
that can be considered as a solid-liquid flow HX and is
continuously controlled with the maximum power of

H, 750WmaxP  . A platinum resistance thermometer
Pt1000 (p. 4) returns the temperature value  HO t . A
15m long insulated coiled copper pipeline (p. 5) is the
primary source of plant delays. Thermometers (p. 6 and
7) give inlet and outlet temperatures  CI t and

 CO t , respectively, to/from a radiator (p. 8). The
radiator can be viewed as a recovery waste-heat, indirect
unmixed cross-flow, plate-and-fin HX (Kakaş et al.,
2002). Therein, fluid and gas phases interact. The
radiator (cooler) is equipped with a continuously
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controlled fan (p. 9) and an on/off one (p. 10). The
former is controlled by    C 0,10 Vu t  signal, and the
latter one by TTL signal. An expansion tank serves as
the compensator for the impact of the water thermal
expansion effect. A green-light indicator (p. 12) informs
whether the appliance is powered on and can be handled
by the main switch (p. 13).

Model Based on Heat Balances
The analytic-numerical anisochronic modeling

applies three steps.
Step 1: Every distinct functional part is separately

modeled using DDEs based on heat balances and via
auxiliary algebraic equations describing static relations
of particular quantities. The submodels are then linked
via their common physical quantities due to fluid flow.
The crucial idea is that all significant delays are
considered. Step 2: Heat transmission coefficients and
 m t are identified by steady-state input-output

measurements. Step 3: Masses and delays are determined
via measured dynamic responses by minimizing integral
criteria in the time-domain. A comparison of eventual
step responses ( H 100P  W) near an operating point of
the linearized model is shown in Figure 2 (Pekař 2020).

Figure 2: Step responses (solid – modelled).

Model Based on Relay-Feedback Experiment
A relay-feedback ATV+ technique with additional

artificial delay represents a competitive identification
technique. The initial parameters’ guess is made via a
simple delayed model, which is transferred to a more
complex one using the dominant pole assignment. Three
selected model responses from a bunch of optimization
results (Nelder and Mead, 1965) are displayed in Figure
3.

Figure 3: Step responses  H COP t   .

Robustness Control Design
For the eventual representative model (1), a

two-degree-of-freedom controller has been derived via
algebraic tools. The control response is displayed in
Figure 4 where  r t is the reference (Pekař L., 2020).

Figure 4: Controlled temperature (red- simulated,
blue – measured) (Pekař, 2020).
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Conclusions
Results of two possible approaches to the

identification of a TPHX with significant input-output
and internal delays have been concisely presented. One
method has been based on heat balances supported by
measurements; another one has utilized a relay-feedback
identification experiment. The selected eventual model
has then been used to design a robust temperature
controller via algebraic tools. Real-world measurements
have proved the design efficacy.
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Abstract

In an era of steadily increasing energy prices and
concerns over the environmental impacts of energy use,
energy efficiency can offer one of the best approaches to
reduce greenhouse of the best approaches to reduce
greenhouse gas emissions and improve profitability. In
the production of potato crisps, frying consumes more
than 90% of the total processing energy requirement so

the greatest potential for energy savings is offered by
design and control optimization to reduce thermal losses.
Optimisation of the frying process requires good
knowledge and understanding of the heat and mass
transfer processes involved and their influence on
product quality, safety, product throughput and energy
consumption.
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Abstract
Heat transfer in supercritical fluids has special

properties associated with the compressibility of the
medium. In particular, during stationary heat transfer
(with free and forced convection), a heat transfer peak is
observed near the critical point, caused by a significant
increase in the isobaric heat capacity. However, in the
case of controlled pulsed heating of a wire probe
immersed in a fluid under investigation, the authors of
[1–2] found the opposite picture: in course of a fast
transition between compressed liquid and supercritical
fluid states along the isobar heat transfer near the critical
point experiences a dip (Fig. 1). Despite the fact that this
circumstance leads to significant distortions of the
generally accepted heat transfer pattern in the case of
powerful heat release, the model of this process and its
physical explanation are currently absent in the literature.

Figure 1: Characteristic heating curves (probe
temperature versus time, left) and derivatives of the
probe temperature with respect to time (right) for
isopropanol under constant heat release power mode.
The parameter is the pressure value. The upward
deviation in the interval from the 3rd to 4th ms for
nearly-supercritical isobars corresponds to the threshold
decrease in the heat transfer intensity through the probe

surface accompanying supercritical transition

To explain this effect a model of short-term (units of
milliseconds) heat transfer on the example of
isopropanol near the critical point is constructed. The
model explains the reason for the increase in thermal
resistance when approaching the critical point. The
reason for this effect is that the thermal diffusivity is low
near the critical point, which leads to the formation of a
slowly moving heterogeneous heat wave near the probe.
Such a slow movement of the heat wave creates
additional thermal resistance. The results of the model
qualitatively agree with the experiment.

The model predicts that at the initial critical pressure
of isopropanol, the temperature of the probe should
increase linearly after reaching the critical temperature,
and the time derivative of temperature should remain
constant. In this case, near the critical point fluctuations
around these average values should be observed. In
general, the model makes it possible to refine the
efficiency of using supercritical fluids as coolants in
processes accompanied by powerful local heat release.
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Abstract
Circulating fluidized beds (CFBs) have been widely

applied in coal combustion and gasification industry due
to their excellent performance in terms of fuel flexibility
and effectiveness of emission control. However, due to
the lack of a deep understanding of the inherently
complex gas-solid flow hydrodynamic behavior, the
design, optimization, and scale-up of CFBs are
underdeveloped. Computational fluid dynamics (CFD)
has become as a promising method to study CFBs,
including understanding the complex hydrodynamics of
gas-solid fluidization characteristics, exploring the
underlying mechanism of gas-solid flow, and optimizing
the design of CFB as well as scaling up. This paper
reviews the application of three-dimensional full-loop
CFD simulation in “cold” flow CFBs. Firstly, detailed
CFD models and some key issues related with the
interphase drag model as well as turbulent models are
discussed. Secondly, flow dynamic characteristics in
different flow regimes and components in CFBs, i.e.,
riser, riser exit, cyclone, standpipe and loop-seal, are
reviewed and discussed. Most of the CFD simulation
results are validated with available experimental data,
but there are still lots of problems existed and needs to
be solved for the accurate CFD simulation of CFBs.
Finally, the future challenges and development trends in
the full-loop CFD simulation for CFBs are highlighted.
This comprehensive review will provide valuable
information for the design, optimization and scale-up of
CFBs.

Introduction
Circulating fluidized bed combustion (CFBC), as one

of clean coal combustion technology, have become
commonly used for coal combustion and gasification due
to their high efficiency in gas-solid mixing/separation,
mass/heat transfer ability, wide fuel flexibility, and low
emissions (Kunii and Levenspiel, 1991; Grace et al. 1997;
Yang et al. 2019; Wang and Yang, 2020).

Although the CFB unit appears relatively simple and
has been in operation for decades, unknown issues can
still be encountered. For instance, the incomplete
understanding of the origin and nature of the inherently
complex gas solids flow structures observed in the
devices, influence of factors on the fluidization, such as
particle properties, operating conditions, and flow
regimes, and uncertainties of how they would change
when the system is scaled up (Sundaresan, 2011;
Knowlton, 2013). All of those will affect the CFB unit’s
successful and reliable design, process operation and
control, optimization and scale-up, and hinder its further

development.
For the purpose of process optimization and scale-up,

it is necessary to investigate the flow behavior in large
scale CFBs with high density and high flux. Normally,
there are two approaches, i.e., computational fluid
dynamics (CFD) and experimental measurements. Of
them, CFD simulations can provide detailed and
experimentally unobserved information of the gas-solid
flow, which is helpful to understand the flow dynamics
in CFBs of different scales.

In this paper, the application of 3D full-loop CFD
simulation in CFBs, without taking into account the heat
and mass transfer and chemical reactions, are reviewed.
Firstly, numerical models employed in the full-loop CFD
simulation are introduced. Secondly, key factors
determining the simulation accuracy are reviewed in
terms of interphase drag models, turbulence models are
discussed too. Thirdly, the flow dynamic characteristics
in different components of CFBs, i.e., riser, riser exit,
cyclone, standpipe and particle recycle valve, are
discussed. Finally, conclusions, future developments and
some key issues related to 3D full-loop CFD simulation
in CFBs are given and discussed.

CFD models for gas-solid flows in CFBs

As illustrated in Figure. 1, the typical models used for
gas-solid fluidization simulation include
Multi-Phase-Particle in Cell (MP-PIC) method,
Two-Fluid Model (TFM), CFD coupled with discrete
element method (CFD-DEM) and DNS. DNS solves the
N-S equation with no-slip boundary conditions. The gas
phase is resolved with CFD grids much smaller than the
diameter of particle, therefore its computing demand is
extremely high, and it is currently focused on model
development, not available for direct CFB simulation
(Wang, 2020). CFD-DEM, TFM and MP-PIC models all
solve averaged N-S equation for gas phase, but treat
particle phase and interphase interactions differently.
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Figure 1: Typical models for gas-solid fluidization
simulation.

Full-loop CFD simulation for the flow characteristics
in a CFB system

The gas solid flow in a CFB system is complex.
Full-loop CFD simulation not only provides a virtual
detailed picture of each component (as shown in Figure.
2), but also provides a picture of the whole system.

Up to now, numerous researches have been done on
the 3D full-loop CFD simulation in CFBs. According to
Grace and Taghipour (2004) and Li et al. (2012), the
validation process for gas-solids flow modeling requires
a wide range of conditions and variables. In addition,
comparing model predictions needs an extensive array of
experimental data which is complex and needs long-term
efforts. In most literatures, the CFD prediction is
compared with independent test or corresponding
experiments under certain circumstances.
Blinding-testing between CFD and experimental results
is necessary to improve the CFD prediction accuracy.
However, due to the lack of reliable experimental data,
especially for large-scale CFBs, it is a challenge to
validate the CFD simulation. In the following, the
gas-solid flow characteristics in several components
(regions) of the CFB system are summarized from the
3D full-loop CFD simulations, and compared with
available experimental results, in the expectation of
getting a general view of the flow characteristics in the
CFBs.

Figure 2: Full-loop CFD simulation for a CFB based on
MP-PIC simulation

Conclusions

The application of three-dimensional full-loop CFD
simulation in “cold” CFBs were reviewed in this paper.
Selected CFD physical models, interphase drag models
and simulated gas-solid flow dynamic characteristics in

different flow components of the CFB, i.e., riser, riser
exit, cyclone, standpipe, and loop-seal, were summarized
and discussed. But there are still lots of uncertainties
needs to be solved for further development and
verification.
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Abstract
A model for liquid film profile of two-phase flow is

proposed. In the model, both gas and liquid flow were
calculated based on Double Fluid Model. Bernoulli
equation, energy conversation and momentum conversation
were applied to the fluid in velocity boundary in liquid film,
both secondary flow of gas phase and sailing boat
mechanism that accounts for the transition from stratified
flow to annular flow are taken into consideration in the
model. The model had been tested, and good performance
was proved.

Introduction
Comparing with Direct Numerical Simulation,

Double Fluid Model can efficiently predict the pressure
drop and void fraction of two-phase flow. However, its
performance is impacted with liuquid film shape, even
though ARS model and MARS are proposed.

(a)FLAT (b)ARS (c)MARS
Figure 1: Models for film structure in separated flow
Film flow has been studied intensively and the

formation mechanisms are summed up by Butterworth
and Hewitt as follows, entrainment deposition, secondary
flow, wave mixing and Sailing mechanism.

Li et al. considered the influence of pumping action
of disturbance waves, secondary flow in gas flow,
entrainment and deposition of droplets, developed a
theoretical model of circumferential distribution of liquid
film thickness. Basing on a similar idea, Bonizzi and
Andreussi gave a new model for film thickness
predicting which considered the influence of shear stress
on the fluid particle while momentum and energy
equations combined together. However, both models did
not take sailing boating mechanism into consideration,
and a more accurate model should be
improved.Meanwhile, it was proven that the viscosity
and interfacial tension take great influence on stability of
two-phase flow.

This paper develops a new model to predict the pressure
drop, void fraction and film thickness of two-phase flow,
which combined the influences of secondary flow of gas
and sailing boat mechanism that accounts for the transition
between stratified flow and annular flow.

The extended abstracts and final papers must be
formatted strictly according to these instructions. The
present file can be used as a template for MSWord users.

Mathematical model
Fig. 2 illustrates separated flow in circle pipe.

Aannular flow was assumed while secondary flow of the
gas phase and sailing boat mechanism considered.
Assumptions are made as follows: (1) the liquid film is
assumed symmetrical;(2) liquid velocity gradient in
velocity boundary is constant;(3) there is no velocity slip
on the interface.

Figure 2: Illustration of film structure of interface
2.1 Bernoulli equation for fluid in liquid film

The fluid microelement in liquid film is worked with
surface forces and body force, an energy equation of
fluid microelement with unit length can be written based
on Theorem of Kinetic Energy as follows:

(1)
, ,

,
2.2 New model of film profile

In the direction that perpendicular to the direction of
moving of fluid particles, the static balance can be
described as follows:

(2)
(3)

Associating equations above makes a new model for
predicting the thickness of the liquid film.

Results and discussion
3.1 Film thickness distribution

(a) film thickness distribution (d) film thickness distribution
Figure 3: Distribution of liquid film from the model and

comparison with experimental data
As shown in fig. 3, the film thickness distribution

was compared with experimental data, there is a
significant change of film thickness nearby circle angle
of 40°. For one thing, there is a great change of the
thickness of film nearby the bottom of the pipe; for
another thing, the circle angle 40° seems to be the
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singular point of film thickness, where the film thickness
distribution decreases remarkably while circle angle
smaller than 40° and takes less change oppositely.

It is easy to see that the film thickness distribution
curve becomes steeper with smaller circle angle.
Considering the magnitude of secondary flow of gas
phase proportional to the local velocity of gas phase, the
difference of liquid film profile can be explained by the
decrease of interfacial shear stress.
3.2 Void fraction

The void fraction of separated flow in horizontal pipe
is compared with experimental data that in an ID 78mm
circle pipe with air-water and air-oil.

Figure 4: Comparison of
void fraction

Figure 5: Comparison of
pressure gradient

As shown in fig.4, The predicted void fraction
calculated with the models mentioned above take good
performance that compared with experimental data.

Pressure gradients of fluids predicted by different
models are illustrated in Fig.5, and the newly proposed
model gives better performance than the other ones.
3.3 Pressure gradient

Pressure gradient predicted by the new model is
evaluated with experimental data and that predicted by
FLAT and MARS models. It can be seen that, the new
model gives a better prediction than that of the FLAT
model while the liquid film profile appropriately
considered.

Figure 6: Pressure gradient of gas-liquid two phase flow
with gas phase superficial velocity of 15.0m/s

3.4 Film thickness distribution in small pipe
The film thickness distribution of annular flow in

horizontal pipe with a diameter of 8.15mm is more even
than that of 50mm or even bigger, which was proven by
experimental and could be explained as result of surface
tension that occurred on the interface between two
phases.

Figure 7: Distribution of liquid film of annular flow in
horizontal pipe

Having the surface tension included into the New
model of film profile, the film thickness distribution of
annular flow in diameter of 8.15mm horizontal pipe was
predicted with gas phase superficial velocity 10.0m/s and
liquid phase superficial velocity 0.1m/s in atmosphere.
Just as illustrated in fig.7, the new model accurately
predicted the film thickness distribution of annular flow
in small horizontal pipe, which takes a significant change
of film thickness in the lower part of pipe while there is a
uniform distribution in the upper part of pipe that could
be interpreted just like the secondary flow of gas phase
and surface tension decreased the influence of gravity on
film thickness distribution.

Conclusions
A new model is proposed for predicting the

distribution of liquid film.
Results confirms that the asymmetrical distribution

of liquid film around the circumference should be related
to the secondary flow of gas phase and sailing boat
mechanism, and surface tension into consideration to
interpret the uniform like distribution of thickness of
film in circumference.

Both void fraction and pressure gradient of gas-liquid
two-phase flow in horizontal circle pipe are estimated
with experimental data and different fluid characteristics
considered, which was proven to be of superior accuracy.
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Abstract
Hydrogenation of biomass and biomass-derived is

urgently needed to produce suitable biofuels for
sustainable society. A method was developed for
preparing transition-metal functional biocarbon materials.
Hydrogenation of biomass-derived materials (e.g.
levulinic acid (LA) to -valerolactone (GVL)) in ionic
liquid (IL) mixtures with hydrogen gas in high-pressure
CO2 was studied to demonstrate tuning of product
selectivity. A synergistic role between supercritical
carbon dioxide (scCO2) and ionic liquid is most likely to
promote the biomass-derived hydrogenation reaction.

Introduction
Efficient conversion of renewable lignocellulosic

biomass into platform chemicals and biofuels is an
important topic in green and sustainable chemistry.[1]

Practically, biomass-related compounds have an excess
of oxygen groups that must be hydrogenated before they
can be used as platform chemical feedstocks.[2-3] Many
catalytic approaches have been developed for
hydrogenating biomass-related compounds with
hydrogen gas being widely used, however, H2 gas has
low productivity due to its limited solubility in most
solvents.[3] Ionic liquids (ILs) are being studied in this
work with supercritical CO2 (scCO2), because ILs can
dissolve biomass-related compounds and scCO2 can be
used to enhance H2 solubility and to separate products.[4]

Functional carbon materials were prepared by
hydrothermal carbonization of biomass or by the
solvothermal formation of polymer and followed
calcination into carbon. Functional carbon materials
have catalytically active functionals groups have been
used in environmental, catalyst and energy applications
and have been demonstrated to be efficient for C5/C6
carbohydrate dehydration into furan materials due to
their acid sites. [3] In this work, the objective of this
work was to develop an efficient reaction system for the
hydrogenation of biomass-derived materials and to
elucidate the role of CO2 in the hydrogenation reaction
system.

Results and Discussion
The hydrogenation of levulinic acid to

-valerolactone (GVL) in scCO2-ionic liquid (IL) is
being studied. GVL selectivities as high as 98 % with
40 % conversion were obtained in [BMIM][OAc]-scCO2

at 3 h reaction time at 160 ºC. Solvent physical
chemistry and their effect on the hydrogenation reaction
were investigated. The solubility of LA and GVL in CO2
was measured and correlated with Peng-Robinson
equation of state (PR-EoS). The solubility of GVL in
CO2 is 10 times higher than the solubility of LA in CO2
phase. The role of scCO2 in the reaction system is to
enhance the hydrogen solubility in ionic liquid and to
suppress side-reactions via GVL product removal. A
mechanism is proposed for acetate anion ionic
liquid-scCO2, in which CO2 interacts with the acetate
anion IL to promote hydrogen gas transport and the
formation of active hydrogen with the aid of a
hydrogenation catalyst. The interaction of CO2 with the
acetate anion IL lowers reaction phase viscosity and
allows efficient hydrogenation of LA to form product
GVL.

Figure 1: Catalytic hydrogenation of LA to GVL
enhanced with scCO2.

Conclusions
The conversion of biomass-derived materaisl

(levulinic acid (LA) into -valerolactone (GVL)_in
various solvents (methanol, ethanol, ionic liquids) with
or without supercritical carbon dioxide as co-solvents
were studied. The selectivity of GVL increased when
using supercritical carbon dioxide as the co-solvent. The
role of scCO2 in the reaction system is one of improving
mass transport and suppressing side-reactions via GVL
product removal.
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Abstract

The end-of-life (EoL) Si photovoltaic (PV) solar cell
contains valuable silver, and chemical leaching is able to
extract silver from the cell. However, limited works have
been reported on the leaching kinetics and hydrodynamic
behaviour of the silver leaching process. In this work, an
integrated experiment and numerical study are conducted
to understand and optimise the silver leaching process in
rotating systems. First, the lab-scale physical
experiments are conducted to obtain a reaction kinetics
model of silver leaching from PV cells. Then, a
CFD-DEM model is developed to describe the reacting
flow details related to solar cell particles leaching
process including this kinetic model. The model is
validated against the lab measurement in terms of flow
pattern and leaching performance. Then the CFD-DEM
model is applied to a larger rotating system and study the
effects of rotator speed, rotator length, and rotator shape
on leaching efficiency. The simulation results indicate
that the particles inside the reactor experience mixing,
transition, and suspension states with increased rotor
length and rotator speed. In the transition state, the
particles accumulate near the wall and form a packed bed,
leading to the lowest leaching efficiency. In the
suspension state, the particles are well fluidized and form
a loose, ring-like particle wall. The leaching efficiency
has a positive relationship with the fluidization level of
the solid phase. The results also show that the leaching
efficiency drops when linearly scaling up the reactor size
while fixing other operating conditions. This work lays a
foundation for process scale-up and optimization of EoL

PV panel recycling.

Introduction

Technically, chemical leaching is the most feasible
method to extract metals and can be used in silver
extraction from solar cells, given its advantages in
economic and productivity perspectives However, the
silver extraction by chemical leaching is still a
bottle-neck process as this process is a very slow,
diffusion-controlled process. Theoretically, the efficiency
of the leaching process may depend on chemical reagents,
working temperature, and liquid-solid mixing state.
Nitric acid has been widely acknowledged as the most
suitable regent while the working temperature cannot be
very high due to cost limitations (Yi et al., 2014). Thus, it
is important to understand and improve the liquid-solid
mixing performance and leaching kinetics for improving
leaching efficiency.

Experimental or Numerical Methods, etc.
In this work, the hydrodynamics and leaching kinetics of
silver leaching process in rotating systems for PV
recycling is studied by means of combining experimental
and CFD-DEM numerical simulations. The leaching
kinetics model of silver extraction from solar cells is
derived for the first time based on a series of experiments.
The kinetic model is coupled with CFD-DEM approach
to study the detailed hydrodynamics and reaction
kinetics in a rotating system. The effects of rotator length,
rotator speed, and shape on the leaching performance are
investigated by the CFD-DEM model. The scale-up of
the leaching process in the rotating system is also
explored.
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Abstract

The liquid Falling film is widely employed in mass and
heat transfer processes and various engineering applications.
This work derived a smooth laminar 2-D theoretical model
of the falling film with C++ and compared it with analytical
results. The model was built for the vertical liquid falling
film with and without absorption, considering the
thermophysical properties enhancement with nanoparticles.
The working pairs of absorption are LiBr-H2O and
Carrol-H2O. And water, ethylene glycol is also used
without absorption. Furthermore, an experimental setup is
built to validate the heat transfer process without absorption.
Different methods are used to measure the temperature of
the falling film. With the low flow rate of the liquid, the
simulation and experimental results match well with various
liquids, and when the flow rate increases, the discrepancy
also increases due to the limit of smooth film theory.
Generally, the temperature distribution without absorption
could be well represented by the simulation or analytical
results along with the falling film. In addition to the
absorption in the falling film, the energy transfer process
will significantly precipitate in the vertical direction since
the absorption enthalpy is also introduced to the liquid.
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Abstract

To investigate the effects of bed material moisture (W)
and vertical gap (Δhgap) between the baffles and gas
distributor on the gas-solid flow characteristics in a
rectangular spouted fluidized bed, experiment is carried
out and the results is analyzed based on the fluctuation of
pressure signal and electrical capacitance tomography
with 12 electrodes. The solid concentration profile and
spectrum characteristic of pressure fluctuation reveal that
the bed material is tend to accumulate on one side with
the increase of superficial gas velocity. The increase of
vertical gap between baffles and gas distributor results in
the increase of pressure drop in the spouting stage. With
further increase in the gap, the spouting process becomes
unstable and the flow easily transform into bubbling and
slugging regimes. The increase of moisture significantly
improves the static bed height and the minimum spouting
gas velocity. In addition, the increase of moisture
increases the maximum pressure drop in the bed and
results in the blockage in the annular region to decrease
the pressure drop in the spouting stage.

Introduction
Spouted fluidized bed with diversion structure, as an

important structure-improved type in the development of
spouting bed, has good flexibility and adaptability and
high solid circulation rate and heat exchange efficiency
(Sutkar, et al, 2015). Its typical application, e.g.,
granulation, coating and drying, usually involves liquid
phase into the gas-solid flow, which causes the unstable
spouting, blockage and dead zone. Therefore, monitoring
the flow process is a key to improve the quality of the
final products. Electrical capacitance tomography (ECT)
has the advantages of non-intrusive, low cost and fast
imaging (Wang, et al, 2020) and it is a good choice to
monitor the spouted fluidized bed process combing with
pressure drop measurement.

Experimental set up
A lab-scale rectangular spouted fluidized bed with

baffles and its measurement system are presented in Fig.
1.

Fig. 1 Spouted fluidized bed system
In the first test, W is 7.76%, and Δhgap is set to 18, 25,

30, 35, 40 and 45 mm, respectively. In the second test,
Δhgap is 25mm, and W is set to 7.76%, 14.43% and
18.99%, respectively.

Results and Discussion
In Fig. 2, the process in a spouted fluidized bed can be

divided into two stages, i.e. fixed bed and stable spouting
bed, according to the changes of pressure drop and solid
concentration. The flow regime transition and the
particle accumulation can be monitored by ECT.

Fig2. Pressure fluctuation and solid concentration
changes

Fig. 3 Mean pressure drops and minimum spouting gas
velocity

As from Fig. 3, the spouting pressure drop increases
with the increase of Δhgap, while the bed maximum
pressure reaches the maximum at Δhgap=35mm. The
increase of W will result in the increase of minimum
spouting gas velocity and the decrease of spouting
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pressure drop.

Conclusions
The changes of Δhgap and W have effect on the flow

regime transition and characteristic parameters, e.g.
maximum pressure drop, spouting pressure drop and
minimum spouting gas velocity etc., in the spouted
fluidized bed. In the spouting process, the ECT
reconstructed images and solid concentration extracted
from ECT combined with the pressure fluctuation signal,
can effectively be used to monitor the flow characteristic
changes.
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Abstract
The report marks the 95th anniversary of the birth of

V.P. Skripov, author of the classic study of superheated
and supercooled liquids. It presents a discussion focused
on the early work carried out by Skripov and his research
team during the 1950s and 60s. Due to their pioneering
nature, these works laid the foundation for the study of
metastable liquid states. lthough they remain relevant to
this day, these groundbreaking works remain unknown to
most non- Russian-speaking readers. As well as
elucidating the behavior of the heat capacity of a solution
in the liquid- liquid critical region, his research also
concerns the features of light scattering and
free-convective heat transfer in the liquid-vapor critical
region of a one-component system. The issues involved
in the discussion are united by the fluctuating nature of
such phenomena. Indeed, the very possibility of their
experimental study is due to a significant increase in the
scale of fluctuations of the corresponding quantities
when approaching the critical point. The ongoing
development of the approaches proposed in these papers
for solving contemporary problems in the thermophysics
of superheated/supercritical fluids is discussed.

Introduction
Research aimed at identifying reliable techniques for

the removal of high-density heat fluxes becomes relevant
due to the constant increase in the requirements
involving intensive heat and power processes. Taking
into account the characteristic sizes of heat transfer
devices and release parameters, an important direction
consists in the search for new classes of liquid heat
carriers, as well as the expansion of the range of
variables for already known samples. In this regard, the
scope of interests includes the properties of substances in
the area of not fully stable states: superheated with
respect to the liquid-vapor equilibrium line and nearly
supercritical. In the phase diagram, these regions meet at
the liquid-vapor critical point. The known peculiarity of
properties in the critical point vicinity means an increase
in the requirements both for the method of measurements
and for matching the experimental conditions with the
requirements of an ideal model used to convert primary
quantities into the substance’s thermal property values
(Abdulagatov and Skripov, 2021). Unlike critical and
supercritical phenomena, while a description of the
superheating phenomenon is not included in known
textbooks, it has attracted the attention of researchers for
many years (Skripov 1974). Indeed, such states can –
and do – arise when the heat transfer process is
intensified and the size of the device is reduced.

The discussion is focused on the pioneering early
works which, despite having laid the foundation for the
study of liquids’ metastable states, remain obscure to
non-Russian- speaking readers. Therefore, the aim is to
address this gap by elucidating the behavior of the
solution heat capacity in the liquid-liquid critical region,
presenting the characteristic features of light scattering
and free-convective heat transfer in the liquid-vapor
critical region of a system.
Results and Discussion

The first task was to elucidate the behavior of the
partially-soluble binary liquid heat capacity in the critical
region of the liquid-liquid phase separation. At that time
(1950–1951), there were no data on this issue. The study
was motivated by the experimental verification of some
provisions of the generalized critical phenomena theory
by V.K. Semenchenko, who was Skripov’s scientific
adviser, on the example of partially-soluble liquids. He
predicted the generality of critical phenomena and
second-order phase transitions. In general, the results on
the heat capacity, as well as the results obtained later on
light scattering in the vicinity of the liquid-vapor critical
point, confirmed the theory under discussion. An
increase in the heat capacity near the critical point is
associated with an intensification in the energy
fluctuations of the system, which is a fundamental
feature of any of the generalized critical phenomena.

The next research was aimed at elucidating the
possibility of practical application of the critical
anomalies in thermophysical properties. Significant
study of heat transfer along isotherms and isobars in the
region of a continuous supercritical transition was
carried out in the early 1960s by a variant of the thin
wire method heated by direct current. The main attention
was paid to explaining the nature of non-monotonic
changes in the heat transfer coefficient in the near
supercritical region and the influence of the temperature
rise on this character.

Conclusions
Due to the significant reserve of capabilities of the

devices and methods developed in early works, they
were lately developed at our research group. In particular,
pulsed modifications of the method for heating a wire
probe have found application in problems of attainable
superheating, as well as in determining the critical
parameters of thermally unstable liquids. The most
advanced version performs the function of electronic
control of the heat release power in the probe directly
during the pulse. This allowed us to reveal unexpected
features of supercritical heat transfer on the scale of
small characteristic times and sizes. In the course of
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short-term experiment, conditions were identified under
which known critical anomalies in thermal properties do
not manifest themselves (Skripov and Rutin, 2021).
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Abstract
Super long gravity heat pipe (SLGHP) provides a

novel way for harvesting thermal energy from a deep
geothermal reservoir. Comparing with traditional
geothermal extraction methods such as enhanced
geothermal system (EGS), SLGHP prevents pipelines
from scaling and corroding with a closed-loop system
which also contributes to underground environment.
However, working principle of SLGHP with a extremely
large length-to-diameter ratio remains obscure owing to
the lack of theoretical and practical investigations.
According to the experimental data in literature, authors
believe that geyser boiling might occur at the top of
liquid pool and then vapor rises under the affect of
buoyancy, which is dominant flow regime in SLGHP.
Theoretical calculation of the working fluid pressure
drop inside a thousand-meter length sealed channel is
proposed to verify the viewpoint. Analysis results show
that falling liquid film along the long pipe wall might be
intermittent, which means it fails to establish a natural
circulation as conventional gravity heat pipes. A large
amount of heat might be stored at bottom of liquid pool
due to the high hydrostatic pressure and the low heat flux
input. Further numerical and experimental investigations
will be carried out to confirm the prediction.

Introduction
Gravity heat pipe (GHP) is an efficient heat transfer

device with complex vapor-liquid tow-phase flow inside
a sealed container where vapor flows upwards from
evaporation section to condensation section and liquid
returns along the pipe wall by gravity (Chan et al., 2015).
The unique ability of a GHP to transfer heat over large
distances makes it possible to harvest shallow
geothermal energy for road snow melting, deicing,
permafrost stability protection, and room heating, etc.
(Wang et al., 2017; Wen et al., 2005). However, length
of the conventional GHP could not meet the growing
demand of deep geothermal exploitation depth, thus,
employing thousand-meter-length super long gravity heat
pipe (SLGHP) to extract geothermal energy has been
proposed by several researchers, which sparks increasing
attentions in this aspect.

Ebeling et al. devised a nearly 400 m length GHP
used in a geothermal heat pump system, and a thermal
extraction rate of 22 kW was obtained with CO2 as

working fluid (Ebeling et al., 2017). Zhang et al.
established a loop-type gravity-assisted heat pipe with a
inner tube for draining the condensate back to the
evaporation section, a maximum thermal power of 190
kW was achieved from a 3000 m depth geothermal
reservoir (Zhang et al., 2015). Huang et al. designed a
3000 m length SLGHP, by which the geothermal
extraction power as high as 200 kW was realized during
30 days continuous operation (Huang et al., 2022).

Comparing with conventional geothermal extraction
methods, SLGHP can prevent system away from scaling,
and doesn’t cost additional power while operating. The
pioneering researches prove the feasibility of employing
SLGHP to extract geothermal energy, but neither of them
explain the two-phase flow regime inside a
thousand-meter length sealed channel. Therefore, the
current work discusses the vapor-liquid flow pattern by
analyzing the pressure gradient of working fluid in a
SLGHP, theoretical calculation is carried out based on
the field test results found in the literature (Huang et al.,
2022).

Results and Discussion
Some reasonable simplifications and assumptions are

shown in Figure 1, liquid is filled with the evaporation
section of a 3000 m length SLGHP with inner diameter
of 0.2m, the temperature of evaporation and condensate
section is Te=130℃, Tc=60℃, and thermal power is
Qout=200 kW.
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Figure 1: Diagram of vapor-liquid two-phase flow
regime inside SLGHP (scales of axial and radial
direction are different)

The total pressure drop of vapor-liquid flow ΔP
consists of frictional, gravitational and accelerational
pressure drop representing with subscripts f, g and a
respectively in equation 1,

Δ� = Δ�� + Δ�� + Δ�� (1)
where the frictional pressure gradient can be obtained by
multiplying the entire flow assumed as liquid ΔPf,lo and
the two-phase frictional multiplier ���

2 , see equations
2-4,

Δ�� = ∆��,�����
2 (2)

∆��,�� =
2�����2��

�
(3)

���
2 = [1 + �( ��−��

��
)][1 + �( ��−��

��
)]−0.25 (4)

the gravitational and accelerational pressure gradient are
calculated by equations 5-6, where G is mass flux, x is
mass quality, subscript v and l represent vapor and liquid
respectively.

Δ�� =
��

��+�(��−��)
(5)

Δ�� = �2(�� − ��)� (6)
The calculated pressure drop with the mass quality

range of 0.8 ≤ x ≤ 1 is given in Figure 2, which is
indicated that ΔPa can be neglected and ΔPf is dominant
in the total pressure drop. Obviously, ΔP is much less
than the difference of saturated pressure between
evaporation and condensation section (ΔPsat), authors
believe that error is mainly resulted from the frictional

pressure drop because the theoretical calculation ignores
pressure loss at the liquid-vapor interface. A large filling
ratio leads to a high hydrostatic pressure at the bottom of
liquid pool where a huge amount of heat will be stored
and transport upwards slowly, thus a geyser boiling most
likely occurs and repeats periodically, then vapor rises
under the effect of buoyancy along such a super-long
flow channel, which is dominant flow regime in SLGHP.
Moreover, low mass flux of vapor might lead to a
intermittent distribution of falling liquid film along the
thousands-meter length pipe wall.

Figure 2: Pressure drop of two-phase flow in SLGHP
with different mass quality

Conclusions
SLGHP provides a ideal way for extracting heat

from a deep geothermal reservoir without drawing water
out of the ground. The theoretical pressure gradient
analysis indicates that the two-phase flow regime in
SLGHP with a large length-to-diameter ratio is different
from that of a conventional GHP. Geyser boiling is most
likely to occur at the evaporation section whereas raising
vapor under the buoyancy affect is the dominant flow
pattern along such a thousand-meter-length flow channel.
Correspondingly, a low mass flux of vapor leads to a
intermittent distribution of the falling liquid film along
pipe wall. Therefore, a normal natural circulation process
is difficult to establish in a SLGHP resulting in a lower
thermal power than excepted. Whereas the theoretical
estimate might be imprecise, more measurements and
investigations will be carried out to verify the viewpoint
in the future.
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Abstract
Investigations of experimental and numerical are

conducted to explore the changing laws of blast furnace
(BF) raceway morphology and pressure drop. A
theoretical correlation about raceway size is established
containing the particle shape influence. Experimental
data show that there are five typical stages for the
pressure drop during the raceway formation. The closer
the aspect ratio (Ar) of particle to 1, the bigger the
raceway size and the wider the particle moving band will
be. When the raceway is in stable stage, the pressure
drop can be ascribed to the cooperative action of the bed
height, inlet gas velocity and Ar. Numerical results
reveal that the formation of large raceway for sphere-like
particle is due to the small drag and contact forces in this
system. The contact forces in the prolate particle system
are very large and thus result in a small raceway. Finally,
the influence of particle shape is employed to improve a
raceway size predictive correlation which can increase
the average calculational accuracy by 3.4%.
Keywords: Particle shape; BF raceway; Pressure drop;
Experiment; CFD-DEM simulation; Theoretical analysis

Introduction
BF is the most important smelting reactor in the

iron-making industry while the BF raceway
characteristics play a key role in affecting the stable
operation and high-efficient production of iron melting
(Kuang et al., 2018). This is because BF raceway is the
energy source of the reactor and intense heat and mass
transfer with complex chemical reactions continuously
take place in this region. Required reducing gases and
heat for smelting are also generated from the raceway
(Dong et al., 2007). The current study focuses on the
effect of particle shape on the BF raceway which is very
important because: on the one hand, non-spherical
particles (like coke) behave quite differently around the
raceway which can significantly change their heat and
mass transfer and chemical reaction intensity; on the
other hand, the discrepancy of particle shape can lead to
a great change of the void structure and further the
change of the overall distribution of reducing gases in
the BF (Hilton and Cleary, 2012). As a result, it is critical
to qualify the effect of particle shape on the raceway
morphology to avoid poor burden descending rate or
powerful gas resistance which may seriously reduce the
BF smelting quality.

Experimental, Numerical and theoretical Methods

For the experimental process, a physical experimental
model is designed according to the geometric dimension
of an industrial BF. This system includes BF vessel, gas
supply system, feeding setup, imaging and pressure
system. The pressure drop is monitored at the inlet and
outlet of the reactor. In this paper, cylindrical particles
with different Ars (Ar is defined as the ratio of individual
particle height to diameter) are employed. At the start of
one experiment, solid particles are loaded from the bed
top to a desired bed height. Compressed air with room
temperature is introduced and air flow rate is increased
gradually until an appropriate raceway is formed.
Meanwhile the pressure and raceway morphology are
recorded in real time.

For the numerical process, a coupled CFD-DEM
model is used. The fluid motion is calculated based on
the locally averaged Navier-Stokes equations, while the
trajectory of each individual particle and inter-particle
collisions are treated via DEM.

For the theoretical process, an angle of internal
friction considering both the particle shape (Ar) and size
(dp) is introduced to improve the predictive accuracy
about the raceway calculation, which is:

30.347 2.434 ln( 10 ) 59.336Ar
pe d      (1)

Results and Discussion

Figure 1: Comparison of raceway size between
experiment and simulation by employing different shape
particles.

Conclusions
1. The pressure drop variation with inlet velocity

can be divided into five stages during the raceway
evolution process.

2. The sphere-like particle system possesses the
smallest average drag force and contact force, which lead
to the presence of biggest raceway size in the
experiment.

3. The method of employing Ar to modify the
raceway size predictive correlation can improve the
average calculational accuracy by 3.4%.
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Abstract
Thermoelectric generation (TEG) can provide power

from various thermal resources, such as industry waste
heat, solar energy and geothermal energy. This reduces
the use of fossil fuels to some extent and contributes a
particular figure for the reduction of the carbon
emissions. Nevertheless, it remains a challenge to
manufacture a thermoelectric stack with TEGs even at a
scale with a few kilowatts. Herein, to address this
challenging, an attempt of modularization assembly for
scalable TEGs system is proposed. Both of a hot part and
a cold part in thermoelectric stack are integrated
respectively by multiple hot-side and cold-side heat
exchangers. In the assembly process, the hot and cold
parts are socketed towards each other, and a gap is
reserved among heat exchangers which is just enough to
hold a thermoelectric module (TEM). When the system
is maintained, the two parts can also achieve easily a
separation without a large interference each other, thus it
is convenient for the replacement of damaged TEM.
Besides, a CFD analysis is carried out on given several
manifold structures of the heat exchanger to determine
an appropriate geometry that can weigh the uniformity
against flow resistance.

Introduction
Thermoelectric generation (TEG) consists of a set of

thermoelectric module (TEM) sandwiched between two
heat exchangers, which inhabits a competitive advantage
for power generation due to its green, safety, long
lifespan and noiseless operation (Champier 2017). It can
provide power from various thermal resources, such as
industry waste heat, solar energy and geothermal energy
(Tohidi et al., 2022). This reduces the use of fossil fuels
to some extent and contributes a particular figure for the
reduction of the carbon emissions (Wise et al., 2009; Xu
et al., 2019). Due to low conversion efficiency of TEG
technology, the large-scale utilization of thermoelectric
stack with TEGs has not been achieved at current stage
(Tohidi et al., 2022). In addition to the improvement in
the intrinsic efficiency of thermoelectric materials,
optimizing the design of TEGs system is also crucial
towards scale utilization (Bell 2008). Especially, in most
cases TEG equipment with high-efficient heat transfer
performance, flexible assembly and disassembly, and
convenient maintenance is favorable for promoting wider
application. A concept of modular design with an ideal

thermal design provides a potential solution for the
integration of TEG system (Yang et al. 2021). Herein, an
attempt of modularization assembly for scalable TEGs
system is proposed. Furthermore, it is determined an
appropriate geometry of current heat exchanger that can
weigh the flow uniformity against flow resistance.

Concept of a Modular TEG System
To achieve a modular assembly of TEGs that

promotes its large-scale utilization for harvesting heat, a
skillful plat-shape heat exchanger design is proposed. As
shown in Fig. 1, the heat exchanger is designed with
multiple straight flow channels, which can improve the
flow uniformity with a low flow resistance. Different
from reported work, the inlet and outlet of designed heat
exchanger is near to one sidewall to leave enough space
for modular assembly of TEGs. Moreover, a tapering
geometry design of inlet and outlet is also employed to
regular the flow distribution among individual flow
channels. With the current structure of the heat
exchanger, a modular design for TEGs is shown in Fig. 1.
One cold part or one hot part is designed as an
integration that consists of a set of cold-side or hot-side
heat exchangers. In the assembly process, both of the hot
and cold parts are socketed towards each other, and a gap
is reserved among heat exchangers which is just enough
to hold a thermoelectric module. When the system is
maintained, the two parts can also achieve easily a
separation without a large interference each other, thus it
is convenient for the replacement of damaged TEM.

Due to the significant influence of manifold structure
of the heat exchanger on the flow uniformity, a CFD
analysis is carried out on given several designs. Based on
a comparison of the simulation results, it is determined
an appropriate geometry of current heat exchanger that
can weigh the uniformity against flow resistance.
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Figure 1: Modularization assembly for scalable
TEGs system

Results and Discussion
The flow uniformity of the heat exchanger can

directly affect the contact surface temperature between
heat exchanger and TEM. Thus, three design structures
of current heat exchanger are compared with respect to
the velocity distribution in flow channels at a
representative inlet velocity with 1.25 m/s, as depicted in
Fig. 2(a). One can see that the non-uniformity of flow
distribution is mitigated by a combination of the tapering
geometry of inlet and outlet, the length of flow channels,
and disturbing flow components. Accordingly, a
quantitative result (Fig. 2b) reveals that the distribution
ratio of mass flow rate in individual sub-channels for the
design case 3 is close to 20%, which inhabits a potential
disadvantage in regulating flow distribution.

Figure 2: Flow distribution of a designed heat exchange.

Conclusions
The concept of modular design is adopted to design

a TEG system that both of one cold part and one hot part
are integrated as two independent heat exchanger
structures. It is flexible and convenient for assembly and
maintenance. Moreover, the non-uniformity of flow
distribution in a heat exchanger is mitigated by an
appropriate flow channel structure.
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Abstract
In the transportation process of oil and gas

development and natural gas hydrate development, if the
formed gas hydrate particles flow together with the sand
particles in the pipeline, complex solid-phase particle
deposition problems are likely to occur, which will
seriously affect safe production. In this work, based on
the CFD-DEM (Computational Fluid Dynamics-Discrete
Element Method) method, the particle flow behaviors of
the sand-containing hydrate slurry in a pipe with a
throttling device are simulated. The research results
show that in the horizontal pipe section, hydrate particles
and sand particles occupy the upper half of the pipe
cross-section and flow on the inner wall below the pipe
respectively; after the slurry flows through the throttling
device, both particles flow close to the outer inner wall

of the pipe. In the vertical pipe section, the sand particle
agglomeration will completely lag the hydrate particle
agglomeration. With the increase of the sand particles
content, the interaction between the two particles is
strengthened, the speed of the hydrate particle
agglomeration decreases, and the pressure drop at the
elbow increases, and the phenomenon of sand particle
agglomeration in the vertical pipe section is aggravated.
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Abstract
In order to conquer the problems of high cost and

large size of traditional desulfurization towers, a novel
type of miniaturized desulfurization reactor filled by
corrugated plates is proposed in which the con-current
contacting mode of gases and liquids is allowed. To
highlight the advantage of the novel reactor, both
physical experiments and numerical simulations of cold
models are carried out. Physical experimental data shows
that straight corrugated plates will directly lead the
multiphase flow to the reactor boundary and thus a
reduction of mixing and residence time of both the
phases. The phenomenon is duplicated through
numerical simulations and the accuracy of the numerical
model is also validated. Solutions to this problem are
provided and discussed via more numerical simulations.
Numerical results show that the adoption of V-shaped
corrugated plates can greatly enhance the mixing and
residence time of the two-phase flow. Moreover, the
optimal angle of the V-shaped corrugated plates is also
determined to meet the design requirements of the
overall pressure drop. The results of this paper can
provide theoretical support for the development and
optimization of new desulfurization reactors.

Introduction
With the pursuit of sustainable development and high

quality of human life, environmental pollution and
destruction are strictly prohibited. Sulfur dioxide is a
dangerous compound released during the combustion of
sulfur-containing fuels such as coal (Chen and Sun 2019;
Blasio and Carletti 2018). The emission of the sulfur
dioxide to the open air is thus highly limited. Wet flue
gas desulfurization (WFGD) is the most widespread
technology to remove sulfide in the flue gas due to its
excellent stability and high efficiency (Asghar and Rafiq
2021; Alzaky and Li 2021; Liu and Jiang 2020). During
the WFGD process, the flue gases containing SO2 are
interacted with alkaline liquid droplets. In this way, SO2
is converted into liquid or solid waste by-product and
remains in the liquid phase, so as to purify the flue gas
(Fateme and Rezaei 2015).

Figure1: Internal structure diagram of a typical WFGD
unit (altitude is about 35m)

Normally, with the advantages of simple spray
elements, corrosion resistance, large treatment capacity,
etc., a counter-current spray tower is adopted for WFGD
as shown in Figure 1. (Neveux and Moullec 2011)
‘Counter-current’ means that the interaction between the
liquid and gas phases is achieved by upward flue gases
and downward liquid drops (Kumar and Jana 2021; Zhu
and Ba 2015; Ortiz and Vidal 2006).

In order to cope with the problems of high cost and
large floor space in traditional desulfurization towers, a
new type of small-scale desulfurization reactor in the
form of gas-liquid parallel flow is proposed by a
company. A serious wall flow problem in the new
desulfurization reactor is found in the experiment. A
large amount of liquid converges at the side walls and
then flows downward closely to the walls, which
shortens the residence time of liquid phase in the reactor
and seriously affects the mixing between gas and liquid
phases. The process of gas-liquid two-phase flow inside
the new desulfurization reactor is numerically
investigated using coupled computational fluid
dynamics-discrete particle model. In the first place, the
validity of the simulation model is verified by replicating
the flow experiments of the reactor under experimental
conditions. And it is also found that the internal filling
structure of the strip corrugated plate is the key factor
causing the wall flow problem. In this study, a new
structural form, V-shaped corrugated plate, is proposed.
The results show that the V-shaped corrugated plate can
effectively guide the motion behavior of the droplet and
alleviate the wall flow problem. Although the change of
two-phase flow pattern is favorable to explore the
possibility of the desulfurization reaction, the problem of
increasing pressure drop of the equipment also appears.
After a series of simulation studies on the application
manner and structural design of V-shaped plates, the
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overall application of 60°V-shaped corrugated plates that
can meet the equipment design requirements is obtained,
and the residence time of liquid phase in the reactor is
significantly prolonged. The results of this paper can
provide theoretical support for the development and
optimization of new desulfurization reactors.

Conclusions
The process of two-phase flow inside the new

desulfurization reactor is investigated numerically using
CFD-DPM. The numerical model is first validated
experimentally. Through CFD-DPM simulation, the
effect of the filling structure on the flow field distribution
and droplet motion behavior inside the reactor is carried
out. The filling structure that meets the design criteria is
also proposed. The following conclusions can be drawn
from this study:

(1) The reason for the formation of sidewall flow:
the droplets flow in the pores formed by the interlacing
of bar-shaped corrugated plates, in which the guide effect
of the plates on the droplets dominates. The downstream
of the trough of the corrugated plate always points to the
wall, so the droplets are conductive to flow to the
sidewall. Therefore, the droplets converge near the wall
and flow downward against the wall.

(2) The downstream of the trough of the V-shaped
corrugated plate always points to the inside of the reactor,
and its structure form can alleviate the problem of
sidewall flow. The droplets converge in the upper part
toward the middle of the reactor and then flow between
the parallel V-plates in the lower part in the form of
overturning wave crests. The change in the form of
two-phase flow and the more intense development of the
flow field facilitate the exploration of the possibility of
the desulfurization reaction to proceed.

(3) The fluid flow encounters a large flow resistance
in the lower part. By adjusting the angle of the V-plate
(controlling the ratio of the upper and lower parts), the
regulating of the pressure drop of the device can be
realized.

(4) The 60° V-shaped plate used for overall filling
structure can meet the design requirements of the
equipment, meanwhile, the significant extension of the
liquid phase residence time also has a profound impact
on the desulfurization reaction.
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Abstract
A combination study of density functional theory

(DFT) calculation and machine learning (ML) was
carried out to investigate CO2 reduction performance of
Cu-based polymetallic catalysts. Volcano-type activity
plots of CO2RR was established to discover the
highly-efficient catalysts for CO2 electroreduction. DFT
calculation shows that the crystal orientation, ratio of
Cu/M (M = Pd, Ag, Cd, Zn, Pt), and species of metal M
have significant effects on the performance of the
catalysts. Pd@Cu catalysts exhibit excellent catalytic
activity than other catalysts. The Pd@Cu catalysts with
low Cu/Pd ratio have better reduction performance for
CO. However, with the increase of Cu-Pd ratio, the
selectivity of Pd@Cu catalysts for HCOOH increases,
while the selectivity of CO decreases. In order to expand
the screening range, ML was used to exploit Cu-based
ternary metal catalysts. The results show that the group
in periodic table (G) is the most important descriptor.
The support vector regression (SVR) has superior
predictive performance. Based on the model, OsPd@Cu
shows excellent catalytic activity, the overpotential of
OsPd@Cu is predicted to be 0.397 eV, which is consist
with the result of DFT calculation.
Keywords: CO2 electroreduction; Cu-based catalysts;
Machine learning; Density functional theory; Product
selectivity

Introduction
Electrocatalytic reduction of CO2 to produce fuel

provides a promising strategy to address deleterious
consequences of global warming. Electrocatalyst has an
essential impact on the CO2 electroreduction
performance (Xiong et al., 2021). The development of
catalysts with high activity and selectivity, especially for
a single product, is a prerequisite for efficient CO2RR
conversion. Density functional theory and machine
learning are two tools for rapid screening and searching
for efficient catalysts (Xiong et al., 2022).

Computational details
All DFT calculations are performed in DMol3

package. Exchange-correlation interactions are described
by PBE functional within the generalized gradient
approximation (GGA). A conductor-like screening
model (COSMO) is used to simulate an H2O solvent
environment for all calculations.

Three different ML algorithms (support vector
regression (SVR), Back Propagation Neural Network
(BPNN), and Random forest (RF)) were used in this

work. The coefficient of determination (R2) and root
mean squared error (RMSE) of the models were
calculated to reflect the prediction accuracy of the
models, which are:
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Results and Discussion

Figure 1: Rational screening of CO2-to-CO
overpotentials of different catalysts using the developed
SVM model.

Conclusions
1. Crystal orientation, ratio of Cu/M (M = Pd, Ag,

Cd, Zn, Pt), and species of metal M have significant
effects on the performance of the catalysts.

2. Ratio of Cu/M play an important role in
selectivity of CO2 reduction.

3. The group in periodic table (G) is the most
important descriptor for CO2 reduction.
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Abstract
The effect of a threshold deterioration in the heat

transfer (DHT) was revealed at the very first experiments
on heating a thin wire probe immersed in a liquid
preliminarily compressed to supercritical pressure [1, 2].
The effect manifests itself in the form of a sharp
deviation of the thermograms towards higher
temperatures precisely in the critical (pseudo-critical)
temperature region, see fig. 1. We call this kind of
thermograms a critical transition.

Figure 1: Characteristic heating curves for pure water
under constant power mode. The pressure serves as a
parameter. Arrows show the supercritical transition
onset.

The critical transition showed a high degree of
universality. The heat transfer pattern for non-conductive
liquids of various chemical classes, including water,
turned out to be similar. In all cases, the critical transition
has the maximum amplitude with the smallest deviation
from the critical isobar (p=pc). As the pressure increases,
the amplitude of the critical transition decreases and
practically degenerates in the pressure region of 3pc for
all studied liquids.

Water is of the greatest interest for the further study.
Firstly, there is the most detailed database on
thermophysical properties for water. Secondly,
supercritical water is assumed as a heat carrier in nuclear
reactors of the 4th generation (Generation IV concepts).
This implies a systematic study of heat transfer in
supercritical water by all available methods.

A number of experiments were carried out in a wide
range of heating times, from hundreds of microseconds

to hundreds of milliseconds, up to the appearance of
gravitational convection. The pseudo-critical point was
crossed both in the heating phase and in the cooling
phase. To determine the energy characteristics, a special
experiment was carried out with the same duration of
heating the probe to a selected temperature. The pressure
value was a parameter of the experiment. By setting the
values   of the initial and final temperatures and
finding the required heating power, it is possible to
compare the values   of the energy absorbed by the
substance in a wide pressure range, including the vicinity
of the critical isobar [3, 4]. The results of these
experiments and their discussion will be presented in the
report. Note that the mentioned universality of the
supercritical heat transfer pattern on the scale of small
characteristic times and sizes was confirmed in all
variants of the experiments.

On the scale of small characteristic times and sizes,
the influence of the anomalous behavior of the heat
capacity and thermal conductivity in the vicinity of the
critical point was not detected. The physical picture of
the phenomena during the critical transition is still
unclear. Let us formulate some hypotheses capable of
explaining the heat transfer patterns observed in the
experiment.

 Small heating times prevent the establishment
of complete thermodynamic equilibrium. In addition, the
presence of a solid surface and a large temperature
gradient may "cut off" large-scale fluctuations
responsible for the anomalous behavior of properties in
the near supercritical region of parameters.

 An adiabatic scenario cannot be ruled out. A
thin hot front may be formed when the critical
temperature is reached, rapidly moving away from the
heater surface. The data available in the literature
indicate an extremely high adiabatic compressibility near
the critical point (p > pc). In particular, for water, the
Poisson adiabatic exponent has an anomalously high
value, on the order of 50.
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Abstract

This study selected lauric acid-palmitic
acid-tetradecanol (LA-PA-TD)/expanded vermiculite
(EV) as the composite amorphous phase change
aggregate, gypsum as the basic material, and silicone as
the water-resistant agent, the prepared by direct mixing
method has the water resistant performance of thermal
storage gypsum.The material
ratio,microstructure,physical properties,durability were
analyzed and characterized.Results showed that
LA-PA-TD/EV with ratio of 6:4 has good adsorption
effect, seepage stability, heat storage performance.The
gypsum with the phase change aggregate content 20%
has good cycle stability.

Figure 1: Diffusion exudation circle under mismatched
conditions: 0.5:0.5, 0.55:0.45, 0.6:0.4, 0.65:0.35, 0.7:0.3

Figure2: Heating curve of heat storage gypsum

Figure3 :Cooling curve of heat storage gypsum

Keywords: Phase change thermal storage; Amorphous
phase change materials; Building gypsum;Expanded
vermiculite
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Abstract
The spiral wound heat exchanger is widely used in

the liquid natural gas. In this paper, the condensation
flow and heat transfer characteristics of methane/ ethane/
propane (mole fraction: 0.4/ 0.3/ 0.3) mixed hydrocarbon
mediums in spiral tube are analyzed. The impacts of
operation parameters (mass flux, saturation pressure, and
vapor quality) and structural parameters (inner diameter
and helix angle) on heat transfer coefficient (hmix) and
friction pressure drop (ΔPfric) are explored. As indicated
by this paper, ΔPfric and hmix decrease with the increase in
the saturation pressure and the decrease in the mass flux.
hmix and ΔPfric decrease by 11.6% and 61.3%,
respectively, as Psat increases from 2 MPa to 4 MPa. In
addition, by comparing the accuracy of the existing heat
transfer correlations, it was found that the correlations of
Boyko, Shan and Neeraas were more accurate and could
be use as the basis of hmix. This investigation provides
support for the development of LNG.

Introduction
Liquefied natural gas (LNG) is not only an important

way of natural gas storage and transportation, but also
the main choice of ocean natural gas transportation.
Among them, the spiral wound heat exchanger (SWHE)
has attracted wide attention of scholars because of its
complex process and changeable heat transfer
mechanism.

For the condensation flow in spiral tubes, scholars
have analyzed the flow pattern mechanism[1-3],
operation characteristic[4, 5] and correlation
prediction[6-8]. However, for the analysis of the
condensation flow and heat transfer characteristics of
hydrocarbon mixed working medium in the spiral tube,
the mixture brings more complexity to the condensation
heat transfer, which still needs in-depth analysis.

Therefore, with the phase-change heat transfer (PCHT)
system as the experimental object, this paper primarily
investigates the effects arising from operating parameters
and structural parameters on the heat transfer coefficient
(hmix) and friction pressure drop (ΔPfric) of mixed
hydrocarbon medium. The mechanism of condensation
heat transfer is explored and the results can provide a
preference for the development and design of SWHE.

Experimental or Numerical Methods, etc.
The diagram of PCHT system is shown in Fig.1. In

general, the experiment system consists of three
circulations, i.e., prime circulation, first cold source
circulation and second cold source circulation.

In this paper, the semi-circle test pipe, a specially
designed double-pipe heat exchanger, is adopted to
simulate the spiral tube in SWHE. The methane/ ethane/
propane (mole fraction: 0.4/ 0.3/ 0.3) mixed hydrocarbon
mediums act as the working fluid in inner tube of test
pipe, and the coolant (isobutane) is selected as the
medium in the outer tube of the test pipe. More details
about the PCHT system have been given in our early
research[9].

Figure 1: Schematic diagram for the phase-change heat
transfer system

Fig. 2 present the structural parameters and schematic
diagram of the model. Moreover, a grid model is set
using GAMBIT software, and the specific mesh size and
independence verification are displayed in Table 1.

Figure 2: Schematic diagram of the physical model
Table 1 Structural parameters of physical model

Number Name parameters
1 Length of part 1 (m) 0.8
2 Length of part 2 (m) 0.4
3 Length of part 3 (m) 0.2
4 inner diameter (m) 0.01
5 spiral angle (°) 4
6 curvature diameter (m) 2

Equations
The root mean square error (RMSE) and the

mailto:jyq7245@sina.com


MTCUE-2022

145

determination coefficient (DC) are selected as indicators
to evaluate, and the Relative mean deviation (MRD) is
selected to observe the accuracy of the correlation.:

RMSE=( 1
n-1 i=1

n [Xpre i -Xsim i ]2� )0.5 (1)
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Results and Discussion
Fig.3 and 4 represent the variation trend of ΔPfric with

the d and M.

Figure 3: Variation of friction pressure drop with vapor
quality at different inner diameters

Fig.5 presents variation of ΔPfric with mass flux. ΔPfric
increases with the increase in M, whereas its growth rate
is decreasing. And when x is 0.5, the ΔPfric increases
from 1204 Pa·m-1 to 7764 Pa·m-1 with the M changes
from 200 kg·(m2·s)-1 to 600 kg·(m2·s)-1, increases by
6559 Pa·m-1.

Figure 4: Variation of frictional pressure drop with vapor
quality under different mass fluxes

As shown in Fig.5, the comparison results between
the correlation and the simulated value are given, and
more details are shown in Table 4.

a) Comparison of Boyko’s correlation
Figure 5: Mixed heat transfer coefficient: comparison
between correlations and simulation
Table 4: Deviations of simulated and predicted heat
transfer coefficient

correlatio
n

η30
(%)

η50
(%)

RMSE
(W/

(m2·K)
)

DC MARD
(%)

Boyko 80 90.
7

1098.6 0.5 0.2

Shah 64 86.
7

1553.8 0.4 0.2

Neeraas 73.
3

89.
3

1232.3 0.5 0.2

Thome 50.
7

78.
7

1795.6 0.3 0.2

Li 53.
3

72 1380.7 0.4 0.4

Cavallini 53.
3

82.
2

1201.6 -0.7 0.3

Akers 40 76 1468.1 -15.7 0.3

Chen 26.
7

48 2403.2 -0.05 0.6

Huang 50.
7

78.
7

1757.7 0.2 0.4

Kim 72 84 1234.3 0.3 0.3

Shulei 55.
6

73.
3

1883 0.2 0.3

Conclusions
The main conclusions are as follows:
(1) hmix and ΔPfric decrease by 11.6% and 61.3%,

respectively, as Psat increases from 2 MPa to 4 MPa.
(2) Under a high pressure and a low flow rate, hmix

will be more sensitive to the increase of x, whereas the
effect of x on the ΔPfric turns out to be more significant at
a low pressure and a high flux.

(3) By analyzing the existing correlations, the
correlations of Boyko, Shan and Neeraas are more
accurate, in which the prediction result of Boyko's
correlation is the best, and the results of η50, MARD and
DC are 90.7%, 20.3% and 0.48, respectively.
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Abstract
The discharge performance of lithium-oxygen battery

with ultrahigh theoretical capacity is not satisfactory, and
its mass transfer process is restricted by many factors
such as cathode structure and hydrophilic/hydrophobic
properties. Here, the mass transfer process at the
interface composed of hydrophobic carbon nanotubes
(CNTs) electrode, hydrophilic functionalized CNTs
electrode, and aqueous electrolyte was studied by
coarse-grain molecular dynamics (CGMD) simulation.
The mesoscopic scale simulation method enabled this
study to discuss the two-phase interface on the cathode
side in order to improve the mass transfer and diffusion
of reactants. The morphology of
hydrophobic/hydrophilic electrode in aqueous electrolyte
and the mass transfer of reactants under different
functionalization conditions were analyzed. The results
showed that hydrophobic CNTs exhibited aggregation
behavior in aqueous electrolyte, while hydrophilic
functionalized CNTs had stronger dispersion under
aqueous electrolyte conditions, which could provide
more reaction sites. The simulation results of ion and
oxygen diffusion coefficient obtained was consistent
with the microscopic simulation results and experimental
data. This study was of great significance for the analysis
of the mesoscopic morphology and mass transfer
characteristics of the oxygen electrode during the
charging and discharging process of lithium-oxygen
battery.

Introduction
The discharge capacity of lithium-oxygen batteries

largely depends on the physical and electrochemical
characteristics of the cathode material. However, the
understanding of the effect of the cathode structure on
the diffusion process of dissolved oxygen at the
two-phase interface is insufficient. CNT is the basic
cathode carbon-based material which has high
conductivity and good reduction activity. It and
hydrophilic carboxylic CNT are the main materials of the
electrode in this study. CGMD is a good choice for the
study of electrode morphology at the interface. Recently,
some researches have also confirmed that CGMD has
shown great potential in the field of electrochemistry by
virtue of its natural advantages in morphological
structure and material transport simulation.

Modeling Method
In this study, we combined the previous research to

narrow the simulation perspective at the mesoscopic
scale, and improved the model to increase the

consideration of the dipole moment of the solvent water
molecule. Also, the hollow structure of CNTs was
reduced to study the transport differences inside and
outside the tube. In the model, the coarse-grained water
molecule adopts the polarizable "three-bead" water
model1 instead of the single-bead model in the traditional
Martini model. The degree of freedom of the CNT
coarse-grained model is 1/6 of the all-atom degree of
freedom. At the same time, the physical properties of the
"six-to-one" CNT mapping beads and standard water
beads maintain a good unity (Wm=72).

Figure 1: Coarse-grained model.

Discussion
After sufficient relaxation of the system, kinetic

calculations were performed. The simulation snapshots
and particle motion trajectories showed that the CNT
cathode was in an aggregated state in an aqueous
electrolyte environment, while the functionalized CNTs
had good dispersibility. On this basis, the transport
characteristics are calculated and analyzed

Figure 2: Morphological changes of the system before
and after dynamic calculation.

Conclusions
The aggregation of hydrophobic CNTs is mainly

caused by intermolecular forces and is beneficial to the
transport of ions. However, there is a cut-off effect for
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the transport of oxygen. COOH-CNT has good
dispersion and can provide more reactive sites
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Abstract
X-ray micro-tomography (µCT) scans and a

coupled multiphase model based on computational fluid
dynamics (CFD) and discrete element method (DEM)
are used to investigate the fibre flow inside the printer
nozzle during 3D printing of short fibre reinforced
thermoplastic composites by fused filament fabrication
(FFF). Short carbon fibre T300 reinforced nylon-6
composite is selected as the printing material. X-ray CT
is performed on the raw filament, in-nozzle melted
filament, extruded printing bead and on-bed printing
bead to trace the through-process evolution of fibres and
voids for the specific nozzle used therein. Qualitative
visualisation of voids fraction and fibre orientation,
length and fraction, as well as quantitative analysis are
carried out using image processing techniques. The
results show that the orientation and volume fraction of
fibres vary with different internal geometry of the nozzle
and fibre misalignment occurs in the on-bed printing
bead because of the relative motion between the nozzle
and the print bed disturbs the flow field. Also, the fibre
length decreases slightly during the printing process due
to the collision between fibre and nozzle wall when the
melted materials pass the nozzle. Most voids are
generated when the melted filament is extruded from the
nozzle, and porosity decreases in the on-bed printing
bead. In addition, a coupled CFD-DEM is developed, in
which the collisions between fibres are considered
naturally in DEM by using the Hertz-Mindlin contact law.
Once validated against X-ray microtomography (uCT)
experimental results, a parametric study is performed
using the CFD-DEM model to investigate various fibre
lengths, fibre volume fraction and resin viscosity. It
shows that the nozzle clogging tends to occur when the
fibre length and/or the fibre volume fraction are

increased. The use of a polymer matrix with lower
viscosity can be effective to eliminate the clogging issue
when printing composites with relatively short fibres.
The fibre length is dominating when long fibres are used
and the clogging is largely independent of the viscosity
of the polymer matrix. Finally, a potential solution of
using a cone sleeve insert located above the shrinking
region to address the nozzle clogging issue is proposed
and numerically assessed.
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Abstract
Heat transfer in supercritical carbon dioxide under

conditions of near and far from the critical point were
visualized with optical interferometer. Supercritical
carbon dioxide has various potentials for engineering
applications, such as pollutant remediation. However, it
has not been revealed heat and mass transfer under
supercritical condition. This study is focused on the
evaluation of heat transfer in supercritical carbon dioxide
by the high-speed phase-shifting interferometer. As a
result, different heat transfer was observed in different
Ra number conditions.

Introduction
In applications using supercritical fluid, such as soil

remediation [1], thermal and mass diffusion is important
phenomena. However, it is still not clear how the
transient heat and mass transfer phenomena will develop
under supercritical condition. In this study, heat transfer
in supercritical carbon dioxide (scCO2) was precisely
measured by the high-speed phase-shifting
interferometer [2]. The difference of heat transfer under
conditions of near and far from the critical point was
discussed.

Experimental Methods
Schematic design of experimental system for scCO2

visualization was shown in Fig. 1. Experiment was
conducted in temperature and humidity-controlled room.
Temperature of visualization cell was controlled by
Peltier modules and controller. In this cell, one of the
side walls was made of copper and can be put certain
heat flux by Peltier modules and controller. For heat
transfer visualization, the high-speed phase-shifting
interferometer [2] was used.

In this experiment, liquid state CO2 was injected to
the buffer tank, and the temperature and pressure were
increased with rubber heater and room temperature
controlling. After temperature and pressure reached to
critical point, they injected to visualization cell. In this
study, the temperature and pressure were controlled
around 313 K, 8 MPa, and 323 K, 8 MPa, which are
called near the critical point and far critical point,
respectively. The visualization area was chosen as 1mm
and 0.5 mm.

Results and Discussion
Figure 2 shows the interference images obtained by

the interferometer. The interference fringe indicates
density variation rerated to heat transfer in scCO2. At the
steady state, the fringe pattern was denser and had more
convection effects at the near critical points comparing
with far points. The Ra number at the near critical points
was estimated 4.7×103, where temperature difference was
assumed to be 0.03 K considering the stability of
controller, and Ra reduced by shift to far points and
changing smaller visualization area.

For the low Ra condition (Fig. 2(c)), transient heat
transfer was observed after putting heat flux by heating the
wall. Furthermore, the thermal diffusivity estimated from
the transient interference fringes change was good agree
with the NIST Database.

Figure 1: Schematic design of experimental system.

Figure 2: Interference image under scCO2 (a) 313 K, 8
MPa, (b) 323 K, 8 MPa, (c) 323 K, 8 MPa at 0.5 mm
height.

Conclusions
The conclusions were written as follows.
(1) Different heat transfer phenomena were

observed in different Ra number condition.
(2) Estimated thermal diffusivity was good agree

with the NIST Database.
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Abstract
This paper systematically studies the effect of

perfluorocarbon (PFC), taking perfluorodecalin (PFDL)
as an example, into the lithium-air battery organic
electrolyte (TEGDME) on the performance of lithium-air
batteries.The electrochemical study of the lithium-air
battery doped with PFDL electrolyte was carried out by
cyclic voltammetry test, electrochemical impedance
spectroscopy test, constant-current constant-capacity
charge-discharge test, and deep charge-discharge test.
Scanning electron microscope (SEM), X-ray X-ray
diffraction analysis (XRD), Raman spectroscopy, and
Fourier transform infrared spectroscopy (FTIR) were
used to characterize the air cathode before and after
work.The results show that the lithium-air battery using
the PFDL mixed electrolyte can be cycled stably for 136
times (about 1360 h) in the air environment at a
charge-discharge current density of 100 mAhg-1. The
discharge specific capacity is increased to 4500 mAhg-1.
Due to the excellent oxygen solubility and good
hydrophobicity of PFDL, the operation of Li-air batteries
in the air is more stable, which provides a wider space
for the application of PFC in Li-air batteries.

Introduction
Wang et al. systematically studied the effect of

adding PFC to lithium-oxygen (Li-O2) battery electrolyte
on battery performance and analyzed its synergistic
effect.In order to overcome the influence of side
reactions in the air environment and realize the real
Li-air battery from the pure oxygen environment, this
study introduced a perfluorodecalin (PFDL) as an
electrolyte additive for Li-air batteries.In modern
medicine, PFDL is more suitable for artificial blood than
FTBA. At the same time, under 1 standard atmospheric
pressure, the dissolved oxygen of PFDL is second only
to FTBA, and the dissolved amount of water and other
impurity gases is much smaller than that of FTBA.As far
as we know, this paper is the first time that PFDL is
added to the electrolyte of lithium-air batteries as an
electrolyte oxygen-enhancing additive, which is PFDL;
its application and popularization in lithium-air batteries
have given a certain degree of help.

Experimental or Numerical Methods, etc.
PFDL was proportioned with 1M TEGDME-LiTFSI

in an argon-filled glove box (Super (1220/750/900))
before use. The prepared electrolyte was taken out of the
glove box and placed in an ultrasonic cleaning machine
for ultrasonic stirring for 30 min. After the electrolyte

and PFDL are mixed evenly, put it back into the glove
box for future use. To compare the effect of different
mixing ratios on battery performance, this experiment
will use five different ratios of electrolytes for control
experiments. 5-5, 8-2, 7-3, 6-4, 1-0 respectively.

Figure 1: Schematicdiagram of electrolyte containing
PFDL

Results and Discussion
The oxygen content in the electrolyte with the

addition of PFDL is increased. At the same time, the
working stability of the battery in the air environment is
improved.The results show that the lithium-air battery
using the PFDL mixed electrolyte can be cycled stably
for 136 times (about 1360 h) in the air environment at a
charge-discharge current density of 100 mAhg-1. The
discharge specific capacity is increased to 4500 mAhg-1.

Figure 2: Test chart of the oxygen content of five
electrolytes.

Conclusions
Due to the excellent oxygen solubility and good
hydrophobicity of PFDL, the operation of Li-air batteries
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in the air is more stable, which provides a wider space
for the application of PFC in Li-air batteries.
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Abstract
How to develop a general theory to describe the

granular flow in hoppers under different conditions is a
long-standing topic in particle science and technology.
Current practice is still largely based on the classical
work of Jenike. Here we report an alternative which is
based on a continuum theory for granular flow.

The theory considers the elasticity, frictional
plasticity and flow rheology of granular materials. Its
governing equations, closed by suitable constitutive
relations, can be solved by advanced finite element
model (FEM) to generate numerical solutions under
different conditions that can be reflected by material
properties and boundary conditions. The outcomes can
therefore be used to aid the design, control and
optimization of a bulk solids handling process. The
success of this Computer Aided Technology (CAT) is
verified by the facts: 1) the model can be used to
simulate the dynamics of particles in a hopper; 2) it can
reproduce the mass/funnel flow patterns proposed by
Jenike, and 3) it can well describe the ratholing
phenomena of highly cohesive particles. Moreover, the
mass flow rate predicted not only conforms with the
Beverloo equation but also agrees with the discrete
element method (DEM) simulations when the DEM
(micro) and FEM (macro) parameters are linked using a
shear cell test. By combining with the Genetic/Gradient
Decline algorithm, the CAT can generate some optimally
curved hopper shapes that can almost double the mass
discharge rate of conventional conical hopper. The so
designed hopper is confirmed by experiments. The
application to hoppers is just an example from theory to
practice. The proposed CAT is promising in solving
design and control problems associated with different
granular processes.

Introduction
The bulk solids flow in hoppers is a long-standing

topic since the theoretical work of A. Jenike. However, it
is still not easy to design a hopper that can work
effectively and durably because of the complicated flow
patterns and dynamic effects. The Computer-Aided
Technology is a modern way to industrial designs. It
usually combine the computer simulation and
optimization algorithm to search the best
geometrical/operational designs that can achieve the
maximum/minimum of a given objective. It is now
widely used in mechanical and aerospace industries, but

for complex particle systems, few such attempts have
been made. Recent years have seen remarkable progress
in the modelling methods of granular materials, which
provides reliable predictive tools to realize CAT in
granular systems. Here we report some successes
achieved recently to this end.

Theoretical model of granular flow
The granular materials were modelled by Eulerian

element in our FEM model. In consistence with our
previous work, the equations of conservation of mass,
momentum, and energy, are presented below:

Mass conservation,
��
��

+ � ∙ �� = 0 (1)

Momentum conservation,
���
��

+ � ∙ ��⊗ � = � ∙ � + �� (2)

and energy conservation,
��
��

+ � ∙ �� = � ∶ �� (3)

where refers the bulk density of granular material,
is the velocity, indicates the Cauchy stress, b is the

body force, and represents the internal energy per unit
volume. which describes the
strain rate. The constitutive model used is
Mohr-Coulomb elastoplastic model, given by

� = ���� − �tan� − � = 0
(4)

where , which is the Mises stress;

, which represents the isotropic
pressure; and is the deviatoric stress; is the
internal friction angle, which indicates the slope of the
yield surface in - stress plane; c is the cohesion
of the granular material, which is set zero in this study as
we focus on cohesion-less granular materials; is the
deviatoric polar angle defined as ,
where is an invariant measure of
deviatoric stress.

Optimization algorithm
The genetic algorithm was combined with the

gradient descent method for searching the optimal design.
The genetic algorithm is a typical heuristic algorithm
widely used in the aerodynamic shape optimization of
the airplane, wind turbine and ship hull, which plays an
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important role in those situations where the optimal
design is unknown and associated with high uncertainty,
as the heuristic algorithm has a better variability to avoid
local optima. The gradient descent method is a
gradient-based iterative optimization algorithm. Unlike
the heuristic algorithm which is computational expansive,
the gradient descent method normally converges to
optima more efficiently and precisely.

Figure 1: The algorithm used for structural optimization

Figure 2: Illustration of the design parameterization

Results and Discussion
Figure 3 shows the step-by-step evolution fromthe

initial conical shape to the final optimal shape from
GDM algorithm. It can be seen that the increase of MDR
is faster during the first few iterations, then slows down
in the subsequent stages and reaches a plateau after about
10 iterations, which clearly demonstrates the efficiency
of GDM. With the optimal shape, the MDR increases
from 63.7 kg/s to 147.7 kg/s, yielding a remarkable
131.9% increase.

Figure 3: Evolution of the hopper shape from the initial
conical shape to the final optimized shape. Values
indicate the mass discharge rate (MDR) of the hopper.

Figure 4(a) shows theMDRs obtained for the nine
different combinations of material properties. In the
original conical hopper (α = 45°), the largest MDR
occurs for low internal friction angle (20°) and large wall
friction (0.5). After optimization, the largest MDR
happens for low internal friction angle (20°) and low
wall friction (0.1). The latter seems to bemore intuitive.
It somehowsuggests that the conical hopper still presents
some mechanisms to discourage particle flow, such as
stress arch, which is related to the frictional traction at
walls. The optimized hopper provides a conforming
surface to minimize such hindering mechanisms. Indeed,
from Figure 4 (b), we can see that the effectiveness of
optimization is mainly related to the wall friction,
possibly as high as 170.7% for wall friction of 0.1 and as
low as 84.5% for wall friction of 0.5. It also varies with
the internal friction angle but the trend is fluctuating.

Figure 4: (a) Initial MDR and optimal MDR in nine
cases with different friction coefficient and internal
friction angle when the initial hopper half-angle is fixed
at 45°. (b) MDR increases in nine cases with different
friction coefficient and internal friction angle when the
initial hopper half-angle is fixed at 45°.

Conclusions
The optimization method established on FEM model

is effective to improve the hopper discharge rate; The
optimization across a wide space of parameters
illuminates both a globally and a locally optimal shape
for hopper; The optimal shape depends on the initial
hopper half-angle of conical hopper, but it is insensitive
to granular material properties
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Abstract
The drying process of sludge in the moving belt dryer

is numerically investigated using coupled computational
fluid dynamics-discrete element method (CFD-DEM),
where drying model based on reaction engineering
approach (REA). The accuracy of the continuous phase
solution is first verified via experimental data of pressure
variation in the upstream and downstream flow fields of
the unloaded (unpaved sludge) perforated tray. Then the
evaporation model is modified by the mechanistic
experimental data of sludge drying in small-scale fixed
beds. Finally, numerical simulations are conducted to
discuss the effects of key parameters on the drying
process. The results show that for the drying medium,
increasing flow rate, increasing temperature, and
decreasing moisture content are beneficial for the drying
process. The predicted sludge moisture content variation
and drying rate curves are in good agreement with the
experimental data. This model would be better applied to
the description of sludge drying process.
Keywords: Numerical simulation, Sludge drying,
CFD-DEM, Evaporation rate, Moisture content

Introduction
With the development of the national economy, the

production of sludge has increased dramatically.
Regarding sludge treatment and utilization process often
requires reduction, so it requires drying of sludge to
remove water accounted for a large proportion. Belt
sludge drying technology stands out among many
thermal drying technologies due to its low energy
consumption, low dust volume, low environmental risks.
In order to better develop and apply the technology, a
large amount of research on the sludge drying process is
also needed. Numerical simulations have many
advantages over traditional experimental methods, such
as real-time monitoring of the sludge inside the
equipment and changes in the flow field and low cost. To
the best of the authors' knowledge, there are few models
suitable for describing the sludge drying process, but
drying models based on reaction engineering methods
have been found to be widely used in many industrial
sectors, due to excellent agreement with experimental
results and fast computational speed. So, the research
focuses on the development of evaporation models
applicable to sludge drying in the framework of REA by

combining experimental data of sludge drying and
revealing the basic laws affecting sludge drying.

Numerical Method
The belt sludge drying process is considered as a

coupled gas-solid two-phase flow system, where the
drying medium is a continuous gas phase and the sludge
particles are discrete solid phases. The fluid motion is
calculated based on the locally averaged Navier-Stokes
equations, and the individual particle motion and
inter-particle contact are treated by the DEM. The
system complies with the first law of thermodynamics,
where with respect to the particles, Eq. (1), considering
only the inter-particle thermal conduction, the
convection between the gas phase and the particles and,
specifically, the latent heat of evaporation required for
the removal of moisture from the particles in Eq. (2).
Si,H2O is the moisture exchanged with the surrounding
drying medium (Chen 1996), expressed by Eq. (3).

, , j , ,/i p i i i i f i dryj
m c dT dt Q Q Q

  

   (1)

2,, fg i H Oi dryQ h S


  (2)

 
2, , ,i H O m v s vS h A P P    (3)

Results and Discussion

Figure 1: Variation of sludge moisture content,
evaporation rate and temperature with drying time.

Conclusions
1. The coupled CFD-DEM evaporation model

applicable to describe the sludge drying process is
developed.

2. It reveals the effects of drying medium velocity,
temperature and moisture content on drying results.
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Abstract
The Flow and heat transfer of supercritical carbon

dioxide in the 1000MW supercritical boiler the vertical
helically-coiled water-cooled wall tube were investigated
numerically using RNG k-ε model. The half side of the
coil was heated near the furnace, and heat flux varied
along the length of tube. The other side of the coil was
adiabatic. Heat transfer performance under half-side
heating is obtained and compared with non-uniform
heating at the same operating conditions. The influences
of buoyancy, inlet temperature, heat flux, mass flux and
secondary flow are discussed. The higher temperature
side will be biased upwards because of the buoyancy
effect when the fluid enters the turning. The heat flux has
little effect on the convective heat transfer coefficient.
When q and G are both high. the local temperature at the
inner side is obviously higher than at the outer side due
to the secondary motion, while the axial velocity
increased. The deviations of heat transfer correlations on
predicting half-side heating condition are evaluated, and
a new heat transfer correlation for supercritical carbon
dioxide in the vertical helically-coiled tube under inner
half-side heating is proposed.

Introduction
Due to their good thermodynamic, transport and

environmental properties, supercritical fluids have been
extensively studied in the last decades in refrigeration
systems, power systems, aviation and chemical industries.
One important issue is involved in all of these
applications - the flow and heat transfer of supercritical
fluids. Y.H. Fan et al. [1] concluded that the Mokry and
Gupta heat transfer correlations can predict Nu better in
the study range, while the Kim correlation performs
poorly in low gravity conditions. Buoyancy effects still
dominate in the case of non-uniform heating with high q
and G. Yuxiu Li et al. [2] concluded that the centrifugal
effect is enhanced in the semi-lateral heating mode,
which intensifies the centrifugal effect and creates a
crescent-shaped velocity profile with large velocity
gradients, replacing the stratified velocity field with
buoyancy. In addition, large velocity gradients in the
radial and axial directions lead to flow instabilities
quantified by turbulent kinetic energy and promote fluid
flow with enhanced heat transfer. Shijie Zhang et al. [3]

concluded that buoyancy and centrifugal forces have
similar effects on the spiral tube cross-section, both of
which create secondary flows and thus improve the heat

transfer efficiency. In addition, the mechanism of heat
transfer effect of buoyancy and flow acceleration is
considered, and based on this, a semi-empirical new
correlation equation is proposed by comparing the
interaction of different thermophysical properties,
buoyancy, centrifugal force and flow acceleration with
the addition of correction factors.

In this paper, we simulate the flow and heat transfer
in the water-cooled wall of a 1000 MV supercritical
tower DC boiler, and perform a three-dimensional
simulation of the spiral water-cooled wall tube with
half-side heating and half-side adiabatic heating to
analyze the physical changes of supercritical CO2 in the
tube. The model built in this paper better reflects the
actual engineering situation. The research results can
provide reference for the design of supercritical fluid
spiral tubes and bring some theoretical support for the
stable operation of supercritical boilers.

Numerical Methods
In this paper, the RNG k-epsilon turbulence model is

used to study the spiral water-cooled wall pipe from the
inlet of the cold ash hopper to the outlet of the spiral pipe
with the following parameters: As Fig. 1, the physical
model , outer diameter D=38.1 mm, inner diameter
d=24.54 mm of T23 steel inclined around the spiral pipe
ring with an inclination angle of 26.2103°, a square
width of 21.48 m in the horizontal direction, and a total
length of 136 m.

Figure 1: Physical Model

Results and Discussion

The effect of heat flux, inlet temperature and mass
flux on the heat transfer characteristics was investigated
at an operating pressure of 30.42 MPa, an inlet
temperature of 604 K and a mass flux of 2207 kg/m2s,
which is far beyond the proposed critical region and far
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from the large specific heat region. The results show that
the higher the inlet temperature, the faster the
corresponding fluid maximum temperature rise. The
density of the fluid decreases with the increase in
temperature, resulting in a faster fluid flow rate, the mass
flow rate of the low mass of the mass instead of
increasing the speed. Increase the mass flow rate can
improve heat transfer and reduce the wall temperature.
Figure 2 shows the temperature distribution of
supercritical CO2 along the tube length for different mass
flux. At this time, the mainstream is a low-density
gas-like fluid, heat transfer characteristics follow forced
convection heat transfer, so the heat flow density has
little effect on the convective heat transfer coefficient. As
the fluid absorbs heat, the temperature increases, the
density decreases, the flow rate increases, and the degree
of secondary flow becomes more intense, thus increasing
the impact on flow heat transfer. At the same time, the
special characteristics of the structure at the turn lead to
the secondary flow to the middle offset, the axial
velocity increases, resulting in enhanced convective heat
transfer at the turn, so the fluid and the inner wall
temperature at the turn is affected by this, the magnitude
of change is larger. The cooling wall spiral pipe section
selected in this paper has very little effect of buoyancy
force on its convective heat transfer, and overall, the
fluid temperature is higher near the heating test and
relatively lower away from the heating side. Finally, a
new heat transfer correlation equation is proposed
(Eq(1)).

Figure 2: Axial temperature distribution at different mass
flow rates

A new correlation:
(1)

Conclusions
In this paper, numerical investigation on flow and

heat transfer of supercritical carbon dioxide in the
vertical helically-coiled tube under inner half-side
heating condition is conducted. The influences of
buoyancy, inlet temperature, heat flux, mass flux and
secondary flow are discussed. The higher temperature
side will be biased upwards because of the buoyancy
effect when the fluid enters the turning. The heat flux has
effect on the convective heat transfer coefficient. The
deviations of heat transfer correlations on predicting
half-side heating condition are evaluated, and a new heat
transfer correlation for supercritical carbon dioxide in the
vertical helically-coiled tube under inner half-side
heating is proposed. The results of the numerical
calculation of the Nu number and the results of the
associative calculation are shown in Figure 3.

Figure 3: Comparison of Nu

References
[1] Y. H.Fan, G.H.Tang, Numerical investigation on heat

transfer of supercritical carbon dioxide in a vertical
tube under circumferentially non-uniform heating.
Applied Thermal Engineering, Vol. 138
pp.354-365(2018).

[2] Yuxiu Li, Lin Diao, Ying Chen. Numerical simulation
on heat transfer of supercritical carbon dioxide in
helical coiled channels under one-side heating.
International Journal of Thermal Sciences, Vol. 174
pp.107391(2022).

[3] Shijie Zhang , Xiaoxiao xu , Chao Liu , Yadong
Zhang , Chaobin Dang, The buoyancy force and flow
acceleration effects of supercritical Co2 on the
turbulent heat transfer characteristics in heated
vertical helically. International Journal of Heat and
Mass Transfer,Vol. 125pp.274-289(2018).

[4] S. Gupta, E. Saltanov, S.J. Mokry, I. Pioro, L. Trevani,
D, McGillivray, Developing empirical heat-transfer
correlation for supercritical CO2 flowing in vertical
bare tubes, Nucl. Eng. Des.Vol. 261
pp.116-131(2013).



MTCUE-2022

161

No.220084
Modeling and analysis of low-carbon blast furnace ironmaking

technologies
Shibo Kuang and Aibing Yu

ARC Research Hub for Computational Particle Technology, Department of Chemical and Biological Engineering, Monash
University, VIC 3800, Australia

Corresponding E-mail: shibo.kuang@monash.edu

Abstract
The steel industry is one of the biggest industries

consuming fossil fuels like coke and coal intensively.
The blast furnace (BF) ironmaking process represents
about 70% energy consumption and carbon dioxide
emission in an integrated works. Therefore, the
efficiency of BF is key to reducing the footprint of the
steel industry. In this direction, our research team has
endeavoured to explore various low-carbon ironmaking
technologies in recent years. This is done by developing
and applying a process BF model based on
computational fluid dynamics (CFD). This talk will
present an overview of such efforts made by our research
team. The development and validation of the CFD BF
process model will be introduced. Then, the application
of the model to low-carbon ironmaking technology
developments will be demonstrated. It will cover the
low-carbon ironmaking technologies based on
conventional and innovative BFs. The former focuses on
the optimization of the top and bottom BF operations,
while the latter considers mainly the development of
oxygen/hydrogen BFs.
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Abstract
Hydrogen blast furnaces (HBFs) promise to reduce

the carbon footprint substantially. However, there exists
a hydrogen usage limit in an HBF. Development of an
approach to lift such a limit represents a current focus of
HBF R&D. In this work, the simultaneous injection of
hydrogen through hearth and shaft tuyeres into a 380-m3

industrial BF is studied. This is done by a recently
developed 3D BF process model. The model is validated
under different conditions. On this basis, the effects of
shaft-injected gas flow rate on the inner states and
overall performance of HBF are analyzed. It shows that
the simultaneous hydrogen injection through hearth and
shaft tuyeres can double the coke rate reduction
compared with the case with only the hearth injection
against the base case without hydrogen injection under
the condition considered. A gas tracking method is
proposed to track different gas components for
hearth-generated and shaft-injected gases and quantify

their respective contributions to BF performance. The
results show that the iron ore reduction is dominated by
CO, followed by the hearth-injected H2, and
shaft-injected H2 is the least important contributor under
the conditions considered. Overall, the hearth-injected H2
is more helpful at improving iron ore reduction, while
the shaft-injected H2 is better at heating burden materials.
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Abstract
Liquid including molten iron and slag plays a critical

role in the blast furnace (BF) lower zone, but there still
lacks an efficient tool to investigate the effects of liquid
properties (especially liquid viscosity) and packing
properties on the BF operation. Here, the influences of
aforementioned factors on the liquid flow are simulated
in a 5000 m3 industrial-scale BF based on a recently
developed three-dimensional computational fluid
dynamics (CFD) process model. Particularly, a modified
force balance model is used to characterize the liquid
flow. The applicability of the model is verified by good
agreement between the in-site measured and simulated
global performance indicators. Then this model is
adopted to study the liquid transport phenomenon and
heat transfer characteristics under different liquid
viscosities and its relationship to the effects of packing

properties. It is found that the permeability of BF lower
part firstly improves and then deteriorates with
increasing of liquid viscosity. Also, the effects of packing
properties on the permeability in BF lower part due to
changes in liquid flow can be revealed. The proposed
work can provide an extended capability to describe the
complicated liquid flow features in BF.
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Abstract
The direct contact condensation between subcooled

water and superheated steam is a common event
encountered in many two-phase systems. However, this
phenomenon may cause damage to equipment due to the
pressure oscillation, especially at low steam mass flow
rate. A numerical model coupled with UDF was applied
to analyze the effect of main bubble and detached bubble
on pressure oscillation and heat transfer process under a
low steam mass flow rate condition. Pressure peaks were
found occurred during the detached bubble oscillation
process. The pressure curve is consistent with the heat
transfer coefficient curve variation pattern, while the
trend is opposite to the change rate of the detached
bubble radius, which indicates that the peak of the
pressure oscillation is mainly caused by the rapid
collapse due to the strong condensation of the detached
bubble.

Introduction
Direct contact condensation (DCC) has the

characteristics of high efficiency and rapid mass and heat
transfer, which is widely used in nuclear power plant,
aerospace, and waste heat utilization in industry process.
However, the pressure oscillation caused by the
condensation of bubble oscillation has a significant
impact on the safe operation of system. Many
experimental and numerical research have been
conducted to analyze the characteristics of pressure
oscillation [1,2].

In this paper, with the application of partition
algorithm, the heat transfer characteristics of detached
bubble and its relationship with pressure oscillation was
unveiled.

Numerical Methods
In this paper, the numerical simulation method was

used to study the heat transfer characteristics of steam
bubbles at low steam mass flow rate. The commercial
CFD Fluent software was used for simulation. The
volume of fluid (VOF) method and LES model were
adopted in this case.

A phase change model was compiled as a user
defined function (UDF) to simulate the condensation
process between two phases. Pressure inlet boundary
condition was applied to the inlet pipe, while pressure
outlet boundary condition was applied to the outlet. The
differential pressure between inlet and outlet was set to
approximately 2.3kPa so that a steam mass flow rate

about 30kg/(m2·s) was obtained. The water phase was
regarded as incompressible while the steam was treated
compressible.

Additionally, the partition algorithm was applied
through UDF to analyze the heat transfer characteristics
and related data of main bubble and detached bubble.
The heat transfer coefficient of bubble was defined in
this paper. And it was compared with the change rate
of the bubble radius and pressure oscillation curve.

Results and Discussion
The relation of detached bubble on pressure

oscillation and heat transfer coefficient was shown in
Fig.1. It indicated that the two pressure peaks in the
bubble period occur during detached bubble oscillation
process, and the two peaks correspond to the maximum
heat transfer coefficient and the minimum bubble radius
change rate of the detached bubble. The pressure
oscillation curve and the heat transfer coefficient curve
of the detached bubble obviously show the same change
trend, and its change law is opposite to the curve of the
radius change rate of the detached bubble. The results
show that the peak value of pressure oscillation is mainly
caused by the rapid collapse caused by the intense
condensation of detached bubbles.

The intense heat transfer between detached bubble
and water phase leads to the rapid collapse of the
detached bubble, which is manifested in the rapid
reduction of the detached bubble volume, resulting in
huge pressure fluctuation and the occurrence of pressure
peak.

Figure 1: Variation of detached bubble's heat
transfer coefficient, radius change rate and pressure with
time.

Conclusions
A numerical simulation of pressure oscillation of

steam direct contact condensation was conducted. The
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influence of detached bubble on pressure oscillation is
explored. The results show that: the peak value of
pressure oscillation is mainly caused by the rapid
collapse caused by the intense condensation of detached
bubbles.
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Abstract

Flow rate prediction for gas/oil/water flows is a
common task in the petroleum industry, which can be
used to evaluate the working status of oil field and
allocate resources reasonably. Although there has been a
lot of related research in the recent years, because of the
complexity and the variability of three-phase flow
pattern, how to measure every single phase’s flow rate
accurately is still a challenge. To solve this problem, this
paper presents a method for predicting the every single
liquid phase flow rate in the gas/oil/water flows by using
electrical resistance tomography(ERT) and
electromagnetic flow meters(EMF) dual-mobility
measurement system. The process includes analyzing the
sensors’ signal distribution characteristics to determine
the boundary of applicability of the conventional
methods, using linear models to optimize the prediction
results for the working conditions in low gas volume
fraction(GVF), using deep learning models to accurately
predict the flow rate for the working conditions in the
higher GVF. Finally the experiment shows promising
results in the testing data set.
Keyword: multiphase flow measurement, electrical
resistance tomography, electromagnetic flow meters.

Introduction

Gas/oil/water flows widely exist in the petroleum,
chemical, manufacturing and other industrial fields.
Accurately measure the flow rate of every single phase
can promote the scientific plan for oil well exploration
and optimize the production process. Currently,
depending on the degree of separation, three are three
types of measurement method, which are complete
separation, partial separation and no separation[1].
However in the practical application, subject to the
location of the oil well exploration site, as well as the
uncertainty of the temperature and pressure in the oil
well, the three-phase flow condition is complicated and
variable. The methods of complete separation or partial
separation need to separate the components of the
three-phase mixture through a separator, then measure
each phase’s flow rate by using the corresponding

single-phase flowmeter, which is inefficient and requires
a lot of human resources. In order to save costs, and
achieve real-time measurement requirements, the method
of no separation become a research focus in the recent
years[10].

Electrical resistance tomography is a kind of
electrical tomography(ET) technology that employs the
boundary voltage around the pipe to reconstruct the
conductivity distribution of the sensor cross section[5].
Research on ERT technology can be divided into the
improvement of data acquisition performance, research
on image reconstruction algorithms and broadening of
the application of ERT technology. Water-to-liquid(WLR)
ratio and GVF are two important parameters in
gas/oil/water flows. Maxwell and Begovich models have
been used to calculate GVF of horizontal and vertical
gas-water flows[2].

Electromagnetic flowmeter, based on the principle
of electromagnetic induction, is often used to measure
liquid flow rate in the water-continuous flows[6]. An
alternating-current electromagnetic flowmeter is
designed to investigate the characteristics of EMF in
two-phase flow, which is implement on searching the
effect of the bubble position and void fraction on the
measurement of flow rate[3]. A weight value theory for
EMF has been proved available to relate the flow
velocity and measured potential differences, which is
implement on the velocity profile measurement in both
single phase and multi-phase flow with non-uniform
axial velocity profiles[4].

ML algorithms have been introduced in the
measurement of gas and liquid flows rate from
differential pressure signals[7]. Principal component
analysis(PCA) is used for pre-process of signals and
independent component analysis(ICA) is used for
features extraction. In DL area, a novel network
architecture named Flow Adversarial Network(FAN) is
proposed to effectively prevent the accuracy degradation,
which shows a better performance than traditional
Convolutional neural network(CNN) algorithm or other
state-of-the art approaches in the flow rate prediction
field[8].

The impetus for this paper came from the urgent
need of industry. Started from the existing conventional
method for oil/water flows, this paper aims to use the
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ERT-EMF measurement system to achieve the accurate
measurement of oil/water phase flow rate in
gas/oil/water flows.

Experiments

The data in this paper derives from the experiments
on the semi-industrial gas/oil/water multiphase flow
facility in Graduate School at ShenZhen, Tsinghua
University. The scheme of the test facility is shown in the
figure 1.

Figure 1. Scheme of gas/oil/water flows facility
In this paper one 8-electrode ERT sensor and one

EMF are located on the horizontal pipeline. Oil and
water phases are pumped from the separator and the gas
phase will be generated from gas compressor. The
reference flow rate of every phase is decided by the
opening of the electric valves, which is transferred back
to the computer by the PLC. Gas, oil, water flows
converge in the horizontal pipeline to form the
multiphase flow. The mixture in the pipeline passes
through the ERT and EMF sensors in turn.

In this paper, the GVF is from 0 to 40%, WLR is
from 60% to 100%, liquid phase flow rate is from
3.2 �3/ℎ to 10.8 �3/ℎ . The gas/oil/water flows are
generated under 0.2Mpa pressure condition. The
temperature is around 37 degree conditions.

Method

Conventional calculation method

One conventional method to calculate the oil or water
phase flow rate by ERT-EMF measurement system is
shown in equation(1)(2)

�� = ��� × � = 3
2��+3

× � (1)

�� = (1 −���) × � = 2��
2��+3

× � (2)
Where �� is the water phase flow rate

measurements, �� is the oil phase flow rate
measurements. In equation(1)(2), the EMF measurement
is considered to be the total liquid phase flow and the
WLR calculated from Maxwell equation is considered to

be the real WLR.
Actually the conventional method can also be

implemented on the gas/oil/water flows when the
influence of non-conductive medium in the pipeline is
small enough[9]. Therefore, a key task is to find a
reasonable range where the effect of the gas phase on the
flow pattern can be ignored, thus converting the
three-phase flow problem into a two-phase flow problem
for solution.

Flowrate measurement network

In the oil-gas-water three-phase flow ERT is mainly
related to the phase content, EMF is affected by both the
flow rate and the phase content, while the liquid phase
flow rate to be experimentally determined is related to
both the phase content and the EMF, so two separate
flow prediction models can be developed �1 �2 , which
can be expressed by the ERT and EMF signal as
equation(3)(4).

������
= �1(�������� ���, �������� 1−�����, �������� 2−�����, ���) (3)
���� = �2(�������� ���, �������� 1−�����, �������� 2−�����, ���) (4)

Where the �������� ���, �������� 1−�����, �������� 2−����� are the
measurements of ERT and the ��� is the measurement
of EMF. In this paper a LSTM-CNN-FCN based flowrate
measurement network (figure 2) is implement on the
measurement of the oil/water flow rate.

Figure 2. Structure of flowrate measurement network

Result and discussions

Determination of the conventional methods’

application boundary

In order to minimize the generalization error of
conventional methods to gas/oil/water flows, it is
necessary to ensure that the sensors’ signal distribution is
as close as possible to the theoretical distribution for
those in oil/water flows. The following five key
parameters have been selected for the determination of
the boundary of the conventional method application.
For every working condition, � is the length of the
sequence (45 in this paper), � is the number of the ERT
features(8 for 1-electrode group).
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(1)��_� : The average value of the normalized voltage,
reflecting the uniformity of the flow pattern in the
pipeline. The expression of ��_� is shown in
equation(5), where ��� is the the normalized voltage of
the j-th ERT feature in the i-th second.

��_� = 1
�×� �=1

�
�=1
� ����� (5)

(2) ��_��� : The standard deviation of the normalized
voltage , reflecting the stability of the ERT and the
homogeneity of the mixture in the pipeline. The
expression of ��_��� is shown in equation(6), where ���
is the the normalized voltage of the j-th ERT feature in
the i-th second, ��� is the mean value in space of the i-th
second.

��_��� =
1
� �=1

� 1
� �=�

� (��� − ��� )2�� (6)

(3) ������ : The standard deviation of EMF signals,
reflecting the stability of the EMF and the effect of
non-conductivity medium. The expression of ������ is
shown in equation(7), where ���� is the i-th EMF
signal and ���� ���� is mean value of EMF.

������ =
1
� �=1

� (���� − ���� ���� )2� (7)

(4) ������� : The deviation of the EMF measurements
from the real liquid flow rate, reflecting the accuracy of
the liquid phase flow rate measurements from
conventional methods. The expression of ������� is
shown in equation(8) , where �� is the real liquid flow
rate, ���� ���� is mean value of EMF.

������� =
���� ���� −��

��
× 100% (8)

(5) �����_����� : The deviation of wlr measured by
conventional method from the real wlr. The expression of
�����_����� is shown in equation(13), where ���� the
calculated wlr, ������ is the real wlr.

�����_����� = ���� −������ (9)

Figure 3. The relationship between five key parameters
and GVF.

The relationship between five key parameters and
GVF is shown in figure 3. It can be seen that all of five
parameters show a tendency to increase as GVF
increases. Select a reasonable GVF for a boundary to
divide the experimental data into two parts. By analysing
the experimental data this paper select GVF=5% as a
boundary. Conditions with a gas content of <5% are
approximately considered to be oil-water two-phase flow,
and the error in calculating the flow rate using
conventional methods should be small.

Measurement of oil/water phase flow at low GVF

conditions

As a result of the above discussion, the
conventional method of calculating the flow rate of the
oil/water flows can be implement on the working
condition in GVF<5%. However, there are still some
measurement errors. For example, in figure 3, when
GVF is around 3%, EMF measurements have about 10%
error from the true flow rate. At the same time , the WLR
calculated from the normalized voltage also has about
10% error from the real WLR. In this paper, linear
regression (LR) method is implement on the calibration
of the EMF and ERT data. The training process is carried
on the 114 training data. The validation process is carried
on the 38 testing data.

(a)ERT measurements calibration (b) EMF
measurements calibration

Figure 4. The calibration of ERT and EMF
measurements under GVF<5%

The calibration result is shown in Figure 4. By
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observing figure4(b), EMF measurements are always
higher than the real liquid flow rate. One possible reason
is that with GVF increasing , the area of the liquid
passages decreases, then the gas drives the average fluid
velocity increasing, finally leads the EMF reading
increasing[11].

The modified expressions for liquid phase flow rate
prediction are shown in the equation(10)(11). The results
are shown in the Figure 5. It can been seen that under the
full range of flow rate, the accuracy of both oil and water
phase flow rate prediction have significant improvement
after calibration. As shown in the table 1, the MAE of
water flow rate prediction is 0.5050�3/ℎ and the MAE
of oil flow rate is 0.4911�3/ℎ in the testing data set.
��
' = 0.9748 ∗ ���� ���� − 0.4102 ∗ 0.1205 ∗ ��_� +

0.1181 (10)
��
' = 0.9748 ∗ ���� ���� − 0.4102 ∗ −0.1205 ∗ ��_� +

0.8819 (11)

(a)Oil flow rate prediction under GVF<5%
(b)water flow prediction under GVF<5%

Figure 5. liquid phase flow rate prediction under
GVF<5%

Table 1. liquid phase flow rate prediction under
GVF<5% from different metrics

Water
flow
rate

(MAE)

Water
flow
rate

(MSE)

Oil flow
rate

(MAE)

Oil
flow
rate

(MSE)
Conventional

method
1.1598 2.1801 1.0799 2.2413

calibration 0.5050 0.4929 0.4911 0.3953

Measurement of oil/water phase flow at high GVF

conditions

Deep learning models have significant advantages
for solving the problem such as feature extraction and
sequence prediction. When GVF>5%, the flow pattern is
more complex and the regularity of the data is not easily
captured directly. In this paper, a FMN deep learning
model is used to the flow rate prediction for the working
conditions of GVF>5%. The network’s structure is
shown in the figure 2. The input features are the EMF
and ERT measurements and the output feature is the flow
rate of the oil/water phase flow rate. The optimizer, loss
function, learning rate, max training epochs are set to
Adam, MSE loss, 5e-5, 200. Train on the 614 training
data and save the best model on 316 validation data.

Finally the results are shown in the Figure 6. It can
been seen that under the full range of flow rate, the MAE
error of both oil and water phase flow rate prediction is
within 0.5 �3/ℎ for the most working conditions. As
shown in the table 2, by using all-electrode group, the
model gains the best prediction results which MAE for
water/oil phase flow rate is 0.2307/0.3314 �3/ℎ . One
possible explanation is that the measurements from
different electrode pairs exist some correlations. More
input feature could provide more information for the
flow rate prediction.

(a) Oil flow rate prediction under GVF>5% (b)
water flow rate prediction under GVF>5%

Figure 6. liquid phase flow rate prediction under
GVF>5%

Table 2. liquid phase flow rate prediction under
GVF>5% from different input features

Input features Water Water Oil Oil



MTCUE-2022

170

flow
rate

(MAE
)

flow
rate

(MSE
)

flow
rate

(MAE
)

flow
rate

(MSE
)

EMF+1-electrode
apart

0.2568 0.155
9

0.3626 0.220
4

EMF+2-electrode
apart

0.2597 0.136
0

0.3572 0.203
6

EMF+adjacent-pai
r

0.2615 0.142
3

0.3598 0.214
4

EMF+all-electrode 0.2307 0.125
6

0.3314 0.194
7

Conclusion

This paper provides a method for predicting the
liquid phase flow rate in oil/gas/water flows based on
ERT-EMF measurement system. The core idea is to
convert a three-phase flow problem into a two-phase
flow problem. By analyzing the sensors’ data distribution,
a boundary of GVF=5% is proposed to divided the
working conditions into two parts to discuss. For
working conditions in low GVF, an appropriate
calibration strategy is used to modify the results from the
conventional method. For working conditions in higher
GVF, a deep learning method is used to the prediction of
the liquid flow rate. Finally the experiment shows
promising results in the testing data set. In the future
work we will try to migrate this method to other sensors
measurement systems.
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Abstract
The buoyancy in the inclined smooth tube will

change the flow and heat transfer in the cross section,
which results in local heat transfer enhancement or heat
transfer deterioration. The heat transfer of supercritical
water in the tube is studied by experiments and
numerical simulations. The computational fluid
dynamics (CFD) model was constructed by ANSYS
FLUENT software, the shear stress transport (SST) k-ω
model was used as the turbulent model, and the validity
of the simulation results was verified by experimental
data. The effects of operating parameters such as heat
flux and mass flux on the local heat transfer
characteristics as well as the cross-sectional heat transfer
characteristics were investigated. The results reveal that
as the mass flux increases, the heat transfer
characteristics of the fluid decreases, the inner wall
temperature decreases, and the heat transfer performance
increases. When heat flux increases, the inner wall
temperature increases, and the heat transfer coefficient
decreases. The increase in mass flux or the increase in
heat flux will weaken the influence of buoyancy effect
on the heat transfer characteristics in the cross section.
All the simulation results are in good agreement with the
experimental results.

Introduction
With the adjustment and upgrading of the energy

structure, traditional thermal power plants not only need
to provide electricity, but also need to undertake the task
of deep peak regulation. Due to the high efficiency,
supercritical boiler has become a hot spot in boiler
technology research and development, in which the
safety of water wall is very essential (Wang et al. 2018).
The heat flux from furnace to water wall is the most
important factor affecting the safe operation of the water
wall, the heat transfer deterioration (HTD) will occur
when the heat flux is high (Mokry et al. 2010). In recent
years, especially during the 13th Five-Year Plan period
of China, with the low heat flux and uniform temperature,
the supercritical circulating fluidized bed technology has
researched and developed deeply. However, there are
also many traditional coal fired boilers that has high and
nonuniform heat flux distribution (Cheng et al. 2020).
The HTD will lead to the sharp rise of the water wall
temperature and finally cause tube explosion. Therefore,
it is really necessary to study the safety and stability of
water wall under varying heat flux. Spiral tube is an
important type of supercritical boiler water wall, where

the density distribution on the cross section is not
uniform influenced by gravity. The non-uniform gravity
distribution leads to the uneven distribution of physical
properties, meanwhile, natural convection occurs
influenced by buoyancy. Finally, the interaction of forced
convection with natural convection affects the heat
transfer in the water wall, resulting in heat transfer
enhancement (HTE) or HTD (Huang et al. 2016). In
summary, it is of great significance to research the heat
transfer characteristics of supercritical water in inclined
tube under different heat flux and mass flux conditions.

Researchers have conducted extensive experimental
studies on the heat transfer characteristics of supercritical
water in inclined tubes. These studies reveal the
influence of operating parameters such as heat flux, mass
flux, and pressure on the heat transfer characteristics of
supercritical water (Cheng et al. 2020; Huang et al.
2016). When the mass flux and heat flux remain constant,
the effect of pressure on the heat transfer characteristics
is reflected in the change of the water physical properties.
Under supercritical pressure, water does not appear in
the state of gas-liquid two-phase, but there is an enthalpy
region with a significantly increasing specific heat,
which is called the large specific heat region. The larger
the specific heat, the more heat can be absorbed by the
water, so the heat transfer characteristics of the
supercritical water in the large specific heat region are
better, and the phenomenon of HTE is performed.
However, with the increase of pressure, the change of
physical properties of supercritical water slows down,
and the specific heat in the large specific heat region
decreases, which in turn leads to the weakening of HTE.
If the pressure and heat flux are fixed, when the fluid
temperature is close to the pseudo-critical value, the wall
temperature will show different laws under different
mass flux conditions. If the mass flux is high, the wall
temperature is close to the pseudo-critical value, and the
fluid in the boundary layer has high specific heat and
density, which enhances the heat transfer. In contrast,
when the mass flux is small, the wall temperature is
much higher than pseudo-critical value. The specific heat
and density of fluid are greatly reduced, which reduces
the heat transfer characteristics. The influence
mechanism of heat flux on heat transfer performance is
the same as that of mass flux, both of them affect the
boundary layer fluid then lead to the change of heat
transfer characteristic. For inclined smooth tube, the
density distribution across the cross section is uneven.
Under the influence of gravity, the light fluid with higher
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temperature at the bottom will move upward, while the
heavy fluid with lower temperature at the top will move
downward, forming natural convection. Previous work
has investigated the combined effects of pressure, mass
flux and heat flux on heat transfer. Affected by buoyancy,
the heat transfer coefficient at the top decreases and the
heat transfer coefficient at the bottom increases. When
mass flux is low or heat flux is high, the overall heat
transfer coefficient decreases and even the phenomenon
of heat transfer deterioration occurs. In order to deeply
understand the effect of natural convection on heat
transfer in the inclined smooth tube, it is important to
study the physical property distributions of supercritical
water in the cross section by numerical simulations.

Since the numerical simulation is not limited by the
experimental conditions, after the simulation results are
verified, many data that are not convenient to measure
experimentally can be obtained, which is of great
significance for in-depth understanding of the heat
transfer mechanism in the inclined tube. Generally, there
are some turbulent models (low Reynolds k-ε model,
standard k-ε model, renormalization k-ε model and SST
k-ω model) chosen for simulating the mixing convection
in the inclined smooth tube. Researchers have compared
these models extensively, and the results show that the
SST k-ω model can accurately describe the heat transfer
characteristics of supercritical water in inclined tubes.
Shen et al. have found that the reduction of fluid
turbulent kinetic energy in the turbulent region of the
boundary layer is an important reason for the
deterioration of heat transfer (Shen et al. 2017; Menter et
al. 2003; Wen and Gu 2010). However, there are
relatively few numerical studies on supercritical water
heat transfer in inclined tubes.

In order to further investigate the effect of buoyancy
on the heat transfer characteristics of supercritical water
in inclined upward tubes. The heat transfer
characteristics of the supercritical water were
investigated by experiments, meanwhile a CFD model
was established. After verifying the simulation results
with experimental results, the heat transfer
characteristics at cross-sections in the range of 800-2294
kg/m2·s mass flux and 400-520 kW/m2 heat flux were
investigated. At the same time, the heat transfer
characteristics at different cross-section parts have been
analyzed, which further reveals the mechanism of
supercritical water heat transfer in inclined smooth tube.

Experimental setup and data processing method
The experimental system is described in detail in the

previous work (Wang et al. 2018). Fig.1 shows the flow
chart of the experimental system. Fig.2 displays the
distribution of temperature and pressure measurement
points in the test section. The mass flux range of the
experiment is 800-2294kg/m2·s, the heat flux range is
409-511kW/m2, the pressure range is 27-32MPa. The
size of experimental section is Ø28×3mm, the length is
2000mm, the composition material is 1Cr18Ni9Ti. The
inclination of the test section is 25°.

Figure 1: The flow chart of inclined tube supercritical
water experimental system

Figure 2: Layout diagram of temperature and pressure
measuring points.

The thermal efficiency η of the electric heating
system in the test section is calibrated by the ratio of the
fluid enthalpy increment to the electric efficiency:
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The calculation method of the heat flux q of the inner

wall of the test section is as follows:
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The inner wall temperature is calculated using the
outer wall temperature through one-dimensional thermal
conductivity model:
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Where the out-wall temperature is the average value

of the cross section temperature of the measuring points
at each angle of the outer wall.

Heat transfer coefficient (HTC) is calculated as
follow:

ℎ = �
��−��

(4)

The uncertainty of the data refers to Reference
(Coleman and Steele 1995) and is listed in Table 1
Table 1 The uncertainty of experimental data
Parameter Unit Relative

uncertainty
Pressure MPa 0.84%
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Wall temperature ℃ 0.29%
Fluid temperature ℃ 0.14%
Mass flux kg/m2·s 1.18%
Heat flux kW/m2 6.54%
Heat transfer
coefficient

kW/m2·K 8.23%

Numerical model
According to the previous studies, SST k-ω model is

chosen for simulation. The governing equations are
displayed as follow:

Mass equation:
� �����
���

= 0 (5)
Momentum equation:
� ��������
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Energy equation:
� ����� ℎ�

���
= �

���

�
��

�ℎ�

���
+ �

���
− ���''ℎ''� ����� (7)

According to the Stokes hypothesis and Boussinesq
hypothesis, and can be simplified, and the governing
equation can eventually be simplified as follow:

Mass equation:
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Momentum equation:
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Energy equation:
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Fig.3 is a diagram of the geometric model, which is
divided into two parts. The front part is the adiabatic
section to eliminate the influence of the inlet boundary
so that the flow can reach a fully developed state, and the
latter part is the heating section to increase the heat flux
for research. Since the gravity on the inclined smooth
tube can be decomposed into the components in the axial
direction and the direction perpendicular to the axis, the
horizontal tube model is used to perform the inclination
angle of the pipe by adjusting the magnitude of the
gravity component.

Figure 3: Physical model diagram of test section

The geometric model is divided into a structured
mesh model consisting of hexahedrons by ANSYS
ICEM. Because the physical properties of the
supercritical water in the boundary layer have a great
influence on the calculation results, it should be ensured
that the grid y+ < 1. In order to ensure the calculation
accuracy and save the calculation time as much as
possible, mesh models with different mesh densities are

divided. The current work has divided three grid models
with different grid numbers: 800W, 1200W, 1600W,
1800W. The comparison results show that when the
number of grids reaches 1200W, the simulation accuracy
is almost unchanged with the increase of the number of
grids. Therefore, the 1200W grid model is selected for
subsequent simulations, it is displayed in Fig.4.

Figure 4: Grid model used in simulation

Results and Discussion
Affected by buoyancy, the flow in the inclined

smooth tube is in a mixed convection state. In addition to
forced convection in the axial direction, the fluid also
undergoes natural convection in the cross section. The
schematic diagram of the flow in the cross section is
shown in Fig.5 (Wang et al. 2018). As can be seen from
the figure, the high temperature fluid with low density at
the bottom moves along the wall to the top, and the low
temperature fluid with high density at the top moves to
the bottom through the center. This flow state will
change the uniform distribution of physical properties in
the cross section, and has a greater impact on the local
heat transfer at the top and bottom. Therefore, it is
essential to research the heat transfer characteristics
overall and locally in inclined tube by numerical
simulations.

Figure 5: Flow diagram of natural convection on cross
section of inclined smooth tube (Wang et al. 2018)
1. Validation of numerical simulation

In order to prove the validity of the simulation, the
experimental data is used to compare and verify the
simulation results. In this work, the operating conditions
with pressure of 27MPa, mass flux of 2294kg/m2·s and
heat flux of 409-511kW/m2 are selected as experimental
verification conditions. The simulation results are
verified by comparing the outer wall temperature and the
heat transfer coefficient, which is exhibited in Fig.6. By
the comparison of Fig. 6, we can find that the simulation
results are very different from the experimental results,
and there is only a certain difference in the large specific
heat area. Therefore, it can be considered that the results
of the numerical simulation meet the requirements of
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accuracy and can be used.

(a)

(b)
Figure 6: Comparison of the inner wall temperature and
HTC between simulations with experiments (a: 27Mpa,
2294kg/m2·s, 511kW/m2; b: 27Mpa, 2294kg/m2·s,
409kW/m2)

2.Influence of mass flux on heat transfer characteristic
Fig.7 shows the effect of mass flux on the heat

transfer performance of supercritical water in the
inclined upward smooth tube under 409kW/m2 and
511kW/m2 heat flux conditions, respectively. The change
of mass flux has a great influence on the heat transfer
characteristics of the cross section. With the increase of
mass flux, the temperature of the inner wall decreases
and the heat transfer coefficient increases. As the mass
flux increases, the fluid passing through the same
cross-section increases, so the cooling effect of the fluid
on the wall also increases, which ultimately reduces the
temperature of the inner wall and improves the heat
transfer efficiency.

Fig.8 displays the comparison of the inner wall
temperature and HTC between the top and bottom of
cross section. It can be seen that the heat transfer
characteristics at the bottom of the cross section is better
than top, which is caused by buoyancy effect that
improving the heat transfer characteristics at the bottom
and reducing the heat transfer characteristics at the top.
In addition, it can be seen that with the increase of mass
flux, the influence of buoyancy effect on heat transfer
performance is weakened. This is because the increase in
mass flux increases the cooling effect of the fluid, so the
buoyancy effect is relatively reduced.

(a)

(b)
Figure 7: The effect of mass flux (800-2294kg/m2s) on
the heat transfer characteristics of cross section (a:
511kW/m2, b: 409kW/m2)

Figure 8: Local heat transfer characteristics with
different mass fluxes (800-2294kg/m2·s)
3.Influence of heat flux on heat transfer characteristics

Fig.9 shows the effect of heat flux (409-511kW/m2)
on the heat transfer characteristics of the inclined upward
smooth tube under the condition with different mass
fluxes (800-2294kg/m2·s). It can be seen from the
comparison that when the mass flux range is
800-1200kg/m2·s, with the increase of heat flux, the
inner wall temperature increases, and the heat transfer
coefficient decreases. This phenomenon is in line with
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the description in the literature (Wang et al. 2018), the
reason is that the cooling capacity of the fluid is limited.
With the increase of the heat flux, a part of the heat
cannot be carried in by the water in time, then the inner
wall temperature increases, which results in a reduction
in heat transfer performance. However, when the mass
flux is 2294kg/m2·s, a different rule is presented. It can
be seen from Fig.9(c) that when the mass flux is
2294kg/m2·s, the heat flux has little effect on the wall
temperature and the heat transfer coefficients, and even
the heat transfer coefficients under the condition of
500kW/m2 are higher than that under the condition of
400kW/m2. There are two reasons for this phenomenon,
the first reason is that when the mass flux is 2294kg/m2·s,
the ability of the fluid to carry heat is much higher than
the heat flux, so the wall temperatures are similar.
Another reason is that when mass flow rate is high
enough, the flow velocity in the cross section is higher,
which enhances the strength of natural convection in the
cross section, thereby optimizing the heat transfer
performance in the cross section.

(a)

(b)

(c)
Figure 9: The effect of heat flux (409-511kW/m2) on the
heat transfer characteristics in cross section (a:
800kg/m2·s, b: 1200 kg/m2·s, c: 2294 kg/m2·s)

Fig.10 shows the effect of variable heat flux
(400-500kW/m2) on local heat transfer characteristics in
inclined smooth tube with the mass flux of 1200kg/m2·s.
As can be seen from the figure, the wall temperature at
the top cross-section is higher than bottom, and the heat
transfer coefficient of the top cross-section is lower than
that of the bottom cross-section. The reason for the
phenomenon has already been mentioned above. In
addition, it can also be found that when the heat flux
increases, the heat transfer characteristics of the top and
bottom reduce. This may be because as the heat flux
increases, the proportion of heat transferred to the top via
the buoyancy effect decreases, and thus the difference in
heat transfer between the top and the bottom decreases.

Figure 10: Local heat transfer characteristics with
different heat fluxes (400-500kW/m2)

Conclusions
In this work, the heat transfer characteristics of

supercritical water in inclined upward smooth tube are
investigated by experimental and simulation methods,
respectively. A CFD model of supercritical water heat
transfer in inclined smooth tube was established, and the
validity of the model was verified by experimental
results. The effects of heat flux and mass flux on the heat
transfer performance including the cross-sectional and
local heat transfer characteristics were studied by
numerical model. The following conclusions were
reached:
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1. The SST k-ω turbulent model can well describe the
flow state of supercritical water in the inclined smooth
tube, and its calculation results meet the requirements of
simulation accuracy.

2. As the mass flux increases, the cooling effect of the
supercritical fluid on the wall also increases, which
ultimately reduces the temperature of the inner wall and
improves the heat transfer efficiency.

3. With the increase of heat flux, the inner wall
temperature increases, and the heat transfer coefficient
decreases.

4. The increase of mass flux or the increase of heat
flux will weaken the influence of buoyancy on the heat
transfer characteristics in the cross section, so that the
heat transfer coefficient in the cross section tends to be
uniform.
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Extended Abstract

The main and upper stages of heavy launch vehicles for
space exploration are usually fueled by liquid hydrogen
and liquid oxygen. Real-time, accurate measurement of
the fuel remaining in the tank and the spatial topology of
the phase interface is very valuable for efficient
propellant management. Electrical Capacitance
Tomography (ECT) and the extension of this method in
3D space called ECVT (Electrical Capacitance Volume
Tomography) are feasible technology that can
simultaneously measure the volume and spatial
distribution of cryogenic liquids under accelerated or
gravity-free conditions (Hunt and Foster-Turner et al.
2018), which have great application potential in
propellant monitoring. The measurement of the flow
field using ECT is non-invasive amd non-contact. Figure
1 shows the schematic diagram of the ECT/ECVT
system structure. ECT/ECVT is composed of three parts:
capacitance sensor array, capacitance acquisition circuit
and sensor post-processing unit (imaging computer +
inversion algorithm).

Figure1: An ECT system
The ECT reconstruction can be divided into two parts:
forward problem, and inverse problem which is also
called image inversion. After the derivation, solution and
linearization of the forward problem, the linear equations
of capacitances and permittivity are obtained:

� = ��# 1
where � is the normalized capacitance vector, � is
normalized sensitivity matrix, and � is a normalized
permittivity distribution. The objective of the
reconstruction algorithm of ECT is to recover � from
measured capacitance vector �.
ECT inversion imaging in cryogenic fluid has more
difficulties than room temperature fluid:

1. The permittivity ratio of liquid to gas is
more than one order of magnitude smaller than that of
room-temperature fluid. This causes the inverse
problem equation is extremely ill-conditioned, and
soft field characteristics of the sensitive field have
more significant influence.

2. The capacitance sensitivity is significantly

reduced, result in that the capacitance measurement
accuracy needs to be improved by more than 1 order
of magnitude (about 10-13F) and the signal is highly
susceptible to noise interference.

3. The electrical properties of the electrode
change greatly at cryogenic condition and the
Seebeck effect will occurred due to the large
temperature span of the wire.

4. Under the condition of large temperature
difference thermal cycle, there are technical problems
such as the close match between the electrode and the
container wall.

In short, ECT/ECVT imaging of cryogenic fluids poses
greater challenges for inversion algorithms,
high-precision capacitance measurements and sensor
technology. The application of ECT/ECVT to cryogenic
fluid imaging has only recently begun to develop, and it
has roughly gone through three stages since the
capacitance method:
The first stage: Electrical Capacitance method based on
uniform field. This method constructs a uniform electric
field in the measured space to obtain the strict linear
relationship between the capacitance value and the phase
volume fraction of the flow field. However, this method
can only obtain the phase volume fraction, but not the
phase distribution due to the uniform field.
The second stage: ECT-based cryogenic fluid inversion
imaging. Some scholars in Bayreuth University and
Coventry University have developed some cryogenic
fluid ECT measurement devices, which have
preliminarily verified the feasibility at liquid nitrogen
temperature, but they have not obtained phase
distribution images. Zhang Xiaobin’s group first
obtianed inversion imaging (shown in figure2) of
cryogenic fluids using their LN2-VN2 ECT experimental
system (Zenan Tian and Tao Xia et al. 2022).

Figure2: liquid nitrogen inversion image
The third stage: ECVT-based cryogenic fluid inversion
imaging. So far, there are few results of cryogenic fluid
inversion imaging based on ECVT technology, and it is
still in the stage of theoretical research and numerical
simulation.
In conclusion, the application of ECT/ECVT in
cryogenic fluid measurement is still not mature. Despite
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initial success in ECT reconstruction, inversion problem
is highly ill-conditioned and the capacitance
measurement is difficult, resulting in severe image
artifacts and blurred interfaces in traditional inversion
algorithms. Compared with ECT, the research of ECVT
is limited to the numerical simulation stage. A set of
sensors and experimental systems for cryogenic fluid
need to be developed. Moreover, the ECVT has more
electrode and a large spatial span between electrodes,
which means that it is necessary to study the appropriate
excitation strategy.
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Abstract
A series of numerical investigations are conducted to

develop an in-depth understanding of the inherent
physical mechanism of dust lifting by shock waves.
Firstly, based on a more comprehensive consideration of
the particle force model, an improved compressible
multiphase particle-in-cell (CMP-PIC) method is
proposed. Good agreements of dust lifting height are
achieved between the numerical and experimental results,
which demonstrates the reliability of this method. Then,
the reasons for dust lifting are qualitatively and
quantitatively analyzed. The results show that during the
interaction between the shock wave and the dust layer,
there are obvious wave system evolution in the gas flow
field and particle field, resulting in different fluid forces
and particle collision forces on particles. Meanwhile, the
roles played by the forces acting on the particles in the
unsteady process of dust lifting are discussed,
particularly for the roles of collision, Magnus and
Saffman forces. Dynamic analysis of particles presents
the dominant forces in different stages of dust lifting.

Introduction
A combustible dust cloud formed in industrial

environments such as coal mining, food processing,
metal manufacturing, etc., has a high risk of explosion.
Under the action of the shock wave generated by the
primary explosion, the deposited dust will be lifted and
dispersed into the ambient air. Then, the dust cloud is
formed by the mixture of these suspended reactive
particles and the ambient air, as shown in Fig. 1. Once
the dust cloud is ignited by the shock-heated gas, the
heat release of the combustible dust cloud will lead to the
enhancement of the leading shock wave, and the
enhanced shock wave will further promote more
particles to lift from the dust layer. The positive feedback
formed by dust lifting and energy release will ultimately
result in the occurrence of a gas-dust secondary
explosion. Since dust lifting is a key step for dust cloud
formation and the occurrence of the gas-dust secondary
explosion, it is of great significance to study the dust
lifting process and intrinsic mechanism.

Figure 1: Particle lifting process by shock waves

Experimental and numerical studies of the process of
dust lifting by shock wave have been wildly carried out,
as reviewed by Fedorov (2004). Generally speaking,
most of the previous experimental studies are to
investigate the influence of various factors such as dust
layer thickness, particle size, and shock strength on the
dust lifting process, but the mechanism of dust lifting has
been little involved. Alternatively, a growing number of
numerical researches have been carried out to investigate
the mechanism of dust lifting. Even though having been
widely used in previous studies, the Eulerian-Eulerian
(E-E) approach cannot describe the particle-particle
interactions directly and is not suitable for dilute or
transition particle flows, due to treating both gas and
discrete particles as continuous phases. On the contrary,
the Eulerian-Lagrangian (E-L) approach combines the
Euler method of continuous fluid and the Lagrangian
method of discrete particles, which can describe the
motion of individual particles and the interaction
between particles accurately. Unfortunately, the E-L
approach is typically very computationally expensive.

Recently, Tian et al. (2020) developed a novel method
referred to as the compressible multiphase
particle-in-cell (CMP-PIC) method, which is an
improved E-L approach. To accurately simulate the dust
lifting process by shock waves, the Magnus and Saffman
force model is added to the CMP-PIC method in the
present study. Utilizing the improved CMP-PIC method,
numerical investigations are conducted to develop an
in-depth understanding of the inherent physical
mechanism of dust lifting by shock waves.

Numerical Methods
The governing equations of gas-phase are discretized

on the uniform Euler grid, while the particles are tracked
in the Lagrange coordinate. Regarding the study of
particle lifting by shock waves, the mechanical model of
particles is still an open-ended problem. In this paper,
various forces acting on particles, including gravity, drag
force, pressure gradient force, collision force, Magnus
and Saffman force, are considered comprehensively,
among which Magnus and Saffman force are rarely
considered in previous studies. The numerical algorithm
of governing equation is the same as that in Tian et al.
(2020).

Results and Discussion
The configuration of the calculation simulation is

similar to the previous experiment (Suzuki 1984). In the
collision model, the stiffness kn,pc= 72 10 N/m and the
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recovery coefficient epc=0.9. The constant coefficients of
Magnus force and Saffman force are Cmag=2 and Csaf=2
respectively.

Firstly, the reliability of the method is verified by
comparing the simulation results with the experimental
data. The horizontal dust cloud surface height
distribution at 0.6ms obtained by numerical simulation is
plotted and compared with experimental results in Fig. 2.
The results indicate that the present numerical results are
in good agreement with the experimental results obtained
by Suzuki (1984). Therefore, the improved CMP-PIC
method can accurately capture particle motion and
gas-particle interaction in the process of particle lifting.

The effects of Magnus and Saffman force on the
characteristics of dust lifting by shock are analyzed by
parametric study. When the incident shock wave moves
to x=300 mm, the number of particles raised from the
layer within 200 mm behind the shock wave, the average
height of particles raised and the delay distance of
particle lifting are selected as the characteristics
parameters. With kn,pc and epc fixed, the values of Cmag
and Csaf varied from 0 to 15. The results show that the
Magnus force has a significant effect on the particle
lifting process, while the Saffman force is weak, as
illustrated in Fig. 3.

Figure 2: Comparison between numerical simulation
results and experimental data.

Figure 3: The effects of Magnus and Saffman force on
dust lifting.

The waves in the flow field and particle field are
analyzed to study the reason for particle dispersion and
lifting qualitatively. Fig. 4(a) shows that under the
influence of the dust layer, the vertical incident shock
evolves into a curved shock wave and a transmitted
oblique shock. The downward moving oblique shock and
shock-induced airflow produce downward drag and
pressure gradient force on particles, which hinder the

lifting of particles. In addition, there are large vorticity
and velocity gradient on the surface of the layer, which
will produce upward Magnus and Saffman force on
particles. Driven by the oblique shock, a compression
wave is formed in the dust layer, and the motion of the
compression wave leads to a violent collision between
particles, as shown in Fig. 4(b) and (c). The compression
wave reflected from the wall will produce a great upward
collision force on the surface particles.

The particle dynamics is described in temporal and
spatial scales to quantitatively reveal the mechanism of
particle lifting. Figure 5(a) shows the history of height
and vertical acceleration of tracked surface particles
(x=100 mm) over time. Figure 5(b) is the acceleration of
particles at the edge of the dust cloud at t=0.56 ms. The
results indicate that the collision is the main factor in the
initial lifting of particles. Then, the Magnus force
dominates the further lifting after the attenuation of the
collision force. Eventually, the Magnus force is in
equilibrium with the drag so that the particles stop lifting
and are in a relatively stable state.

Conclusions
The mechanism of particle lifting by shock waves is

studied qualitatively and quantitatively. The incident
shock wave evolves into complex waves, which produce
downward pressure gradient force and drag force, as well
as upward Magnus force and Saffman force on particles.
The Magnus force has a much greater influence than the
Saffman force. Meanwhile, the reflected compression
wave in the dust layer produces a huge collision force on
the upper particles. Quantitative research shows that the
dominant force in each stage is different. The collision
force dominates the initial dispersion of particles. Then,
the Magnus force dominates. Finally, the Magnus force
and drag force maintain balance, the particles stop rising.

Figure 4: The waves in the flow field and particle field.
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Figure 5: Dynamics of particles on time and space
scales.
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Abstract
Marangoni condensation occurs during the

condensation of a binary vapor mixture of a positive
system. The pseudo-dropwise condensation mode in
Marangoni condensation is formed owing to the surface
tension gradient caused by the local temperature gradient
or concentration gradient, which has excellent heat
transfer performance. The driving force of the movement
of condensate droplets is the imbalance of the surface
tension, which is induced by the non-uniform
temperature distribution around the condensate droplets.
Applying infrared thermography to the investigation of
Marangoni condensation could not only provide more
detailed temperature distribution information but also
help to establish the relationship between the droplet
velocity and surface temperature of condensate droplets.
In this paper, the movement of condensate droplets on a
horizontal plate was experimentally investigated by
infrared thermography. The effect of vapor concentration,
impinging water temperature, and vapor velocity on the
velocity of condensate droplets was investigated, and the
relationship between the average horizontal velocity of
condensate droplets and the surface temperature gradient
was studied.

Introduction
Marangoni condensation is a non-filmwise

condensation that occurs in the condensation of some
binary mixtures of a positive system. This kind of
non-filmwise condensation is due to the surface tension
instability of condensate induced by the non-uniform
temperature distribution around the condensate droplets.

Marangoni condensation is a dynamic process that
includes the formation, growth, coalescence, and
departure of droplets. Deans et al. (Deans et al, 2001)
observed the droplet movement on a surface with a radial
surface tension gradient and found that the highest
movement velocity of the droplet was 0.1 m·s-1. Utaka
and Kamiyama (Utaka and Kamiyama, 2008)
investigated Marangoni condensation of ethanol-water
vapor mixture on a horizontal surface with temperature
gradients. They found that the movement velocity of
condensate droplets increased with the increase in the
temperature gradient. After that, Utaka and Chen (Utaka
and Chen, 2012) obtained similar results and presented a
preliminary theoretical analysis to explain the droplet
movement. Recently, Chen et al. (Chen et al, 2019)
newly discovered that the spontaneous movement of
condensate droplets could be ‘self-sustained’ even
without the presence of a bulk temperature gradient on
the condensing surface. Due to the limitations of the

research of liquid movement of the phase change
phenomena with binary mixtures, systematic and
quantitative investigations of the mechanisms of droplet
movement are not sufficient.

In this paper, the movement of condensate droplets
on a horizontal plate was experimentally investigated by
infrared thermography. The effect of vapor concentration,
impinging water temperature, and vapor velocity on the
velocity of condensate droplets was investigated, and the
relationship between the average horizontal velocity of
condensate droplets and the surface temperature gradient
was studied.

Experimental system and methods
Figure 1 shows the schematic of the experimental

system, which consisted of four closed loops: main vapor
loop, impinging cooling loop, condenser loop, and
auxiliary condenser loop. The thermal infrared imager
was installed above the condensation chamber to obtain
the surface temperature of condensate droplets and
droplet velocity.

Figure 1: Schematic diagram of the experimental system.
The surface temperature of condensate droplets

could be determined by
' 1/

obj obj refl atm
g g

1 1 1{ [ ( ) (1 )( ) ( 1)( ) ]}n n n nT T T T
  

     (1)

The average surface temperature and average
surface tension in the horizontal direction are

O O

1 1
cos

δ

n n
i i i

i ii i i
x

t t t t x
r r rt
n n


 

 

 
  (2)

O O
1 1

2 2

1 1

( ) cos ( )
δ

n n

i i i i
i i

x n n

i i
i i

r x

r r

    
  

 

 
 
 

 
(3)

The movement velocity of the condensate droplet is
2 1

2 1

x xu
t t



 (4)

Results and Discussion
Figure 2 shows the surface temperature distribution

and the definition of axis orientation. Since the
horizontal droplet velocity of condensate droplets was
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much larger than the vertical movement droplet velocity,
only the horizontal droplet velocity was investigated in
this study.

Figure 2: Surface temperature distribution of condensate
droplets.

Figure 3 shows the effect of vapor concentration on
droplet velocity. The average horizontal droplet velocity
increased firstly and then decreased with the increase in
the droplet radius. With the increase in vapor
concentration, the distribution curve of droplet velocity
moved in the direction of a smaller droplet radius.

Figure 3: Effect of vapor concentration on droplet
velocity.

Figure 4 shows the effect of impinging water
temperature on droplet velocity. It could be found that
the average horizontal droplet velocity increased first
and then decreased with the droplet radius. The average
horizontal droplet velocity decreased with the increase in
impinging water temperature. When the impinging water
temperature increased from 40 ℃ to 55 ℃, the
maximum droplet velocity decreased from 22.5 mm·s-1

to 5.1 mm·s-1.

Figure 4: Effect of impinging water temperature on
droplet velocity.

Figure 5 shows the effect of vapor velocity on the
average horizontal droplet velocity. The average
horizontal droplet velocity increased first and then
decreased with the increase in the droplet radius. The
maximum velocity decreased with the increase in vapor
velocity. When the vapor velocity increased from 1 m·s-1

to 7 m·s-1, the maximum droplet velocity decreased from
27.1 mm·s-1 to 9 mm·s-1.

Figure 5: Effect of vapor velocity on droplet velocity.
Figure 6 and Figure 7 show the variation of average

horizontal movement velocity with the average
horizontal temperature gradient and the average
horizontal surface tension gradient, respectively. The
average horizontal droplet velocity firstly increased and
then decreased with the increase in the surface
temperature gradient and the average horizontal surface
tension gradient. When the surface temperature gradient
of condensate droplets increased from 0.7 ℃·mm-1 to
1.2 ℃·mm-1, the average droplet velocity increased from
-0.9 mm·s-1 to 22.5 mm·s-1. When the surface tension
gradient of condensate droplets increased from 2.2 N·m-2

to 4.1 N·m-2, the average droplet velocity increased from
-3.4 mm·s-1 to 9.1 mm·s-1.

Figure 6: The variation of average horizontal movement
velocity with the average horizontal temperature

gradient.

Figure 7: The variation of average horizontal movement
velocity with the average horizontal surface tension.

Conclusions
The droplet movement of condensate droplets on a

horizontal plate in Marangoni condensation of
ethanol-water mixtures was investigated by infrared
thermography. The results are summarized as follows.

(1) The average horizontal droplet velocity
increased and then decreased with the increase in the
droplet radius.

(2) With the increase in vapor concentration and
vapor velocity, the distribution curve of droplet velocity
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moved in the direction of a smaller droplet radius.
(3) With the increase in surface temperature and

surface tension, the average horizontal droplet velocity
firstly increased and then decreased.
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Abstract
In this paper, the graphite felt (GF) composite

electrode modified with the conducting polymer of
tubular polypyrrole (PPy) was prepared at room
temperature with the advantages of low-energy and acid
free synthetic process for the vanadium redox flow
battery (VRFB). The electrochemical properties of the
polypyrrole-modified composite electrode (PPy-GF)
were investigated by cyclic voltammetry (CV),
electrochemical impedance analysis (EIS) and
charge-discharge cycling tests. Scanning electron
microscopy (SEM) and transmission electron
microscopy (TEM) studied the surface morphology and
size of PPy and PPy-GF. The CT tomography of the GF
electrode was performed to obtain the real structure of
the electrode to build a numerical twin model, and the
FiberGeo in the GeoDict software was used to build the
model of the composite electrode. Combining it with the
numerical simulation model, a two-dimensional model of
the VRFB based on the actual pore structure was
constructed. The porosity, specific surface area, electrical
conductivity, and permeability of the composite electrode
were calculated by simulation. In the two-dimensional
model of VRFB, the influence of the pore structure of
different composite electrodes on the V3+/V4+ and
V2+/V5+ion concentration, current density and potential
change trend is calculated more intuitively and clearly.

Introduction
The energy issue has been a worldwide concern in

recent years due to the non-renewable, the environmental
pollution and carbon emission caused by fossil fuels.
VRFB has attracted great attention due to its low cost,
flexible design, long cycle life, high stability, and
environmental friendliness. However, there is an urgent
need to design an advanced catalytic electrode of
low-energy consumption, facile preparation process, high
conductivity and high activity for vanadium redox
reaction.

In this paper, tubular PPy with high conductivity and
high catalytic activity was synthesized and modified on
GF at room temperature without acid or hazardous
chemicals.

Experiments
The GFs were immersed in the DMF suspensions

with PPy concentrations of 1, 2, 3 and 4 mg/mL for 24 h,
respectively. Then, the samples were washed with
deionized water and dried in a vacuum oven. The
corresponding composite electrodes were denoted as

PPy1-GF, PPy2-GF, PPy3-GF and PPy4-GF,
respectively.

Equations
When calculating and simulating the digital twin

model of PPy-GF composite electrode, its local
conductivity satisfies the Poisson equation.

  0  c (1)
In the formula:  - electric potential with the unit of V;

c - local conductivity with the unit of S/m.
In order to solve the problem in the calculation area

and satisfy the Poisson equation, it is necessary to
introduce boundary conditions in the simulation
calculation of the software, which basically include two
types:

(1) Dirichlet boundary condition;
(2) Neumann boundary condition.

Results and Discussion
The SEM images of PPy powder are demonstrated in

Fig. 2a and 2b. It is evident from the TEM images in Fig.
2c and 2d that the prepared samples are tubular
structures.

Figure 1: Surface morphology of PPy (a, b), and TEM
images of PPy (c, d).

Figure 2 shows the three dimensional structure
constructed with GeoDict software for a composite
electrode. By calculating porosity, specific surface area,
conductivity and permeability, the properties of
electrodes at different adsorption concentrations can be
calculated at the micro level.

mailto:1187197960@qq.com
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Figure 2: Three dimensional structure of PPy4-GF
composite electrode.

Combining the electrode numerical twin model with
the numerical simulation model, the VRFB
two-dimensional model based on actual pores was
constructed in COMSOL software. The distribution of
V3+/V4+ and V2+/V5+ ion concentration, electrolyte
potential, dissolution rate, electrode and electrolyte
current density were studied by simulating the pore
structure model. As shown in Figure 3, the distribution of
electrolyte current density in the electrode structure can
be more clearly seen through the division of pore
structure, so as to deeply analyze the current change in
the electrode. The current density near the two sides of
the membrane is the highest, and shows a decreasing
trend towards the left and right edges.

Figure 3: Distribution of electrolyte current density in a

two-dimensional VRFB model with pore structure.

Conclusions
In this study, we found that tubular polypyrrole

modified GF treated at room temperature exhibited the
best performance. The best catalyst loading was obtained
when the PPy concentration was 2 mg/mL. The test of
the porosity, conductivity and permeability of the
composite electrode is complemented by simulation. At
the same time, the effect of different composite electrode
pore structures on the concentration, potential and
current density inside the VRFB was deeply studied in
the two-dimensional pore structure model.
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Abstract
In the printed circuit heat exchanger (PCHE)

pre-cooler of SCO2 Brayton combined cycle,
supercritical flow and boiling flow are coupled as hot
fluid and cold fluid respectively to exchange heat.
However, since the sensitivity of thermophysical
properties of supercritical fluids to boundary conditions,
the unique temperature boundary conditions for phase
transition will have unknown influences on the flow and
thermal performance of SCO2. In this study, the
semicircle channel unit PCHE model with boiling
boundary conditions was established to simulate the
influences of phase transition process on SCO2. Local
information of heat transfer and flow characteristics of
SCO2 were obtained and analyzed. At last, the flow and
thermal performances of the SCO2 with boiling boundary
conditions were compared with constant heat flux
boundary conditions. The results showed that, the
junction of different temperature boundary condition
sections has the greatest influence on heat transfer
coefficient (HTC). Flowing from the overheating section
into the evaporation section will accelerate the increase
of HTC and enable HTC to its peak valve faster. And the
influences of buoyancy of two boundary conditions have
much different along the flow direction.

Introduction
Researchers have conducted a large number of

studies on SCO2 under different working conditions (Chu
et al. 2017; Zhang et al. 2019), with the development of
SCO2 Brayton cycle, new requirements are put forward
for the study of SCO2. The combined cycle is one of the
most effective ways to improve the performance of SCO2
Brayton cycle (Zhu et al. 2022). In the SCO2 Brayton
combined cycle, one section of the precooler is SCO2,
while the other end is no longer water. In the PCHE
pre-cooler of SCO2 Brayton combined cycle,
supercritical flow and boiling flow (such as organic
working medium) are coupled as hot fluid and cold fluid
respectively to exchange heat. However, since the
sensitivity of thermophysical properties of supercritical
fluids to boundary conditions, the unique temperature
boundary conditions for phase transition will have
unknown influences on the flow and thermal
performance of SCO2. However, few relevant studies
have been reported. Therefore, based on SCO2 combined
cycle in this study, the boundary conditions of numerical
simulation were determined, and numerical simulation
was carried out for PCHE to analyze the influence of
unique boiling boundary conditions on heat transfer and
flow of SCO2, compared with the normal constant heat

flow boundary conditions.

Numerical Model and Method
According to previous study (Zhu et al. 2022), the

ORC (Organic Rankine cycle) as the basic cycle of the
combined cycle has excellent thermal performance. In
this study, the working condition of R32 with better
performance in SCO2/ORC combined cycle was selected
to construct the boundary conditions, and the counter
flow heat exchanger is employed. To simplify the
numerical simulation model, the heating process of R32
is set to be in linear increase of the temperature along the
flow direction, and the temperature of evaporation
process is constant along the flow direction. The test
section was divided into three parts, corresponding to the
three processes of R32 in PCHE (heating section Lh,
evaporation section Le and overheating section Lo), as
shown in Figure 1.

Figure 1: Schematic of model and computational
domain and cross-sectional view of mesh structure.

The commercial software ANSYS FLUENT 2021
R1 based on the finite volume method is adopted to
numerically simulate the three-dimensional flow in this
study. The specific turbulence model used in this paper
uses Shear-Stress Transport (SST) k-ω for closure of
Reynolds stress.

Results and Discussion
Figure 2 shows the distribution of wall flux, HTC,

Tbulk and Twall of temperature and heat flux boundary
conditions, while Tbulk is the mass-weighted average
temperature of CO2, Twall is the temperature of inner wall
of PCHE channel. Figure 3 shows the structure of
vortices under temperature or constant heat flux
boundary condition. It can be concluded that there are
many differences between the temperature and heat flux
boundary conditions in the heat flow characteristics.
Temperature boundary conditions always reaches its
peak values of HTC and vorticity earlier than that of the
constant heat flux boundary conditions.
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Figure 2: Distribution of wall flux, HTC, Tbulk and Twall
of temperature and heat flux boundary conditions.

Figure 3: Structure of vortices under temperature or
constant heat flux boundary condition

Conclusions
Based on the conducted result, the following
achievements are highlighted:
(1) Whether temperature boundary or constant heat flux
boundary, during the cooling process of CO2, HTC
increases and reaches a peak, and then HTC decreases.
The peak value of HTC is always reached before that of
the pseudo-critical position, that is, the peak value of
HTC is reached first, and then the pseudo-critical
temperature is reached.

(2) The junction of different temperature boundary
condition sections has the greatest influence on HTC.
Flowing from the overheating section into the
evaporation section will accelerate the increase of HTC
and enable HTC to its peak valve faster.
(3) The influences of buoyancy of two boundary
conditions have much different along the flow direction.
In the evaporation section, the HTC different between
the top and bottom surfaces of temperature boundary
condition is larger than the boundary condition of
constant heat flux. But in the heated section, the HTC
different of constant heat flux boundary condition is
larger than that of the temperature boundary condition.
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Abstract
Fluidized beds are widely used in energy utilization

and chemical engineering. Accurate prediction of the
two-phase flow characteristics inside the fluidized bed is
important for the design, scale-up and optimization of
fluidized bed. In the numerical simulation of fluidized
beds, Euler -Euler method and Euler-Lagrangian method
are the two most commonly used types of methods.
However, for three-dimensional problems, the
computational resources taken up by Euler-Lagrangian
methods are enormous. Thus, this paper simulates the
flow characteristics of gas-solid flow in a
three-dimensional cylindrical bubbling bed based on the
two-fluid model (TFM), the combined computational
fluid dynamics and discrete element method
(CFD-DEM), and CFD-DEM with periodic boundary
conditions. A comprehensive comparison of the
performance compared with the TFM model, of these
three methods is conducted. The results show that the
void fraction distribution at the wall location predicted

by CFD-DEM is in better agreement the experimental
value. The results of CFD-DEM simulations with
periodic boundary conditions agree well with the
reported experimental and numerical results, which
indicates that the periodic boundary conditions are
applicable in the CFD-DEM simulations of cylindrical
fluidized beds.

Keywords： CFD-DEM; periodic boundary conditions;
fluidized bed; numerical simulation
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Abstract
Hydrocyclones are used in many industries to

separate particles by size. Optimizing hydrocyclone with
respect to geometric, material, and operational variables
is essential to achieving high and reliable separation
performance. This talk will present a cost-effective and
general method in this direction. The two-fluid model for
data generation, the artificial neural network (ANN) for
prediction, and the non-dominated sorting genetic
algorithm II (NSGA-II) for optimization are integrated
via the response surface methodology (RSM) and the
steepest ascent. This integration can guarantee ANN
prediction accuracy and improve NSGA-II optimization

results with small data sizes. This integrated model is
applied to optimize hydrocyclone geometry successfully.
The optimization result is also elucidated in terms of the
flow details inside the optimized hydrocyclone.
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Abstract
Kinetic theory of rough sphere (KTRS) is coupled

with bubble-based mesoscale drag (BSD) model to
described the motion of rough particles of Geldart A type.
The mesoscale effect on KTRS is considered by
dynamically solving BSD model, and conversely, the
roughness of particles is introduced in mesoscale solid
momentum equation with the help of total granular
temperature, which describes both translational
fluctuation and rotational fluctuation. The proposed
KTRS-BSD drag model is implemented in the simulation
of bubbling fluidized bed of fine particle. The computed
axial solid concentration with KTRS-BSD drag model
shows a better result than that with filtered drag model.
The total energy dissipation of gas-solid flow, which
plays an important role in closing the mesoscale
non-linear equations, shows a non-monotonous
dependent on tangential restitution coefficient.

Introduction
Bubbling fluidized bed plays an important role in

the field of energy and chemical engineering industry
(Zhu 2008). However, the inhomogeneous characteristic
in the bubbling fluidized bed, especially for Geldart A
type particle, makes the traditional drag model fail to
predict the bed height and solid concentration
distribution (Du 2019). In order to capture the mesoscale
structure in bubbling fluidized bed, a bubble-based
EMMS model (Shi 2011) is proposed, in which bubble is
treated as mesoscale structure. However, the roughness
of particle can introduce extra degree of freedom of
particle and affects the formation of mesoscale effect. In
this study, the KTRS is implemented into BSD model to
described the particle rotation effect on the mesoscale
structure, and the proposed model is used to simulate
bubbling fluidized of rough particles.

Numerical Methods
The simulation is conducted in the platform of

MFiX open-source code developed by National Energy
Technology Laboratory (NETL). A set of transport
equation of KTRS is incorporated in the code and BSD
model is also integrated into the computation framework.

Results and Discussion

Figure 1: Model validation.
Figure 1 gives a comparison of simulation result

given by KTRS-BSD model with that given by filter
drag model. It can be seen that although both models can
give correct trend of particle concentration distribution
along height, KTRS-BSD give a closer result to the
experiment. This may result from the complete
consideration of solid pressure in the mesoscale
equations.

Figure 2: Effect of tangential restitution on total energy
dissipation

Figure 2 shows the total energy dissipation (Ned),
which is the sum of energy consumption by drag force
and particle collisional dissipation, of gas-solid flow as a
function of solid concentration and the effect of particle
roughness on the dissipation. It can be seen that the
dissipation first increases sharply and then decreases
with the increase of particle concentration. As for the
effect of particle roughness, the total dissipation shows a
non-monotonous dependent on particle roughness.

Conclusions
The proposed KTRS-BSD model can give fairly

good prediction on the solid concentration distribution
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owning to the complete consideration of solid pressure
term in the mesoscale solid momentum equation. The
roughness of particle, which represents by tangential
restitution coefficient, affects the total energy dissipation.
This dissipation plays an important role in formulating
stability condition of mesoscale equations.
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Abstract

In this paper, a user-defined function of the mass
transfer model that could adaptively calculate relaxation
time was used to calculate the heat and mass transfer
performances with the multi-species transport model on
the shell-side of the spiral-wound heat exchangers.
Moreover, sloshing conditions are added to simulate the
liquefaction process of offshore natural gas. The results
showed that increasing the ratio of species involved in
the mass transfer could improve the heat transfer
performance; another, when the proportion of species
involved in the mass transfer remains unchanged,
increasing the gaseous mixtures could also enhance the
heat transfer performance. According to the actual
working conditions, the sloshing condition could
improve the heat transfer performance and mass transfer
rate, and sometimes the improvement was not obvious.

Introduction
Regarding the numerical calculation of multi-species

on the shell-side of the spiral-wound heat exchangers,
the current numerical simulations have not been applied
in the research extensively due to the failure to
effectively solve the problem of the relaxation time β
calibration in the Lee mass transfer model. In this paper,
a user-defined function of the mass transfer model that
could adaptively calculate the relaxation time was used,
and the multi-species transport model was verified by
Hu's (2019) experimental results. Then, by adjusting the
state and ratio of the two refrigerants, ethane and
propane, and adding sloshing sources to the momentum
equation, the multi-species heat and mass transfer on the
shell-side of the spiral-wound heat exchangers were
studied.

Model validation
Compared with Hu's experimental results, the

maximum positive deviation between the numerical
calculation and the experimental results is 13.5%, and
the maximum negative deviation is 9.5%. The simulation
of this paper has higher accuracy than Hu's (2019)
method.

Figure 1: Deviation of simulation and experiment

Results and Discussion
One of the work conditions is chosen to give an

example.
When the first species of the gas-liquid mixed

refrigerant is propane and the second species is ethane, to
study the effect of the ratio of the second species on the
heat transfer performance under sloshing conditions, a
mass transfer model with the multi-species transport
model is used. Remaining the flow rate of the
liquid-phase refrigerant steady, the mole fraction of
ethane ranges from 0% to 45%, and the mass fraction of
ethane in the gas-phase refrigerant ranges from 0% to
92%.

The results are shown in Figure 2 and Figure 3. With
the increase of the ethane mole fraction, the heat transfer
coefficient increases gradually, and the sloshing
condition relatively improves the heat transfer
performance; the sloshing improves the mass transfer
rate, and the relaxation time β increases gradually.

Figure 2: h with ethane mole fraction
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Figure 3: h with ethane mole fraction

As shown in Fig. 2, the calculation results show that
sloshing can improve the heat transfer performance.
Under different ethane mole fractions, the improvement
ratio is about 3.6% ~ 4.6%. This calculation result is the
same as the conclusion of Ren (2018). This is because,
under such working conditions, the sloshing can make
the liquid film coverage more uniform and improve the
uniformity of the liquid film coverage. Wang (2016) also
put forward a similar point of view for this conclusion.

Conclusions
The sloshing mathematical model was obtained by

derivation, and the mass transfer model with adaptive
relaxation time was performed by using a user-defined
function as the momentum source term. Compared with
the static state, the results showed that:

(1) When ethane was used as the second gas-phase
species and propane gas-liquid two-phase flow was used
as the first species, the flow rate of the liquid-phase
refrigerant remained unchanged. The relaxation time β
enhanced slowly, and the sloshing could improve the
heat transfer performance and mass transfer rate by about
3.6% ~ 4.6% with the increasing of mole fraction of
ethane.

(2) When the propane was treated as the second
liquid phase species, the first species maintained ethane
gas-liquid two-phase flow. The second species is kept
unchanged. With the increase of vapor quality x, the heat
transfer coefficient h decreases, and the relaxation time β
also decreases continuously. The performance changes

little under sloshing conditions.
(3) When the propane was taken as the second liquid

phase species, ethane gas-liquid two-phase flow was
taken as the first species. The ethane gas-phase
refrigerant remained unchanged. The heat transfer
coefficient h gradually decreased, and the relaxation time
β was also reduced with the increasing mole fraction of
propane refrigerant in the liquid phase. The sloshing
condition can slightly enhance the performance by about
0.1% ~ 0.8%.
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Abstract
As one of the most promising next-generation energy

storage devices, dual-electrolyte li-air batteries (LABs)
have attracted more and more attention. However,
battery is a complex system that requires not only the
identifcation of suitable materials, but also the
knowledge of how to assemble and manufacture all the
components together in order to obtain an optimally
working batteries. Applying preload forces to
dual-electrolyte LABs can increase the contact of
internal components and reduce the contact impedance
of each component to improve the overall performance
of the battery. In this paper, carbon nanotubes (CNTs) of
different thickness are used as cathode materials and
0-1.5 Mpa preload forces are applied on the battery. The
influence of different preload forces on the performance
of dual-electrolyte LABs was characterized by
electrochemical impedance spectroscopy test, deep
charge-discharge test and constant current and constant
volume charge-discharge test. These results show that the
applied preload forces has a very significant influence on
the performance of the battery. The performance of the
dual-electrolyte LAB reaches the best when the applied
preload force is 0.5 Mpa. This paper provides a practical
basis for the structural optimization research of
dual-electrolyte LABs.
Introduction

With the introduction of national "carbon neutrality"
& "emission peak" strategy and the exhaustion of fossil
energy, it is very necessary to develop non-pollution
energy. Dual-electrolyte LABs not only have high energy
density, but also are environmentally friendly. It is
crucial to investigate the suitability of applying the
appropriate preload force on the positive to reduce the
internal resistance, optimize the structure of the battery
anode, improve the cycle numbers and specific capacity
of dual-electrolyte LABs.

Experimental Methods
The instruments used in the test include water

purification device (Dierct@CUV, Murui (Shanghai)
Biotechnology), magnetic agitator (IKARCTIKARCTT),
infrared coating machine (MSK-2000), sealing machine
(MSK-110D), argon glove box (Super
(1220/750/900), Shanghai Micaona), LAND Test
System (CT2001A, Wuhan Blue Electric Electronics Co.,
LTD.), vacuum drying oven (DZF -- 6050AB, Lychen
Technology), electrochemical workstation (PARSTAT
4000+, Ametek Business (Shanghai)). Among them,
infrared coating machine is used to coat carbon material,
argon glove box is used to assemble the battery, blue
electricity tester and electrochemical workstation are

used to test the electrochemical performance of the
battery.

Results and Discussion
Figure 1 is the first deep discharge diagram of

dual-electrolyte LABs with CNTs as positive electrode
under different preload forces. It can be clearly seen
from the diagram that the discharge specific capacity of
the battery is 6350 mAh·g-1 when the preload force is 0.5
Mpa. The discharge specific capacity gradually decreases
when the preload forces exceeds 0.5 Mpa. The ohmic
impedance of the battery is large and the battery will stop
suddenly when it discharges when the preload forces is
less than 0.5 Mpa.

Figure 1:The deep discharge curves of the cathode
materials

Figure 2,3 and 4 are the cycle curves of
dual-electrolyte LABs with CNTs as positive electrode
under different preload forces. From the figures, we can
clearly see the following rules: the cycle performance of
the battery reaches 70 times when the preload force
reaches 0.5 Mpa. The cycle performance gradually
decreases when the preload forces exceeds 0.5 Mpa.
When the preload forces is greater than 0.5 Mpa, with
the increase of the preload forces, the porosity will
decrease and the electrolyte will decrease, which will
lead to an incomplete reaction and the number of cycles
will gradually decrease.
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Figure 2: CNTs constant volume cyclic curves with 0.5
MPa

Figure 3: CNTs constant volume cyclic curves with 1.0
MPa

Figure 4: CNTs constant volume cyclic curves with 1.5
MPa

Conclusions
In this paper, a dual-electrolyte LABs used by CNTs

as positive electrode was tested and studied by changing
the different preload forces. It is found that the
performance of dual-electrolyte LABs can be optimal by
applying 0.5 Mpa.
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Abstract
Leaf veins have the ability to efficiently transport

liquid for plants, inspired by which a leaf-vein-inspired
open microchannel (LOMC) was proposed and
subcooled flow boiling experiments at two mass fluxes
(160 and 235 kg/m2·s) were conducted to investigate the
heat transfer capacity compared to a rectangular open
microchannel (ROMC). Visualization was carried out to
observe the bubble/vapor behaviors which facilitated the
analysis of underlying heat transfer mechanisms.
Directed by the vein-like structures of LOMC, the
orientation of bubble migration exhibited center-to-sides
trend and the shapes of nucleated bubbles were irregular.
For LOMC, the required wall superheat of onset of
nucleated boiling was 3.1-5.7℃ lower than ROMC,
besides, the two-phase heat transfer coefficient was
significantly increased by 85.6-89.6% than ROMC. The
efficient evaporation of liquid and the rapid
reconstruction of the thermal boundary layers were
responsible for the enhancement of heat dissipation.

Introduction
Microchannel cooling technology has drawn

increasing attention due the splendid heat dissipation
capacity within limited area, since the pioneer study of
Tuckerman and Pease [1]. Bionic microchannels, which
inspired by nature-selected constructions from biological
systems, have been investigating recently [2-4]. Leaf
veins are the optimal channels evolved by plants for
liquid transporting, which brings enlightenments for
structural design in microchannels. In this regard, a
leaf-vein-inspired open microchannel was proposed and
a series of experiments were conducted to exploit the
flow boiling characteristics.

Experimental Methods
Symmetrical vein-like channels with the height of 0.5

mm were fabricated on a prepared open microchannel
heat sink, who obtained the channel height of 1 mm and
open gap of 0.3 mm, as shown in Figure 1.

Figure 1: Propose of LOMC.
As seen in Figure 2, microchannel heat sink was fixed

in an assembled test module with two Teflon blocks and
seven mica plates. Visualization was realized through a

Pyrex glass cover and a high-speed camera. The heat
sink was heated by nine cartridge heaters and the
temperature data were acquired by seven thermocouples.
Degassed deionized water was used as the working fluid
and the inlet temperature was set to 25℃. Two mass
fluxes (G = 160 and 235 kg/m2·s) were adopted during
the experiments. ROMC and LOMC were tested to
investigate the flow boiling characteristics and
bubble/vapor behaviors.

Figure 2: Test module.

Equations
The effective heat flux (qeff) was calculated by:

eff
eff

hs hs

Q
q

W L
 (1)

where Qeff is the effective input power, Whs and Lhs refer
to the width and length of the heat sink. The two-phase
heat transfer coefficient, htp, is computed by:

eff
tp

sat

q
h

T



(2)

Where ∆Tsat is the wall superheat of the microchannels.

Results and Discussion
As shown in Figure 3 (a), nucleated bubbles tended to

migrate along with the direction of vein-like channels, i.e.
the center-to-sides orientation. Distinguished from the
circular/oval bubble shapes of traditional rectangular
microchannels [5, 6], these bubbles exhibited irregular
shapes (Figure 3 (b)), which was conducive to the
formation of swirls and the reconstruction of thermal
boundary layers.

Figure 3: Visualizations of (a) bubbly flow, (b) nucleated
bubbles of LOMC at G = 235 kg/m2·s.
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The boiling curves and two-phase heat transfer
coefficient (htp) of ROMC and LOMC were plotted in
Figure 4. The rhombic grooves of LOMC led to
concentrated heating power to local areas and high
evaporation efficiency. Therefore, the required wall
superheats of onset of nucleated boiling (ONB) for
LOMC were 5.7℃ and 3.1℃ lower than ROMC at the
mass flux of 160 and 235 kg/m2·s, respectively.
Moreover, the average htp of LOMC was enhanced by
89.6% and 85.6% than ROMC, which was attributed to
the increasing turbulivity and rapid reshaping of thermal
boundary layers, as mentioned above. However, the htp
of LOMC declined sharply at high heat flux since the
longer period of dryout caused by higher evaporation
efficiency.

Figure 4: (a) Boiling curves and (b) two-phase heat
transfer coefficient of ROMC and LOMC at two mass

fluxes.

Conclusions
In this work, a leaf-vein-inspired open microchannel

(LOMC) were proposed to investigate the flow boiling
characteristics compared to a rectangular one. The
irregular shapes of nucleated bubbles were observed and
the center-to-sides orientation of bubble migration was
directed by vein-like structures. LOMC acquired earlier
ONB (5.7℃ and 3.1℃) and higher htp (increased by
89.6% and 85.6%) than ROMC. This study might bring
important insights to the structural design of
microchannels heat sinks.
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Abstract
Bubbling-spout fluidized beds have been widely

applied in solid fuels thermo-chemical conversion for
their high gas-solid phase contact efficiency, fast
heat-mass transfer rate, and wide biomass particle
adaptability. In this work, the effects of gas distribution
patterns on the flow-heat transfer performance in a
bubbling-spout fluidized bed were quantificationally
investigated by employing the CFD-DEM method.
Results show that the operating characteristic frequency
increases from 2-5Hz to 7Hz, and then 8Hz when the gas
distribution pattern changes from BFB to SFB, and SPB,
respectively. Particle mixing rates in the axial direction
are much stronger than that in the radial direction when
adopting the SFB or SPB gas distribution pattern.
Besides, the fastest axial particle mixing rate was
observed when the bubbling-spout fluidized bed operates
at the SFB pattern, followed by the BFB, while the
fastest radial particle mixing was observed when
operating at the BFB pattern. What’s more, the best heat
transfer performance and gas-solid contact efficiency
were achieved when the BFB gas distribution pattern
was applied, while the best inter-particle contact
efficiency was obtained when the SFB pattern was
adopted, followed by SPB. The results of this study can
provide a practical and theoretical reference for
bubbling-spout fluidized bed optimization and flow-heat
process intensification.
Keywords: bubbling-spout fluidized bed, gas

distribution pattern, flow-heat transfer performance,
CFD-DEM, numerical simulation

1. Introduction
Biomass, as renewable energy with abundant reserves,

can effectively relieve the pressure of the fossil energy
crisis and environmental pollution and achieve zero
negative carbon emissions in its efficient utilization
process. Bubbling-spout fluidized beds, as one of the
most promising biomass thermochemical conversion
reactors, have been favoured by researchers in recent
years because of their high gas-solid phase contact
efficiency, fast heat transfer rate and excellent
applicability to large biomass particles. In recent years,
though some studies of the operating parameters (the
superficial gas velocity[1-4], particle size[4-6], bed particle
mass[7], flow patterns[8], etc.), design parameters (gas
distributor type[9], guide pipe structure[10], etc.), and heat
transfer mechanism[11, 12] on the heat transfer
characteristics fluidized bed have been carried out, the
effects of gas distribution patterns on the flow-heat
transfer performance in a bubbling-spout fluidized bed

were not clarified, which needs further investigation. In
this paper, the CFD-DEM method was adopted to
quantificationally investigate the effects of gas
distribution patterns on the flow-heat transfer
performance in a bubbling-spout fluidized bed, and the
results can provide a vital theoretical reference for
bubbling-spout fluidized bed optimization, and flow-heat
processes intensification.

2. Mathematical model and simulation setup.
In this work, the CFD-DEM coupling method was

applied to simulate the flow-heat transfer processes in a
lab-scale bubbling-spout fluidized bed (as shown in
Figure 1) with the Linear Spring Dashpot soft-sphere
contact model, the particle conduction [13,14], and
particle-fluid convective[15] heat transfer models fully
incorporated.

Figure 1 Schematic diagram of gas distribution
patterns: (a) Bubbling fluidized bed (BFB); (b) Spout

fluidized bed (SFB)[16]; (c) Spouting bed (SPB).

3. Results and Discussion

3.1 Model validation

Figure 2 Comparison of simulated values with
experimental data:(a) Axial time-averaged particle flux[16]

(SFB, Usp=30m/s, Ub=1.5m/s, H=0.13m);(b)Particle bed
temperature drop curve[5] (BFB, Ug=1.2, 1.54, 1.71m/s,

m=75g).
In this work, the cold model validation was firstly

conducted based on experimental measurements of the
axial particle mass flux at a bed height of 0.13 m in a
spout fluidized bed[16], and the heat transfer model in the
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CFD-DEM simulation was validated against the
experimental measured particle bed cooling curve in a
bubbling fluidized bed[5]. As shown in Figure 2 (a) and
(b), both the simulated values are in good agreement
with the experimental values, indicating that the
CFD-DEM integrated with the heat transfer model
adopted in this paper can accurately predict the gas-solid
flow and heat transfer processes within a bubbling-spout
fluidized bed.

3.2 Particle flow and mixing behaviours

Figure 3 Particle flow and mixing behaviours at different
gas distribution patterns: (a) Pressure (H=0.01m); (b)

Lacey index[28].
In the first part, the effects of the gas distribution

patterns on the particle flow and mixing behaviours were
introduced. As shown in Figure 3 (a), the monitored gas
pressure at H=0.01m for the SPB shows relatively lower
values and smaller variations than that of BFB and SFB.
Besides, the operating characteristic frequency of the bed
increases from 2-5Hz to 7Hz, and then 8Hz, when the
gas distribution pattern change from BFB to SPB. Figure
3 (b) shows that the Lacey index in the axial direction is
much larger than that in the radial direction when
adopting the SFB or SPB gas distribution pattern instead
of BFB, indicating the particle mixing rates in the axial
direction are much stronger than that in the radial
direction. The former may result from the stronger axial
penetration ability of the spouting gas, while the latter
may cause by the sway behaviour of the fluidized gas,
which can significantly enhance the radial particle
mixing rate[8]. Besides, the bubbling-spout fluidized bed
at the SFB gas distribution pattern sees the fastest axial
particle mixing rate, followed by the BFB, excepting at
the start-up stage (t<1.5s); while the bubbling-spout
fluidized bed shows the fastest radial particle mixing rate
when it operating at BFB pattern.

3.3 Heat transfer performance
In the second part, the effects of the gas distribution

pattern on the heat transfer performance were presented.
As shown in Figure 4 (a), the particle bed cooling curve
descending rate is the largest when the bubbling-spout
fluidized bed operating at the BFB pattern, followed by
SFB and SPB, indicating the best heat transfer
performance and gas-solid contact efficiency of the BFB
pattern, which were proved by the observed higher
gas-solid convective heat transfer rate (Qfp) at the BFB
pattern, followed by the SFB and SPB (as shown in
Figure 4(d)). The descending tendency of the gas-solid
convective heat transfer rate (Qfp) mainly results from

the consistently weakened driving force of gas-solid
convective heat transfer. The particle conduction heat
transfer rates including the inter-particle contact heat
transfer rate (Qp2p) and particle-fluid-particle heat
transfer rate (Qpfp) were illustrated in Figure 4 (b) and (c),
respectively. Results show that both the Qp2p and Qpfp are
largest than that of BFB and SPB when the
bubbling-spout fluidized bed operates at the SFB pattern,
indicating the best inter-particle contact efficiency at this
gas distribution pattern, followed by SPB and BFB.

Figure 4 Heat transfer performance at different gas
distribution patterns: (a) particle bed cooling curve; (b)

Qp2p; (c) Qpfp; (d) Qfp.

4. Conclusions
In this work, the effects of gas distribution patterns on

the flow-heat transfer performance in a bubbling-spout
fluidized bed were numerically investigated by
employing the CFD-DEM method. Some conclusions are
drawn as follows:
(1) The operating characteristic frequency increases

from 2-5Hz to 7Hz, and then 8Hz, when the
bubbling-spout fluidized bed operates at BFB, SFB,
and SPB patterns, respectively.

(2) Particle mixing rates in the axial direction are
much stronger than that in the radial direction
when adopting the SFB or SPB gas distribution
pattern. Besides, the fastest axial particle mixing
rate was observed when the bubbling-spout
fluidized bed operates at the SFB pattern, followed
by the BFB, while the fastest radial particle
mixing was observed when operating at the BFB
pattern.

(3) The best heat transfer performance and gas-solid
contact efficiency were achieved when the BFB
gas distribution pattern was applied, while the best
inter-particle contact efficiency was obtained when
the SFB pattern was adopted, followed by SPB.
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Abstract
The supercritical fluid convection in porous media

has received increasing attention owing to its importance
in a wide range of nature and industrial process, such as
CO2 flooding, CO2 sequestration, and geothermal energy
recovery. Thus, there is a good cause to deeply examine
the heat and flow characteristics of supercritical fluids in
porous media. In this paper, we perform a pore-scale
numerical study on nature convection of supercritical
CO2 (S-CO2) in porous media, which are comprised of
solid obstacles located on a square cavity. A pore-scale
lattice Boltzmann (LB) model is developed based on
double distribution functions (DDF) model coupled with
conjugate heat transfer model, to characterize the
distribution of flow and temperature fields inside porous
cavity. The effects of porous coarseness and
solid-to-fluid thermal conductivity ratio on heat transfer
and flow structure are analyzed at different porous
structures, including square, circle, and random solid
obstacles. Results indicate that the porous structure and
the heat conductivity have a significant on the heat and
flow structure of S-CO2 convection. The larger porous
structure is beneficial for convection heat transfer
owning to the larger interval between obstacle cells. The
irregular porous structure is unfavorable for convection
flow.

Introduction
To examine the heat and flow characteristics of

supercritical fluids in porous media, a number of
numerical and experimental studies (Chen, 2021) have
been conducted at representative elementary volume
(REV) scale, and the basic knowledges, such as the
evolution stages of supercritical flow and heat transfer
law have been achieved. However, up to now, fewer
studies have been done to reveal the interaction
mechanism between convection and porous in pore-scale.
In addition, a better understanding of supercritical
convection and how the porous structure affects the flow
and heat transfer will be helpful in ensuring high
efficiency and security for related technology
applications. In this study, numerical simulation of
supercritical CO2 (S-CO2) convection at pore-scale has
been conducted by using lattice Boltzmann method to
clarify the effects of porous structure on heat transfer and
flow structure.

Problem Description and Numerical Method

A 2-D porous cavity with dimensions (H/L=1) is
filled with supercritical CO2. Three types of porous
media are considered in this study, which are composed
of square, circle, and random block cells, respectively.
The porosity of the medium is 0.59. In this study, the
double distribution functions (DDF) model based on
Lattice Boltzmann (LB) method, coupled with conjugate
heat transfer model, are used to solve the governing
equations, and the computational domain is divided into
200200 mesh grids.

Results and Discussion
Numerical simulations have been done for Rayleigh

number (Ra) from 105 to 107. The detailed information of
S-CO2 thermal convection in porous media, such as
temperature field, velocity fields and Nusselt number
along the walls of cavity are obtained. Figure 1 shows
the dimensionless temperature distribution for porous
cases (with square obstacle cells) and traditional
convection (without obstacle cells) at Ra = 106. It can be
observed from Fig. 1 that, in comparison with the
traditional case, the porous cases show a higher
temperature in the upper part of the cavity and lower
temperature in the lower part of the cavity.

Figure 1: Temperature field inside the cavity at Ra = 106

for the cases with (a) traditional convection, (b) 22 unit
cells, (c) 44 unit cells, and (d) 88 unit cells.

Conclusions
The main findings of work are as follows: the

porous structure has a significant on the heat and flow
structure of S-CO2 convection. The larger porous
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structure is beneficial for convection heat transfer
owning to the larger interval between the obstacle cells.
The random porous structure has suppression effects on
the convection development.
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Abstract
In this enquiry, a multi-phase flow of supercritical

CO2 and water (non-wetting and wetting phases) is
investigated in silicon micromodel with reservoir
conditions. The preserved pore-scale structure is
processed to quantify the delicate flow dynamics
associated with displacement of water by sCO2. As such,
the computational fluid dynamics is applied for flow and
thermal fields, simultaneously. Likewise literature data
based on fluorescent microscopy and microscopic
particle image velocimetry techniques are adopted for
authentication. The boundary conditions are inspected by
varying the injection conditions, and physical properties
of sCO2. As well, a micro-structural complexity of
regularly-arranged elliptic posts is addressed to fit with
experiments. The results, acquired by Lattice-Boltzmann
method showed the flow physics during the migration of
sCO2 front, the temporal evolution of individual menisci,
and the growth of fingers while displacing water in the
micropores. During the growth process, the velocity
jumps larger in magnitude than the bulk velocity were
measured in the water phase. This numerical
methodology allowed the study of distinct regimes of
sCO2 while displacing water, and to highlight the main
effects when considering mutable physical properties
rather than constant ones.

Keywords: flow dynamics; sCO2-water drainage;
micro-transport; distinct regimes; soil recovery.

Introduction
As far as the supercritical CO2 offers a promising

choice for multifaceted platforms following its seamless
employment in sensitive processes, as for soil
remediation, deposition/preparation of materials, and
nuclear reactor refrigeration (Chen, 2021), there still
exist several difficulties in understanding its natural
behavior, due to the temperature-sensitive of its physical
properties, alongside the geometric complexities of
treated samples (Pipich et al. 2021). On to note, the
physics of water drainage by sCO2 indoor a micromodel
for which, an in-depth debate had been going on for over
a decade. Referring to the latter, the corresponding
treated systems were mostly simplified designs, where
sCO2 properties and resident fluid reservoir conditions
were assumed to be partially mutable.

The recent works has approved the fact that following
such thermodynamic conditions, the miscibility of sCO2

and brine (or pure water) is much low in scale order to be
considered as immiscible fluids at the time scales of flow
(Kazemifar et al., 2016). Thus, the major governing
dimensionless parameters in such systems may arise; as
the capillary number, and the viscosity ratio (Song et al.,
2020).

However, no standard physics of such factors can be
identified as a reference to ensure the long-term stability
of sCO2 invasion; alongside its well-known rheological
and flow properties. Thence, a serious divergence
appeared for in due to the significant dissimilarities in
recorded results.

Given the scarcity of literature, thorough numerical
experiments will be carried out at a pilot device to deal
with soil remediation. The sCO2 injection will be
generated according to factual properties, and sequent to
pressure values. It is worth noting that the current
predictions are primordially original, due to large range
of sCO2 properties used, while this abstract will only
provide a few part.

Configuration of Interest

As shown in (Fig. 1), the configuration of interest
consists of a fully porous structure with micro-elliptic
posts that is filled by injected sCO2 and water. This
porous media followed a regularly-arranged approach to
highlight the silicon micromodel used in laboratory
experiments. The physical properties of sCO2 evolve in
space to follow focal evolutions as displayed in previous
works (Ragui et al., 2021). With the growth of mixed
flow regimes into the micropores, the dimensionless
Lagrangian form of mass, momentum, and energy
conservation equations is settled.

Table 1 : Matrix design parameters.
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m
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Figure 1: Design of treated micromodel. (a) Field of
view of imaging system in micromodel for data
presented; (b) regularly-arranged elliptic posts.

According to the complexity of the investigated
behavior, we rely on the high mesoscopic performance
Lattice Boltzmann (MRT-LB). Hence, and for the flow
field implementations, the 19-velocity model of 3D
Lattice D3Q19 is adopted. At this 4th isotropy order, the
propagation of particles from nodes to their neighbors
and its redistribute/relaxation in quasi-equilibrium is
carried out with accurate lattice increments. The high
mesoscopic performance of MRT-LB associated with
Immersed Boundary scheme (IB-LB) is used against the
structural complexity of treated sample and its flow
characteristic, while the color-fluid lattice Boltzmann
multiphase model is adopted to face the complex nature
of sCO2/water flow.

Results and Discussion
Based on their specific flow characteristics, the

recorded predictions are classified into three distinct
flow regimes. On to note the (i) the pre-front passage,
which is prior to the sCO2 entering the field of view (Fig.
2(a-b)); (ii) front passage, where migration of sCO2 front
and displacement of water by sCO2 are denoted in the
field of view, (Fig. 2(c)); and (iii) post-front passage, that
is denoted after the sCO2 front moves out of the field of
view, (Fig. 2(d)).

The flow deceleration in the water phase, while the
sCO2 invasion increases, can be contributed to the
resistance of capillary forces. The latter is mainly
generated with the arrival of sCO2 front and increasing in
magnitude with growth of new inter-faces.

As far as the sCO2 invasion through micropores, the
flow provided two main shapes, as the one with interface
flat (Fig. 2(c)), which is nearly transverse, and the one
with dendritic fingers (Fig. 2(d)). Both shapes define the
distinct regimes for sCO2/water displacement indoor the
micropores. This is crucial when dealing with the
confines between the stable displacement mode and the
Viscous fingering one.

It is worth noting the obtained results are mainly
stable when the field of view is chosen near to the
upper-left section, while providing stable distinct
regimes indoor the whole micromodel remains a
challenging question.

Bulk flow direction

Figure 2: Drainage experiments illustrating the unsteady
penetration of sCO2 front in measurement domain. pin =
8.0 MPa, Tin = 313 K, Vflow rate = 0.005 ml/min. (Right)
current predictions, (Left) Kazemifar Data (Kazemifar et
al., 2016).

Conclusions
The dynamics of multiphase flow of supercritical

CO2 and water in a porous micromodel were investigated.
Substantially, both micro-invasion and water phase flow
were pure functions of sCO2 invasion nature and its

Dimension Value
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physical properties for which, is should not be neglected
for field experiments. This key factor can highlight the
main route towards the control of contaminated soil
remediation.
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Abstract
The phase equilibrium process plays a crucial role in

the energy cycle of supercritical fluids. This study
focuses on the dynamic phase equilibrium process. The
transient high-precision measurement of the density field
during the phase mixing and equilibrium process is
realized by the phase-shifting interferometer based on
the pixelated-array masked method. The density
equilibrium between the liquid phase and supercritical
phase CO2 is captured and analyzed quantificationally.
The results show that a two-phase mixing layer is formed
on the interface with a large density gradient, which
gradually diffuses radially and vertically. Most fluid in
the bottom is converted to a liquid state; only the edge (x
= 0-0.6 mm and x = 3.4-4 mm) is still in the supercritical
state. The uniform density distribution is reestablished in
the middle of the cavity, which is maintained at the
supercritical state.

Introduction
Recently, supercritical CO2 utilization technology in

the energy system and extraction process has attracted
much attention (Chen 2021). Phase equilibrium
measurement and correlation have always played a
crucial role in supercritical fluid studies (da Ponte 2009).
However, in the previous, more focus was on the
measurement of the phase equilibrium point and the
determination of the equilibrium components of the
multivariate system (Deiters 2019). Few literatures have
paid attention to the dynamic process of phase
equilibrium, especially the visualization study.

Phase-shifting interferometry is an effective
quantitative measurement technique that can provide rich
flow field information. Chen et al. (2016) introduced the
application of phase-shift interferometry in heat transfer
systems in detail. Phase-shifting interference can obtain a
resolution 100 times higher than that of traditional
interferometers by reconstructing the interference
pattern.

Experimental set up
The experiment of phase equilibrium is carried out in

the laser interferometry platform in a thermostatic room.
The experiment includes three processes: acquisition of
supercritical state, phase-shifting interferometric optical
measurement, and data processing (see Figure 1). The
visualization cell is placed in the interferometry platform.
During the experiment, the CO2 in different thermal

states is injected into the cell slowly through the
high-pressure syringe pump. The laser beam passes
through the cell to interfere with the reference beam,
producing interference fringes collected by polarizing
camera.

The measurement of flow field is mainly through the
pixelated-array masked phase-shifting interferometer,
which can realize the transform of interference image
with multi-phase polarized angles through one
pixelated-array element. Detail description can be found
in previous work (Wu et al., 2021; Chen et al., 2022). It
has high temporal (0.001 s) and spatial (3.45 μm)
resolution to capture the local information of the phase
equilibrium process.

Figure 1: Schematic of the experimental setup

Data processing
The phase information is wrapped in the interference

fringes. The crucial operation is to solve for the absolute
phase and map to physical parameters. In this paper, the
absolute phase is obtained through the phase-shifting
algorithm and the phase unwrapped algorithm, which is
compiled by MATLAB. Interferometry relies on the
absolute phase difference between the two measurements
(∆ψ), which reflects the change in the physical state of
the fluid in physics. Based on the relationship between
refractive index and density ((Eq. (1), Lorentz-Lorenz
relation (Born and Wolf, 2013)), the phase difference can
be converted into a density distribution (Eq. (2)).
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Results and Discussion
In the experiment, the density equilibrium process

between the liquid CO2 (Tinj = 28℃, pinj = 7.5 MPa) and
supercritical CO2 (Tenv = 32℃, penv = 7.4 MPa) is
measured. The interference images of four-phase
polarized angles (0, π/2, π, 3π/2) are collected by a CCD
camera at the acquisition frequency of 40 fps and
processed by the developed image processing
technology.

The dense liquid is injected into the supercritical
environment through a micro-nozzle, and it does not
immediately convert to a supercritical state but maintains
a liquid inner core. A two-phase mixing layer is formed
on the interface, which gradually diffuses radially and
vertically.

(a) Wrapped phase map

(b) Evolution of density field
Figure 2: The phase equilibrium process represented by
density field. (a) Wrapped phase map; (b) Evolution of
density field. Tinj = 28℃, pinj = 7.5 MPa; Tenv = 32℃, penv
= 7.4 MPa.

Figure 3 shows the local density variations (y = 1 mm
and y = 4 mm) at different axial locations. The pressure
quickly reaches equilibrium, which reduces to 7.472
MPa. In this case, the region of the supercritical state is p
= 7.472 MPa, T ≥ 30.98 ℃, corresponding to the limit
density of 607.48 kg/m3. In Fig. 3 (a), A small amount of
liquid core appears at the bottom initially (t = 0.100 s).
Then an overall increase of density in the bottom appears
since more liquid is introduced to the chamber and
diffuses radially. Most fluid in the bottom is converted to
a liquid state; only the edge (x = 0-0.6 mm and x = 3.4-4
mm) is still in the supercritical state. The density
equilibrium in the middle of the chamber is shown in Fig.
3 (b). At t = 0.100 s, the density distribution in the
middle of the chamber is uniform and filled with
low-density supercritical fluid. The dense liquid diffuses
upward from the bottom (t = 0.200 s), forming a large
density gradient (6.7×104 kg/m4) on both sides of the

interface. At t = 0.350 s, the diffusion in the vertical
direction slows down. Instead, the density equilibrium is
dominated by radial diffusion, manifested by a decrease
in the density peak (near the location of x = 2 mm) and
an increase in fluid density on both sides of the interface,
with the gradient decreased to 3.9 × 104 kg/m4. Finally,
the uniform density distribution is reached, which is
maintained at the supercritical state.

(a) The local density at y = 1 mm

(b) The local density at y = 4 mm
Figure 3: The density variations in the chamber at
different location. (a) The local density at y = 1 mm; (b)
The local density at y = 4 mm.

Conclusions
In this paper, an improved phase-shifting

interferometer based on the pixelated-array masked
method is used to study transient density field of the
phase mixing process. The dynamic process of density
equilibrium between liquid and supercritical is
investigated. The results show that a two-phase mixing
layer is formed on the interface, which gradually diffuses
radially and vertically. Most fluid in the bottom is
converted to a liquid state; only the edge (x = 0-0.6 mm
and x = 3.4-4 mm) is still in the supercritical state. The
uniform density distribution is reestablished in the
middle of the cavity, which is maintained at the
supercritical state.
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Abstract
Near-critical carbon dioxide is considered to help

increase the efficiency and improve compactness for the
baryton cycles. The flow dynamics and heat transfer
would be critical for the upgrading of the system.
Although the unique supercritical heat transfer
mechanism has attracted abundant attention, the analysis
of mechanisms is still lacked for near-critical region.
Here, a pixelated phase-shifting interferometry
measurement of transient near-critical boundary heat
transfer behaviors in two near-critical conditions has
been performed on carbon dioxide. The visualization
results of temperature and followed quantitative analysis
show that (1) Supercritical thermal boundary develops
more evenly compared to that in subcritical conditions;
(2) A fluctuation phenomenon is observed in
supercritical cases, quantitative analysis of Nusselt
number convinced its effect on the overall heat transfer
behavior and field evolution.

Introduction
The heat transfer behavior of supercritical carbon

dioxide plays an important role in its applications in
power generation cycles, aerospace engineering,
materials synthesis, soil remediation and other fields
(Chen 2021). Meanwhile, the dramatic changes in
physical properties and transport coefficients lead to the
chaotic behaviors, which has not been clearly learned
and explained. In this research, a pixelated phase-shifting
interferometry measurement of transient near-critical
boundary heat transfer has been performed. The variation
of density and temperature in the visualization cell
triggered by the heating is captured by a Mach-Zehnder
type pixelated phase-shifting interferometer. After a
series of laser diagnostic process, the obtained phase
difference data can be transferred to the detailed
visualized density and temperature fields, which enable
the further quantitative analysis.

Methodology
The experiment system generally consists of three

parts: support section, data acquisition section and data
process section. The support section collects liquified
CO2 from the cylinder and transport to the visualization
cell after re-gasify; the data acquisition section mainly
consists of a visualization cell and a pixelated
phase-shifting interferometer (similar interferometer can

be referred to the paper of Wu et al., 2021), the variation
in the visualization cell can be recorded in
interferograms in this section; The data process section
performs a series of laser diagnostic process on the
received interferograms to provide the detail temperature
field information.

In order to provide detailed transient temperature
field, a series of laser diagnostic process has been
performed. Firstly, the phase-difference data is extracted
from the raw interferograms, then the obtained
phase-difference data will be transferred to density field
data. Secondly, considering the relatively small variation
in pressure, the temperature can be calculated with
constant pressure assumption.

Figure 1: Schematic diagram of sCO2 flow control and
measurement system.

Results and Discussion
For the cases under subcritical conditions (initially p

= 7.02 MPa, T = 32.0 ℃, see Fig. 2), the input heat is
limited in a narrowed region. The high temperature
region mainly develops along the horizontal direction,
indicating a heat transfer slow-down to the bulk fluid
region. While for the supercritical conditions (initially p
= 7.55 MPa, T = 34.0 ℃, see in Fig. 3), the heat transfer
process show a more even distribution of temperature in
horizontal direction.

During t = 0.16 s and t = 0.20 s, a temperature
fluctuation phenomenon is observed in supercritical
cases, the high temperature region seems to shrink
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despite the input heat. This phenomenon can be possibly
explained by supercritical expansion perturbation.

(a) p = 7.02 MPa, T = 32.0 ℃, q = 2.27 × 104 W/m2

(b) p = 7.02 MPa, T = 32.0 ℃, q = 4.27 × 104 W/m2

Figure 2. Temperature distributions of subcritical CO2
under bottom heating condition. T = 32.0 ℃, p = 7.02
MPa, (a) q = 2.27 × 104 W/m2; (b) q = 4.27 × 104 W/m2.

(a) p = 7.55 MPa, T = 34.0 ℃, q = 2.27 × 104 W/m2

(b) p = 7.55 MPa, T = 34.0 ℃, q = 4.27 × 104 W/m2

Figure 3. Temperature distributions of supercritical CO2
under bottom heating condition. T = 32.0 ℃, p = 7.02
MPa, (a) q = 2.27 × 104 W/m2; (b) q = 4.27 × 104 W/m2.

(a) T = 32.0 ℃, p = 7.02 MPa

(b) T = 34.0 ℃, p = 7.55 MPa

Figure 4. Variation of Nusselt number with heat under
bottom heating condition. (a) T = 32.0 ℃, p = 7.02 MPa,
(b) T = 34.0 ℃, p = 7.55 MPa.

For a better illustration of the temperature fluctuation,
quantitative analysis of Nusselt number are performed.
Comparing the Fig. 4(a) and Fig. 4(b), it can be found
that the variation of Nusselt number show different
trends in subcritical and supercritical conditions. The
Nusselt number keeps increasing with the increase of
heat flux in subcritical cases. Whereas, the Nusselt
number at t = 0.16, t = 0.18 and t = 0.20 reflect an
abnormal decrease, which coincides with the observed
temperature fluctuation phenomenon.

Conclusions
A precise transient pixelated-array masked

phase-shifting interferometry measurement has been
carried out for the near-critical boundary heat transfer
behaviors. Following conclusions are obtained:

(1) Supercritical thermal boundary develops more evenly
compared to that in subcritical conditions;

(2) A fluctuation phenomenon is observed in
supercritical cases, quantitative analysis of Nusselt
number convinced its effect on the overall heat transfer
behavior and field evolution.
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Abstract
Use of different types of micro-fins and structures on

the surface is a very popular approach taken for boiling
heat transfer performance enhancement. Relevant
experimental literatures focusing on this topic lack
comprehensive understanding of the fundamental
physical mechanisms due to the inadequacies in
visualization and measurement techniques. A lattice
Boltzmann method has been developed to study the heat
transfer behaviors in a micro-scale viewpoint, which
gives robust structure comparisons here.

Introduction
Pseudopotential based thermal multiphase lattice

Boltzmann method has become very popular recently
due to its ability to capture the intricate physics from the
early nucleation stage to final departure stage thoroughly
(Liang et al. 2019). Surfaces protruded with different
types of fins are considered to analyze the boiling heat
transfer performance in this work using LBM
(Mukherjee et al., 2021).

Numerical Model and Methods
Figure 1(a) presents the schematic diagram of the

problem, where a rectangular domain with finned bottom
surface (triangular, rectangular, T-shape and semicircular
fins) along with periodic boundary condition in sides,
constant pressure boundary condition at the top, and
constant temperature boundary condition at the bottom is
considered as the computational domain. A long heater
mimicking the practical heating is placed at the bottom.

(a) schematic

(b) t = 9000s

(c) t = 18000s
Figure 1: (a) Schematic diagram of the computational
domain (heater marked in yellow); fins with different
shapes in inset (b) Snapshots of boiling on a surface with
T-shaped fins for t = 9000s (c) for t = 18000s (red colour
represnts liquid and blue clour represnts vapor).

Results and Discussion
The domain is initiated with stagnant saturated liquid

at TR = 0.75. Snapshots of boiling are presented in Fig.
1(b) for two different time levels with reduced heater
temperature Theater, R = 0.98. Effect of different fin
structures as well as the wall superheat on transition
between various boiling regimes and corresponding heat
transfer performance will be investigated thoroughly in
this work, which in turn will help the scientific
community in designing the optimum structures for
better heat transfer performances.

Conclusions
The proposed LBM model can obtain good

comparison results for the pool boiling process with
different structures. Effect of different fin structures as
well as the wall superheat on transition between various
boiling regimes and corresponding heat transfer
performance have been investigated thoroughly in this
work.
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Abstract
The dramatic physical property changes, complex

phase behaviours and unique heat transfer capability of
CO2 phase mixing require a precise thermal and
hydrodynamic assessment at the interface for optimum
system design. Simulations have been carried out for the
two-phase mixing interaction of subcritical and
supercritical CO2 gas at different temperatures under the
action of gravity. The idea is to understand the instability
phenomena and the physic behind the two-phase flow of
CO2. The nature of instability and its pattern is defined
based on Atwood number. Simulations of transient flow
for the vertical channels for subcritical and supercritical
flow are extended to different orientations of 15º, 30º, 45º,
and 60º angles. The results contribute to the
understanding interface instability.

Introduction

A better understanding of the thermodynamic
properties of multiphase mixing of CO2 under gravity
could provide a scientific basis for defining a proper
guideline for CO2 instability, technical safety, and
environmental requirements. The instability of a heavy
fluid layer supported by a light one has generally known
as Rayleigh-Taylor (RT) instability (Cole & Tankin
1973). Atwood number (Ratafia 1973) shows that the
nonlinear evolution of the interface appears more
symmetric, showing mushroom-like flow patterns in
both fluids. It is mainly concerned that the modification
of instability growth rates by various physical effects. In
contrast, the mixing is addressed to the penetration of
perturbation fronts through the liquid.

Numerical Methods
The numerical simulations will be performed for a

range of pressures (7.5-10.0 MPa) and temperatures. The
range will be chosen to cover a complete range from
subcritical to supercritical (Say 290 K to 345 K at 9.0
MPa. A gas/liquid two-phase flow similar to the
evaporation and condensation phenomena concept will
be used for modelling. A 2-D geometry with specific
grids near the walls was applied in the thermosyphon. A
transient state simulation is carried out using Pressure
based solver. For laminar viscous model has been used.
Supercritical CO2 (sCO2) and Subcritical CO2 (sbCO2)
are defined as the multiphase fluid flow domain. The
volume of fluid (VOF) technique with an explicit
approach is used. will be used to understand the

interaction between these phases. Simulations of
transient flow for the vertical channels for subcritical and
supercritical flow will be done at different orientations of
15º, 30º, 45º, and 60º angles from the XY axis (as shown
in Fig. 1).

Figure 1: Multiphase mixing of CO2 at different pressure,
temperature and Orientation angles.

Results and Discussion

It is observed that the simulation starts with the
hydrostatic equilibrium and Rayleigh Taylor instabilities
are found at the interface when light density fluid pushes
the high-density fluid due to which formation of shock
waves takes place at the interface. The formation of light
density fluid bubbles compresses the high-density fluid
around it, due to which multidimensional shock waves
propagate and get stronger as it moves upward. Rayleigh
Taylor Instability evolves in three distinct stages, (i)
Linear stability, (ii) Bubble formation (rising) or
Mushroom head formation (falling) and (iii) long term
evolution due to mixing and merging. At low Atwood
numbers, bubble or mushroom head formations are
symmetric, and the perturbation is linear for a larger time.
In contrast, larger Atwood number heads are not
symmetrical and it occurs very fast, which eventually
leads to nonlinear growth.

Conclusions
A bubble and mushroom-like structures are found in

RT Instability. At higher Atwood numbers, more
instabilities are found, and measuring spike of instability
is very difficult. Low Atwood number shows linearity
and stable flow of the mixture.
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Abstract
In order to study the heat transfer characteristics of

shell side of coil wounded heat exchanger, a flow and
heat transfer model is established to compare the inlet
conditions of two different designs. When the inlet is a
circular tube inlet, falling film flow occurs on the
uppermost tubes, and the heat transfer effect will be
greatly strengthened. In the ninth tube, the fluid state
tends to be stable, and the heat transfer coefficient is
stable around 1700 W/m2·K; When the inlet is with
uniform flow, liquid phase on the shell side is evenly
distributed and heat transfer coefficient decreases greatly.
Heat transfer is around 1570 W/m2·s.

Introduction
The coil wounded heat exchanger has been widely

used as key equipment of LNG (Liquified Natural Gas)
industry, which has large heat transfer capacity. Its
analysis is the key for advanced manufacturing (Aunan,
2000).

Numerical Models
The model consists of four parts: inlet section,

pressure drop test section, heat transfer test section and
outlet section, as shown in Figure 1 (a). The structure of
the heating test section is shown in Figure 1 (b). The
tube diameter d = 12 mm, the tube pitch Pa = 2 mm, the
thickness bar Pd = 1 mm, the spiral rise angle is 4 °, and
the tube length L = 200 mm.

Figure 1: A schematic map of geometry model. (a) Shell
side fluid local model; (b) Tube bank structure.

Results and Discussion
The volume fraction of liquid phase is shown in

Figure 2. Under the condition of 150 mass flux, 0.06
vapor quality and the inlet of circular inlet hole. Falling
film flow will be generated on the top winding pipe. This
result is consistent with Ding et al. (2017) experiment.
The liquid accumulates between the winding tubes in the
middle row. When the inlet is uniform, the liquid volume

fraction is about 0.2.
The results of heat transfer coefficient under

different inlet conditions are shown in Figure 3. Under
the condition of circular tube inlet, at the ninth pipe, the
fluid tends to be stable with heat transfer coefficient
around 1700 W/m2·K. Under uniform inlet, heat transfer
coefficient is stable around 1570 W/m2·s in each section.

Figure 2: Liquid volume fraction at G = 150 kg/m2·s; x
= 0.06. (a)Circular liquid inlet; (b) Current sharing inlet.

Figure 3: Heat transfer coefficient comparisons.

Conclusions
The results of different inlet designs are shown for

coil wounded heat exchanger. Under the condition of
uniform inlet, the calculated heat transfer coefficient is
smaller than that the condition of circular inlet; Under
the condition of circular liquid inlet, falling film flow
occurs around the top of the pipe, and liquid
accumulation occur near middle pipe.
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Abstract
An efficient super-solution imaging method of

electrical capacitance tomography (ECT) based on a
cascaded convolutional neural network is presented for
the particle concentration distribution measurement in a
fluidized bed. It highly shortens the consumed time in
collecting the training dataset, compared to directly
calculating the capacitance data corresponding to the
desired high-resolution (HR) images with a one-stage
deep learning model, and thus greatly improve the
efficiency in obtaining an image prediction model. The
performance of the super-solution imaging method is
evaluated to validate its superiority.

Introduction
ECT is most suitable for measuring the fluidizing

process because of its high temporal resolution, no
radiation, good robustness, withstanding high
temperature and high pressure, and low cost. Deep
learning-based tomographic imaging of ECT allows
high-quality image reconstruction with high
reconstruction efficiency. However, extremely low
efficiency in obtaining a trained model for a certain
application greatly reduces the flexibility of the ECT
system for measuring the fluidized bed with various
material characteristics and bed geometries. To improve
this issue, it is desirable to develop an efficient deep
learning model, which can efficiently obtain the trained
model for changed application conditions.

Super-resolution imaging method for ECT
The overview of the proposed method is illustrated in

Figure 1. A high-resolution ECT image is reconstructed
from the measured capacitance based on a cascaded
two-stage CNN model. The first stage utilizes a
low-resolution (LR) imaging model based on a
two-dimensional convolutional neural network (CNN) to
learn the mapping relationship between the capacitance
and LR image. The second stage is a super-resolution
imaging model, where a one-dimensional CNN is used to
map from the reconstructed LR images by the first stage
to the HR image. Thus, the training of the second stage
must follow the first stage. Once the two-stage training is
finished, the LR image reconstructed with the measured
capacitance in the first stage is used to calculate the
corresponding HR image in the second stage. Through
this end-to-end mapping, high-resolution and
high-quality ECT images can be obtained within a very
short time.

Figure 1: Overview of the super-resolution imaging
method

Results and Discussion
Figure 2 shows the typical reconstructed images with

the developed method when the LR and HR are 1004 and
8053, respectively. Superior image reconstruction results
can be achieved with high image resolution.

Figure 2: Typical image reconstruction results

Table 1 compares the model time consumption based
on 10000 samples at different LRs when HR is 8053.
The LR greatly affects the data collecting and model
training time, rather than the mean relative image error.
Reducing LR can significantly improve the modeling
efficiency without degrading the imaging quality.

Table 1 Model performance for HR of 8053
LR 246 510 1004 2028 8053

Data collecting time (s) 973 1993 3270 7122 4405
0

Model training time (s) 6262 6376 6161 8346 -
Mean relative image

error
4.66
%

4.72
%

4.92
%

4.80
% -

Conclusions
With the ECT imaging method based on a cascaded

convolutional neural network, more than 95% reduction
of the data collecting time can be realized, compared to
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the traditional one-stage CNN model with identical
image resolution, which greatly improves the model
efficiency of the deep learning-based tomographic
imaging.
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Abstract
Cohesive particles may tend to aggregate together to

form a kind of cluster namely agglomerates thus
decrease the entrainment of particles in a fluidized
system and also affect particle mixing and segregation,
leading to frequent jamming of industrial units, and
make the fluidized bed exhibit more complicated flow
patterns and behaviors. A computationally generated
two-fluid model considering the van der Waals force was
established to simulate the flow behaviors of Geldart
Group A (Geldart 1973) particles in a fluidized bed.
Intriguing flow patterns were obtained through
simulation. The physical meaning behind the flow
patterns could be the competition between cohesive
stress and the inertial stress. The rheology model yielded
results that were capable of predicting complex flow
patterns in fluidized bed of cohesive particles in the
presence of van der Waals interaction between particles.

Introduction
Gas-fluidized beds are widely used in various

industrial applications, such as fluidized bed boiler,
powder mixing, grain drying and Fischer-Tropsch
process in chemical engineering (Horio 2010, Cocco
2014), due to their favorable advantages like the
enhanced particle-fluid interactions, frequent
particle-particle contacts, uniform distribution of
reactants, and high rates of heat and mass transfer.
Gas-solid flows in such reactors are characterized by
complex spatio-temporal properties such as bubbling,
clustering, and species segregation, and thus make the
design and operations of fluidized beds difficult. Among
those fluidized particles, a wide range of them are
cohesive.

In order to computationally model most practically
large-scale cohesive particle fluidization systems, the
TFM strategy is required. Presently, a continuum model
of rapid cohesive-particle flows comprised the
population balance and kinetic-theory by deriving
physically based closures that relate the probability was
provided (Kevin et al 2017). On the other hand, the most
common and promising strategy has been the
computationally generated constitutive models (CGCM)
(Gu et al, 2019). Later, it was demonstrated that
simulated defluidization and mixing qualities for
particles with high Bond numbers were strongly reduced
(Askarishahi, 2019). However, there is still a lack of
detailed analysis of the hydrodynamics for cohesive
powders in a comparable large scale fluidized bed.

Experimental or Numerical Methods
A comprehensive computationally generated stress

model for solid shear viscosity proposed by Gu et al.
(2019) was employed to simulate the cohesive particle
fluidization. We choose the computational domain of the
fluidized bed of Jiang et al. (2019) in a bed of square
cross section (2.025 cm × 2.025 cm) with its height of
12.25 cm, and its boundary conditions is shown in Figure
1. Simulations are carried out of 75 µm particles (ρs =
1500 kg/m3,) fluidized by air (ρg = 1.3 kg/m3 and νg =
1.5×10−5 m2/s). It is assumed that particles are perfectly
spherical monodisperse solids, and the normal and
tangential dissipation can be characterized by the
constant cohesive coefficient of restitution. The Wen &
Yu’s drag law was used in all the simulations to calculate
the gas-particle interphase momentum exchange. The
solid stress is closed by a modified kinetic theory of
granular flow with consideration of particle cohesion at
different granular temperature regions. No-slip boundary
condition is applied for the gas phase and the Johnson
and Jackson (1987a) boundary condition is used to
model the solid particle interaction at walls. At the
bottom, the gas velocity is specified to keep a gas
velocity inlet boundary condition. At the top, the free
outlet is imposed for both phases. Simulations are
performed using open source Multiphase Flow with
Interphase eXchanges (MFIX) platform, which solves
the computationally generated TFM equations and
constitutive equations of solid stress.

Equations
In the kinetic-theory-based models, solid phase pressure,
bulk viscosity, and shear viscosity directly depend on
granular temperature, and a balance equation for PTE of
particle velocity fluctuations needs to be solved to obtain
granular temperature. As proposed by Gu et al. (2019),
the rate of production of PTE by shear in a
gas-solid fluidized mixture, is approximately balanced
locally by the rate of dissipation of PTE by inter-particle
collision and cohesion.
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The coefficient for the second term on right-hand side
,3coh =1.2.

In the above equation,  ,coll g cohJ e is the rate of
production of PTE by shear at low granular temperature
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regime, and its expression is
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Here, However, at high granular temperature
regime, the rate of dissipation for cohesive particles is

     , 0 ( )coll c coh coh u coh sJ e J e J e   u (3)
The expression for  0 cohJ e is derived from simulation
data:
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And for the  u cohJ e , the Gidaspow model (1994) was
used with restitution coefficient of solid particles
replaced by the one for cohesive particles:

  2 2
03 (1 )u coh Ju coh sJ e e g T     (5)

Here, the coefficient 3.5Ju  .

Results and Discussion
As shown in Figure 1, a plug can be obviously

captured for fine-grid simulation in both fluidization of
cohesionless and cohesive particles (Hamaker constant is
10-18) via simulation.

0.06 0.12 0.18 0.3 0.6 1

Figure 1: Snapshots of solid volume fraction at different
evolution time with Wen & Yu’s drag law (Wen and Yu,
1966) for fine-grid simulation with a mesh size of 3 dp
of cohesive particles with Hamaker constant AR = 10-18.

(a) kinetic pressure (b) cohesive pressure
Figure 2: Particle phase pressure distribution along

dimensionless bed height for cohesive and cohesionless
particles with superficial gas velocity of 0.1m/s, (a)

kinetic pressure, (b) cohesive pressure
Time averaged particle phase pressure are acquired

between 2s and 6s, and the face average is set for each
bed height. As shown in Figure 2, the kinetic pressure of
particles decreases near the bottom and then increase to a
maximum value at the center of the bed with nearly
maximum solid volume fraction. It then decreases with
dimensionless bed height until the free surface of the bed.
One can attribute such a distribution of the kinetic
pressure to the variation of particle collision frequency
with solid volume fraction. It is interesting to find that
the kinetic pressure of the mild cohesive particles (AR =
10-19), the maximum kinetic pressure is slightly bigger
than that for the cohesionless particles. Such a
phenomenon may due to the increase of collision
frequency from the mild cohesion when the gas
disturbance is strong in the middle and near the entrance.
Such trend gradually decreases when the gas influence
becomes weak as it passes through the bed and until the
bed surface. For the cohesive particles (AR = 10-18),
cohesion plays a more important role to prevent particles
from collision, thus the cohesive pressure increases to a
maximum in the middle of the bed and the corresponding
kinetic pressure is less than others. The negative
cohesive pressure is because the solid volume fraction is
less than 0.2.

Conclusions
Particles of Geldart A type with different cohesion

characterized by the Hamaker constants are simulated in
a fluidized bed. Cohesive particle fluidization
characterized by a obvious plug and its evolution at the
initial of the fluidization are observed. Competition
between inertial effect and cohesive effect are compared
during the fluidization process. Cohesion was found to
play a more important role to prevent particles from
collision, thus the cohesive pressure increases to a
maximum in the middle of the bed where the
corresponding kinetic pressure is less than others.
Simulated results prove that the computationally
generated two-fluid model can predict the cohesive
particle fluidization behaviours.
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Abstract

Today, when the energy use is changing from fossil
energy to clean energy, it is of great significance to
improve the photocatalytic hydrogen evolution capability
from the perspective of photocatalytic water splitting and
hydrogen production technology. In this paper, the
hBN/SiC heterojunction is taken as the research object,
and the influence of the structure, electronic and optical
properties of the heterojunction is studied in detail by
first-principles calculations. The hBN/SiC structure
meets the requirements of water splitting. In addition, by
replacing double C atoms in hBN to construct hBNC/SiC
heterojunction, the energy band, light absorption and
other properties of the structure can be further optimized.
This study reveals the possible mechanism of
heterojunction hydrogen evolution combining hBN layer
and SiC layer, and provides a reference direction for the
design of new efficient photocatalysts.

Introduction
As a non-renewable energy source, the reserves of

fossil fuels have not only declined sharply in recent
decades, resulting in an energy crisis, but also brought
environmental pollution in the process of use. Due to the
above reasons, more and more people have paid attention
to clean energy in recent years[1-3]. Solar energy gets
more attention because it is easy to obtain[4, 5]. How to
convert solar energy into the energy necessary for human
activities is also a research hotspot in recent years.
Among them, the exploration of efficient photocatalytic
water separation to produce hydrogen is also a
sustainable development strategy to solve energy
problems. Especially after Fujishima and Honda
discovered the TIO2 electrode photocatalytic water
splitting in 1972[6, 7], The research related to
photocatalytic water separation for hydrogen production
has developed rapidly. Among them, metal-based
photocatalysts are corrosive and toxic, which limits their
use, while some non-metal-based photocatalysts have
low economic benefits, insufficient light absorption, and
low quantum yield, which limit their efficiency[8-10].
Therefore, finding a photocatalyst with excellent
performance is an effective way to solve environmental
and energy problems.

Method and models
The data presented are all based on density functional

theory (DFT) and the Vienna ab initio simulation
package (VASP)[11, 12] software is used for calculations.
Since the general DFT method has errors in correcting

the van der Waals force between layers, we use the
DFT-D2[13] method to correct. The encut energy
calculated this time is 500ev, and the grid points sampled
by Monkhorst-Pack in the first Brillouin zone are 7ⅹ7ⅹ1.
The full relaxation energy convergence standard of
hBN/SiC heterojunction is 10 e-6 eV/Å, and the force
convergence standard is 10e-2 eV/Å. Because PBE and
GGA will underestimate the energy gap of
semiconductors, we use the screened hybrid
Heyd-Scuseria-Ernzerhof 2006 (HSE06) function to
obtain the precise electronic structure and optical
properties of the structure. In the default HSE06 function,
a quarter of the PBE related energy will be replaced by
Hartree-Fock precise exchange, that is, the exchange
mixing parameter a is set to 0.25, and we set the
parameter a to better meet the original experimental
energy gap is 0.125. The energy band data of hBN SL
and SiC SL calculated by us are 5.5eV and 3.2eV
respectively, which are relatively reasonable, and the
research can be continued. The visualization of the
structure is seen on VESTA[14].

Fig. 1 Calculated band edge potentials versus normal
hydrogen electrodes (vs. NHE) of hBN/SiC and
hBNC/SiC at pH 7 and 0. Their carrier transfer and
separation are displayed.

Conclusion
The structure and properties of hBN/SiC and hBNC/SiC
heterojunctions were investigated by first-principles
methods. Among them, hBN/SiC is a type II
heterojunction, and its redox level meets the
requirements. Moreover, the hBNC/SiC structure is
obtained by mixing double C atoms in the hBN layer,
which improves the energy band structure of the
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hBN/SiC heterojunction, which can effectively suppress
the recombination of electron-hole pairs. Potential
analysis of NHE shows that both structures satisfy the
requirements for water splitting at pH = 0 and pH = 7. To
investigate this topic further, consider increasing the
number of layers in the heterojunction, or consider
loading other single atoms to study the difference.
Through the study of the structural properties, electronic
properties and optical properties of the above two
structures, the possible mechanism for improving the
light absorption properties of the structures is revealed,
thereby explaining the reasons for the enhanced
hydrogen evolution capability of the structures.
Therefore, this experiment has important implications for
designing better heterojunctions.
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Abstract
Investigation on the shedding mechanism of cloud

cavitation is of great importance to understand the
cavitation dynamics for cryogenic liquids. In this study,
the Large Eddy Simulation (LES) combined with the
Schnerr-Sauer cavitation model are employed to study
the transient cavitation behaviors and the shedding
mechanism of cavitation clouds of liquid nitrogen (LN2)
in a convergent-divergent (C-D) square nozzle under
various operating conditions. The numerical results are
in good agreement with the experimental results by
comparing the temporal cavitation regime distributions
and the velocity variations at the same positions. The
re-entrant jet and the condensation shock are found to be
the dominant mechanism for the shedding of cloud
cavitation when σ = 0.497 and σ = 0.386, respectively.
The shedding mechanism revealed by the combined
experimental and numerical studies offers a deeper
understanding of the unsteady shedding of cloud
cavitation for cryogenic fluids.

Introduction
Cloud cavitation exists extensively in the fluid

machinery, and it is critical to understand the cavitation
dynamics and reveal the underlying shedding
mechanisms to better assess the relevant hydrodynamic
performance of fluid machinery involving cavitation.

The re-entrant jet-initiated shedding mechanism was
first proposed by Knapp (1955), who declared that a
near-wall high-velocity jet is formed at the rear end of
the cavity due to a great adverse pressure gradient and
moves upstream towards the shedding of the cavity, then
the detached cloud convects downstream with the flow.
Since then, many researchers have applied experimental
techniques and numerical methods to study the re-entrant
jet and its decisive role in cloud shedding in detail, and
the correspondence between cavity detachments and the
re-entrant jet has been illustrated. In addition to the
re-entrant jets, the periodic cloud shedding mechanism is
also considered to be attributed to the condensation
shocks. Campbell and Pitcher (1958) initially explored
the propagation of shock in the bubbly flow. Followed
the study of Campbell and Pitcher (1958), Reisman et al.
(1998) experimentally investigated the effects of
condensation shocks on the dynamic of the shedding
cavity and demonstrated that a condensation shock is
formed on the spherical cloud surface and radiates
inward subsequently to induce collapse.

The cavitation of cryogenic liquids exhibits different
features due to the thermo-sensitive properties.
Compared with the abundant experimental researches on

the cavitation dynamics of room-temperature fluids,
fewer experimental studies on cryogenic cavitation
dynamics were reported due to the difficulty in
implementing measurement. By far, the role and impact
of the re-entrant jet and condensation shock wave in the
cryogenic cavitating flow have not been well explained.

In the present study, LES based numerical framework
was established to illuminate the motion of re-entrant jet
and condensation shock, and their distinctive roles in the
periodic cloud shedding of LN2 cavitation.

Numerical Methods and Setup
Numerical simulations of LN2 cavitating flow

through the C-D nozzle are established based on the 3D
compressible Navier-Stokes equations. The
homogeneous mixture mathematical framework is
adopted, which disregards the slip velocity between the
liquid and vapor in the iterations and therefore assumes
that both phases share the same velocity. The
conservation equations of mass, momentum, energy, and
the volume fraction for the secondary are solved.

The cavitation model proposed by Schnerr and Sauer
(2001) is considered in this work, which is defined as:
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The number of vapor bubbles per volume of liquid in the
Schnerr-Sauer model represents the intensity of the
cavitation source and has a critical effect on the cavity
characteristics. In this study, the bubble number density
is set as 108 according to our previous work (Zhu et al.
2015).

The LES is applied in the present simulation due to
its capacity to capture the small-scale flow structures
with considerable details and predict large-scale
turbulent eddies more accurately in cavitating flow. The
Favre-filtering operation is performed to the
Navier-Stokes equations in the LES model, to partition
the turbulence flow into large-scale and small-scale
motions (Luo et al. 2012). The momentum equation is
filtered as:
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Fig. 1 shows the schematic of the volumetric mesh
and enlarged view of the throat section. The simulation
domain is discretized by the hexahedral structured grid.
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In the simulations, the LN2 and saturated vaporous
nitrogen (VN2) are respectively defined as the primary
phase and secondary phase. The physical properties of
LN2 and VN2 are both considered temperature-dependent,
except that the density of VN2 is calculated according to
the ideal vapor equation.

Results and Discussion
The model is first validated by comparing with the

experimental results. The comparisons of the
instantaneous vapor structures of simulation results with
experimental images under the corresponding operating
conditions are illustrated in Fig. 2, and a qualitative
consistency of them is obtained.

Figure 1: Schematic of the volumetric mesh and enlarged
view of the throat section.

(a) (b)
Figure 2: Comparisons of the simulated and the
experimental cavitation patterns. (a) σ = 0.497, Re = 9.38
× 104; (b) σ = 0.386, Re = 1.1 × 105.

The local velocity vector in the midplane at different
times for σ = 0.497 is given in Fig. 3, the dynamic
evolution of the re-entrant jet and the interaction with the
cavity are illustrated more intuitively. From Fig. 3(b), a
strong re-entrant jet with a velocity of about -4 − -5 m/s
at the upper interface of the cavity enclosure is observed.
The velocity of the re-entrant jet is around 0.3–0.4 times
the mainstream velocity. And it propagates upstream
with the decreased velocity. While the re-entrant jet
under the lower interface of the cavity enclosure
continuously moves upstream with a velocity of about -1
m/s, leading to the shedding of small cavitation clouds.

Figure 3: Local velocity vectors in the midplane at
different times for σ = 0.497.

The temporal variations of pressure at different
positions for σ = 0.386 are given in Fig. 4. It is found that
the pressure at the y/L = 0.75, y/L = 0.65 and y/L =0.55

respectively encounters an abrupt increase at around t =
0, t = 2/10T and t = 5/10T, which indicates the
propagation of shock wave. A high-pressure center
exceeding 116 kPa is generated as a result of the collapse
of large-scale clouds. The upper near-wall condensation
shock continues moving upstream to the middle part of
the cavity at t = 5/10T and induces the detachment of
much larger clouds, the length of the main cavity is then
significantly reduced to the minimum. However,
although the front of the condensation shock moves
further within the cavity, the rear part of the cavity is
further fed and results in the discontinuousness of the
shock. Therefore, the volume of the detached cloud turns
out smaller, and the complete shedding of the remaining
rear part caused by the condensation shock as σ = 0.497
does not happen.

Figure 4: Temporal variations of pressure at different
positions for σ = 0.386.

Conclusions
In the present study, the mechanisms of the

re-entrant jet/condensation shock in the cavity shedding
process were illustrated based on the 3D numerical
model with the LES simulations. The simulations were
satisfactorily accordant with the experimental results.

For both operating conditions in the simulation, the
details and development of the simulated vapor
structures during a shedding cycle closely matched those
of the experiments. There are two mechanisms, namely,
re-entrant jet and condensation shocks, governing the
cloud shedding of LN2 cavitating flow. The re-entrant jet
is the dominant cloud shedding mechanism when σ =
0.497, whereas the cloud shedding process is instead
dominated by condensation shocks as the cavitation
number decreases to σ = 0.386.
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Abstract
This study conducts computational analysis on thermal
hydraulic characteristics of supercritical CO2 in a vertical
tapered cylindrical annular channel over a vertical simple
cylindrical annular channel using the SST k- ω
turbulence model. The advantage of the present chosen
tapered annular channel over the simple annular channel,
under the same boundary conditions, is that it helps to
increase velocity along flow direction by reducing flow
area, resulting in more heat transfer than a simple
annular channel. A trade-off study between heat transfer
and pressure drop was performed for a tapered annular
channel to maximize heat transfer and minimize pressure
drop as much as possible. The total length of the
computational domain is 2.5 m, and the outer diameters
of the tapered and simple cylindrical annular channel are
kept the same at 18 mm. As a result, when the same
boundary conditions were employed, such as mass flux,
power, inlet temperature and pressure, the wall
temperature of the tapered annular channel appears to be
lowered than that of the simple cylindrical annular
channel. The corresponding heat transfer coefficient
(HTC) is high in the tapered and low in the cylindrical
annular channel. In a tapered annular channel, one
important thing has been noticed, the HTC increases
with increasing velocity, while in a simple annular
channel, where a peak emerges near the pseudocritical
point in the HTC trend after that, HTC decreases.
Keywords: Supercritical CO2, HTC, Vertical tapered
cylindrical annular channel

Introduction
Power systems' energy conversion efficiency has
substantially improved in the supercritical operating
range compared to the subcritical operating range. As a
result, supercritical fluids (SCFs), such as supercritical
water (SCW) and supercritical CO2 (SCO2), have
become prevalent in ultra-supercritical units (Bugge et al.
2006), advanced nuclear reactors (Oka 2000; Heusener
2000), and solar-thermal power systems (Jiang 2017,
Luu 2017). For the design and optimization of these new
systems, it is clear that a thorough understanding of the
thermo-hydraulic characteristics of SCFs is essential.
Supercritical fluid displays drastic changes in
thermophysical properties around the pseudocritical
point. The buoyancy and thermal acceleration emerge
due to density gradient in radial and axial directions for
flow in heated circular tubes, circular annular channels,
or tapered ones. The study discovered that heat transfer

deterioration (HTD) is caused by buoyancy and thermal
acceleration. It occurred at low mass or high heat fluxes
and was confirmed by several authors (Shitsman 1963,
Zhang 2018). While at high mass fluxes and low heat
fluxes, normal and enhanced heat transfer was found.
The enhanced heat transfer appears near the
pseudocritical point due large value of specific heat.
In this paper, the SST k - ω turbulence model was used
to perform numerical analysis on a vertical tapered
cylindrical annular channel in order to examine the
thermal-hydraulic characteristics of SCO2. The system
operating conditions included operating pressures of 8 to
9 MPa, mass fluxes of 200-800 kg/m2s, power of 8 to 12
kW, and an inlet temperature of 303 K. The heat transfer
characteristics of a vertical tapered cylindrical annular
channel were compared against a vertical simple
cylindrical annular channel with several system
parameters and at different taper angles.

Numerical methods
The ANSYS Fluent code was used to solve the fluid flow
governing equations. The discretization scheme for
momentum, k (turbulent kinetic energy), ω (specific
dissipation rate) and energy equations, respectively, were
employed as the second-order upwind scheme, and the
SIMPLE scheme was used for the pressure-velocity
coupling. The NIST real-gas model database was
incorporated to calculate the thermophysical
characteristics of SCO2 with greater precision than other
real-gas models. The convergence criteria for the
continuity, momentum and turbulent parameters are
required less than and for the energy equation

.

Results and Discussion
Inclination effect on heat transfer
Figures 1 and 2 illustrate the impact of the taper angle of
a vertical tapered cylindrical annular channel versus bulk
enthalpy at an operating pressure of 8.5 MPa, a power of
10 kW, and an inlet temperature of 303K. As can be seen
in Fig. 1, increasing the taper angle causes the wall
temperature to drop at a specific bulk enthalpy, and HTC
increases, as shown in Fig. 2. Following the wall
temperature and HTC trends up to the taper angle (α =
0.0672°). After the taper angle (α = 0.0672°), initially,
the wall temperature increases and rises above the taper
angle (α = 0°), then the wall temperature drops
dramatically after the bulk enthalpy point (333.5 kJ/kg).
At the same time, the related HTC first decreases then
increases, corresponding to the wall temperature
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variation in the downstream direction for the taper angle
(α = 0.0877°). The reason for this is that velocity
decreases with increasing taper angles, and its value
increases with increasing bulk enthalpy, but the velocity
at a higher taper angle (α = 0.0877°) is lower than all
lower taper angles (α = 0 to 0.0672°) velocities before
the bulk enthalpy point (333.5 kJ/kg), resulting in a
reduction in HTC and an increase in wall temperature up
to this bulk enthalpy point. But, after the bulk enthalpy
(333.5 kJ/kg) point, a higher taper angle has a higher
velocity, and the change in velocity is also higher than all
lower taper angles' velocities, causing HTC rises more
quickly and leading to lower wall temperature. Finally,
the taper angle (α = 0.0672°) was discovered to be the
best angle for the tapered cylindrical annular channel
compared to other taper angles and simple cylindrical
annular channel.

Figure 1: Wall temperature with bulk enthalpy at different
inclination angles at power 10 kW, P = 8.5 MPa

Figure 2: HTC with bulk enthalpy at different inclination
angles at power 10 kW, P = 8.5 MPa

Conclusions
As a result of numerical analysis of the thermohydraulic
characteristics of CO2 flow in a vertical tapered annular
channel, it was found that a vertical tapered cylindrical
annular channel exhibit higher heat transfer than a vertical

simple annular channel at the same boundary conditions. At
different power levels (8 to 12 kW) and low mass fluxes,
the tapered annular channel shows lower wall temperature
and corresponding higher HTC against simple cylindrical
channels. Furthermore, the HTC variation trend of a vertical
tapered annular channel differs significantly from that of a
vertical simple annular channel, possibly due to an
increasing velocity phenomenon along the flow direction,
which does not occur in simple annular channels. In
contrast, in simple annular channels, a peak in HTC appears
near the pseudocritical point due to a drastic change in
thermophysical properties. With different inclination angle,
it was found that HTC increases and wall temperature
decrease with increasing inclination angle up to inclination
angle (α = 0.0672°). After this inclination angle, wall
temperature rises against all taper angles and a simple
cylindrical annular channel. Finally, the optimum taper
angle (α = 0.0672°) was discovered after analyzing the
outcomes of the various taper angles (α = 0 to 0.0877°).
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Abstract
Although film cooling effectiveness can be improved

by using a backward injection film cooling hole, the
small streamwise coverage of coolant-film layer obtained
by backward jet is unfavorable for the improvement of
film cooling performance. Configuration composed of
forward injection holes in one row and backward
injection holes in another row may tackle this problem.
In this paper, in-depth numerical study of mixing
mechanism of double rows film cooling with the
combination of forward and backward jets is carried out
from the perspective of flow structures. The simulation is
performed by using simplified thermal lattice Boltzmann
method (STLBM). The combination of an upstream row
with forward jet and a downstream row with backward
jet is considered. The results reveal that film cooling
performance is greatly improved by downstream
backward jet. The downstream backward jet restrains the
evolution of counterrotating vortex pair (CVP), resulting
in good film cooling performance. Besides, the
spatiotemporal evolution of the flow structures is
changed with the blowing ratio and inclination of
backward jet. Correspondingly, the coverage of
coolant-film layer varies.

Computational domain
The computational domain for double rows film

cooling with the combination of forward and backward
jets is shown in Figure 1. The size of mainstream
channel is 40 3 10D D D  in x-, y-, and z-directions.
The upstream film cooling hole locates at the site far
from the mainstream inlet and the distance between the
upstream and downstream holes is 4S D . Here, the
original, the point with coordinates (0, 0, 0) is set at the
center of upstream film cooling hole. D is the diameter
of film cooling hole.

Figure 1: Flow configuration for double rows film
cooling with the combination of forward and backward

jet.

Results and Discussion
The in-house STLBM-LES-GPUs code is validated

by comparing the time-averaged temperature field with
the experimental data of film cooling with cylindrical
holes obtained by Chen et al. (2015). The comparison
results are shown in Figure 2. It indicate that the
numerical method used here could well predict
film-cooling characteristics.

Figure 2: Comparison of spanwise-averaged film cooling
effectiveness between the numerical results and the
experimental data.

Figure 3 displays the instantaneous coherent structures of
double rows film cooling with (a) forward jets and (b)
the combination of forward and backward jets. It can be
observed that the coherent structures become more
chaotic as the jet orientation of downstream film cooling
hole changes to be backward. The hairpin vortices in the
downstream of backward film cooling hole are hard to be
identified, and the vortices dissipate into streaks quickly
during the downstream evolution. These are both the
evidences for the strong suppression of CVP and
intensive mixing between backward downstream jet and
hot crossflow. According to the time-averaged
non-dimensional temperature on the bottom wall shown
in Figure 4, the coolant-film layer coverage of double
rows film cooling with the combination of forward and
backward jet is much larger than that of forward jets.
This indicates that the downstream jet with backward
injection can help to suppress the generation of hairpin
vortex or CVP, which results in the large coverage of
coolant-film layer.
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(a)

(b)
Figure 3: The instantaneous coherent structures of double
rows film cooling with (a) forward jets and (b) the
combination of forward and backward jets.

(a)

(b)
Figure 4: Time-averaged non-dimensional temperature
on the bottom wall of double rows film cooling with (a)
forward jets and (b) the combination of forward and
backward jets.
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Abstract
In this paper, the changes of the interface shape and

the thermal capillary movement near the interface during
evaporation are studied by experiment. Firstly, a visual
facility for the evaporation meniscus in quartz capillary
tube was set up. Then, the evaporation phenomenon of
the interface was observed by high-speed camera, and
the shape of interface during evaporation, the movement
of contact line and the change of contact angle were
analyzed. Finally, the flow vortex near the interface was
observed by the PIV system. From the system, the
central movement and vorticity change of the vortex
were studied. The results show that the contact angle
reduces during the evaporation process to accelerate the
evaporation, and the thermal capillarity increases the
convective heat transfer and enhances the heat transfer.
With the increase of heating power, the center of vortex
moves up and the vorticity increases.

Introduction

Evaporation of capillary core is very important for
coolant pumping However, the mechanism of
evaporation process is still not clear, so it is necessary to
study the change of the interface and the thermal
capillary phenomenon near the interface during the
evaporation of capillary meniscus.

Experiment facility

Figure 1: Schematic diagram of the experimental facility

Equations

The experimental error equation is described in
detail in the manuscript.

Results and Discussion
At high superheat, the compensation rate (provided

by surface tension) cannot keep up with the local
evaporation, so the local interface becomes thinner and
the interface tends to sag to increase the evaporation area

and evaporation rate, thus enhancing heat transfer. When
the heat flux density still exceeds the phase-change heat
transfer of meniscus, the liquid surface will further sag,
and the contact line will move down. In this process, due
to the high heat flux, evaporation is accelerated, and the
curved liquid surface provides compensation flow by
continuing to sag. When the phase change rate is greater
than the compensation flow caused by the solid-liquid
tension, drying occurs, and the contact line appears to
move down. Interface downward movement is provided
to reduce the hydrostatic pressure in the capillary and the
viscous stress near the wall (both positive functions of
capillary interface height), thereby increasing the flow
rate near the interface. In this process, the apparent
contact angle of curved liquid surface decreases first,
increases gradually in the process of contact line shift,
and is still less than the initial apparent contact angle
when it is stable.

Figure 2: The change of interface thickness and contact
angle when the meniscus in the diameter of 0.65mm tube
under different heating voltages: heating voltage and
minimum apparent contact angle (a) 10 V, 61.88° (b)
15 V, 60.2° (c) 20 V, 58.4° (D) 25 V, 56.8° (E) 30 V,
56.9°
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Figure 3: Particles flow field diagram when the surface
in the diameter of 0.65 mm tube reaches steady state
under different heating voltages: the red arrow points to
the stagnation point at the interface, and the blue arrow
points to the center of the vortex.

Figure 4: The distance between the vortex center and
interface in 0.65 mm and 0.30 mm microtubes with

different heating voltages

Figure 5: The rotational frequency in 0.65 mm and 0.30
mm microtubes with different heating voltages

Conclusions

In this chapter, a visual experimental study is
conducted on the change of the interface when the
meniscus evaporates under different tube diameters and
heating powers. By analyzing the movement of the

contact line, the change of the contact angle and tracking
the flow field near the meniscus, the following
conclusions can be obtained:

(1) In the case of low heat flux, the compensating flow is
improved by sag deformation at the interface to provide
greater tension, while the liquid film thickness near the
wall surface is reduced to increase heat transfer;

(2) When the heat flux at the interface is insufficient to
balance, the area where the adsorption layer is located
begins to evaporate, leaving the solid adsorption,
resulting in the downward movement of the contact line,
during which the contact angle reaches the minimum
value.

(3) The formation of vortex is the result of interfacial
tension. With the increase of heating power, the center of
vortex moves up and the vorticity increases.
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Abstract

The development of suitable surfaces to improve
their heat transfer is important for thermal management
issues. At present, the surface heat transfer performance
of 3D structures has been understood, and the common
chemical method is the hydrogen bubble template
method. However, they have some problems. For
example, the coatings prepared by conventional cathodic
deposition are considered to be hydrophilic, but in this
experiment, some of the prepared surfaces showed a
transition of wettability from hydrophobic to hydrophilic
over time. In this paper, the influence of the current and
the ion concentration of the electroplating solution on the
deposition surface structure was studied in detail, and a
series of surfaces that did not fully conform to the
conventional porous structure were developed.

Introduction

Free-standing metal foam structures with Cu and Sn
nanodendritic walls fabricated by an electrochemical
deposition process were proposed as early as 2003 (Shin
et al. 2003). This unique structure is attributed to the
simultaneous generation of hydrogen bubbles with
extremely fast metal deposition at high cathodic current
densities (Jiang et al. 2009; Plowman et al. 2015). In this
paper, experiments with a large current span were used to
prepare structures with various morphologies, and the
concepts of top and sub-layer pores were introduced to
further analyze the structural laws and explain their
wettability changes.

Experimental
In this paper, the surface of the structure was

prepared by the electrochemical cathodic method. As
shown in Figure 1, the ion transformation occurred in the
electroplating solution, and the formed overall coating,
microstructure, nano-scale dendrite and multilayer
structure were schematic diagrams. In simple terms, we
divide the deposition step into two layers, the bottom
layer is occupied by small bubbles, and the upper layer is
occupied by large bubbles after the bottom layer bubbles
merge. As pointed out in the article by Zhang et al.
(Zhang et al. 2015).

Figure 1: Electrolytic cell device

Results and Discussion
Within a certain range, when both Cu2+ and H+

increase, the area of the top pore increases, but
increasing the concentration of one of them alone does
not necessarily increase the area of the top pore.
Moreover, the formed top pore area is all micron-scale,
which is theoretically beneficial to the reabsorption link
after the bubbles are detached in the boiling heat transfer,
and enhances the heat transfer area.

Figure 2: Relationship Between Top Pore Area and
Current

From the experimental results, the diameters of the
sublayer pores formed under different currents are
analyzed, as shown in Figure 3.
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Figure 3: Relationship between Current Density and
Sublayer Pore Diameter

Defining the diameter of the sub-layer pore as Ds, it
can be known from the experiment that there is the
following relationship:

b
SD J (1)

where J is the current density, and the parameter b is in
the range of (-0.5, -0.3).

Although most of the existing articles have clarified
that the electrodeposited cathode porous structure is a
superhydrophilic surface, it can be found from Figure 4
that some surfaces do not show their hydrophilic
characteristics at the beginning, but show a large contact
angle. Then over time, the surface gradually becomes
hydrophilic. However, the surfaces exhibiting the
above-mentioned characteristics were all prepared when
the current was relatively small, for example, the current
of Sample 1-4 was 0.5A-1.25A. From the topography,
when the current is small, the structure formed is almost
no pore, the layer and thickness are not enough, and the
pore wall is not complete. At this time, copper is
deposited on the surface to form a "basin-like" structure.
Moreover, most of the units forming the structure are
copper particles. When the droplets fall on the surface,
these "basin-like" structures enhance the surface tension
of the droplets and delay the infiltration of the droplets to
the surface.

Figure 4: (a) Contact angle of the sample surface as a
function of time; (b) Summary of contact angle values

Conclusions
When the energization current increases, the pore

size of the sublayer shows a downward trend, and the
number of pores shows an upward trend. But the
top-layer recombination pores increase with increasing
current. The larger the electrification current, the more
complete the porous structure, the easier the activation of
the sublayer pores on the surface, and the more obvious
its hydrophilic characteristics.

There is an approximate exponential function
between the sublayer pore diameter and the current
density.

Surfaces with time-varying contact angles were
mostly prepared surfaces with less deposition current.
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Abstract

Natural circulation is promising technology when a passive
mode of heat transfer is talked about like in applications of
nuclear engineering. The key benefits when operating under
supercritical conditions incorporates the elimination of
moving components like pump, dryer etc. Due to this, the
system design becomes simple, and there is a huge cost
reduction from the manufacturing point of view. The
attracting feature of supercritical fluid is operating these
around pseudocritical temperatures. Here, in the present
study, the 1-D supercritical natural circulation loop has been
modelled in the Python coding environment. The
steady-state governing equations have been discretized
using the FDM. Properties estimation of CO2 was done with
CoolProp module in Python The modelled loop was
configured in HHHC, HHVC, VHHC and VHVC
configurations. Due to the highest effective height of the
HHHC set, flow rate of loop and heat transfer traits are
excellent due to dominated buoyancy over friction, while
the least is for VHVC set due to less effective height and
the power corresponding to FiHTD is the least of the later
case, which occurs when the average loop temperature
crosses pseudo-critical temperature. There is complete
friction dominance over buoyancy, leading to high
temperature inside the system. The effect of FiHTD and
different configurations was visualized with the help of
change of slope of friction factor.

Introduction

Supercritical natural circulation is the gravity-driven system,
where the flow arises due to the presence of a heat source
(low elevation) compared to a heat sink (high elevation).
The rest of the sections are set to adiabatic condition. The
extent of enhanced thermal-hydraulic characteristics is
dependent upon the density difference between the hot and
cold leg, as well as the effective loop height. In a
supercritical state, for every pressure, there exists a
pseudocritical temperature where the significant variation of
properties. sNCL exhibit the traits of both single (marked
by regularized heat transfer and large thermal conductivity)
and two-phase system (marked by high low rates). In view
of stability, sNCL behaves similar to single-phase while
steady-state traits are similar to the two-phase system.

The pioneering work was done by Chatoorgoon, 2001 using
1-D SPORTS code, which observe the instability boundary
near the peak region of the flow vs power curve for
supercritical water. FIASCO developed by Jain &
Rizwan-uddin, 2008 state the same thing but they also
pointed out that, stability boundary may not exist near the
peak region, they found this to be at quite low power for
sH2O and CO2. Some of other numerical code developed
were SUCLIN Sharma et al., 2010, NOLSTA Sadhu et al.,

2018 which talks about the steady-state and stability
behavior of supercritical water only. The numerically coded
work related to sCO2 is very limited NAFA Loop (Archana
et al., 2015), FIASCO especially stability characteristics as
well as heat transfer deterioration (FiHTD) phenomenon
found by Sarkar & Basu, 2017. Detailed review of
steady-state behavior can be found in Sarkar et al., 2014 So
the present study is focusing on steady-state characteristics
of sCO2 under different orientation of heater and cooler
from the FiHTD point of view.

Governing equation and Methodology

The four different loop orientations were considered for
present as shown in figure 1. The loop diameter is 8 mm,
height is 1500 mm and length of heater and cooler section is
800 mm.

Figure 1: Different orientations of the loop

Discretized governing equations were solved over the
uniform distribution of nodes along the length of the loop.
The Python environment incorporating CoolProp module
for estimation of properties was used. Property estimation is
using CoolProp was in good consensus with NIST
REFPROP. Flow chart solving the discretized governing
equations is shown in figure 2. The grid sensitivity
analysis was performed for grid sizes of 0.1, 0.05, 0.025
and 0.01 m respectively and insignificant change in system
parameter was found when grid size was reduced to 0.01 m
from 0.025 m. Hence, 0.025 m grid size was selected for
further simulations. The pressure and sink temperature is
kept constant to 8 MPa and 295 K respectively.

Results and Discussion
Thermal-hydraulic characteristics depends upon the

interplay between buoyancy and friction force. After
balancing of both, steady-state reaches. When the loop
operates in the low or enhanced heat transfer regime, the
buoyancy dominates over the other. But as the average
loop temperature crosses the pseudocritical limit, friction
completely dominate over the other forces. Such
situation leads to high system temperature with low flow
and heat transfer response. This kind of sharp decline in
the flow is called Flow induced heat transfer
deterioration (FiHTD). The effective height is the crucial
parameter, which is extremely affected when the loop
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orientation changes.
Since the effective height is lesser in VHVC case,

the buoyancy force is less dominant as compared to other
cases. Hence the average loop temperature will reach the
Tpc earlier, which lead to early initiation of FiHTD as
shown in figure 3.

Figure 2: Flow chart for solution algorithm of steady-state
equations
The peak flow rate drops by 20% when vertical heater is
used due to the fact that effective height is less. After the
FiHTD, the bulk temperature increases sharply, which
may raise the safety concern.

Figure 3: Flow rate trend for different orientation at 295 K
sink and 8 MPa

Figure 4: Variation of friction factor at two heater power
just before and after the FiHTD at 295 K sink and 8 MPa.

Dominance of friction after the FiHTD can also be
viewed from variation of friction factor along the heater
for difference cases. As shown in figure 4 till the point
when buoyancy dominates, friction factor varies with
negative slope and after FiHTD, it varies with positive
slope. This change of slope can be thought as an
indication of FiHTD.

Conclusions
The key outcome from the present work is as follows-

Flow and heat transfer nature in naturally driven system is a
factor of effect height which alter the balancing buoyancy
and friction.
Due to relatively higher friction, the average loop
temperature is highest in VHVC case which leads to early
initiation of FiHTD.
Change of slope of friction factor from negative to
positive indicates the arrival of FiHTD. This situation is
unavoidable but it can be delayed using appropriate
boundary condition and limit the operation to specific
condition.
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Abstract
The mixing of non-spherical particles is often

encountered in industrial stirred tanks. However, there
are few data about the dependence of particle dispersion
on particle shape. In particular, most of the non-spherical
particle problems are converted into spherical particles
of equal volume in the simulation process. The influence
of particle shape on particle dispersion is usually ignored.
Combined with the RNG k-ɛ Turbulence model, the
DEM-VOF method is used to simulate the dispersion
dynamics of non-spherical particles in a liquid-solid
stirred tank. A four-blade 45° oblique blade turbine is
used in a flat stirred tank, and the sliding grid method
was used to simulate the impeller rotation. The
effectiveness of DEM-VOF coupling method is verified
theoretically and experimentally. The results show that
the particle shape has a great influence on the interaction
between fluid particles and the flow field and the
distribution of particles in the stirred tank.

Introduction
As the most commonly used stirred equipment,

stirred tank is widely used in chemical, petroleum,
pharmaceutical, metallurgy and other fields due to its
advantages of convenient operation, stable operation and
effective improvement of mass and heat transfer
efficiency of fluid medium. In most industrial processes,
there are interactions between different phases, such as
the interaction between solid particles and fluids (liquid
or gas). In multiphase flow problems containing solid
particles, the presence of dispersed particles is a crucial
physical property, and the particle shape plays a
significant role in the main chemical and dynamic
interactions with the flow system. Most of the particles
used in industrial production are irregularly shaped.
Correctly predicting the drag force and lift force on the
particles is of great significance to optimize efficiency
and industrial economy. Therefore, when studying the
solid-liquid system, we should not only study the airflow
field at the upper part of the stirred tank, but also
consider the influence of particle shape on the flow field
and drag force in the stirred tank.

Experimental or Numerical Methods, etc.
In this study, DEM-VOF method was combined with

Gidaspow-Haider drag model to study the hydrodynamic
behavior in a turbine stirred tank with four 45° inclined
blades. The shape of particles and free surface were fully
considered, and Porous-Sphere method was also
introduced to calculate the porosity information of grid.
The VOF model considers and captures the free liquid

level. The discrete element method (DEM) calculates the
motion of each particle. Particle collisions are solved by
Hertz-Mindlin model professionally. Sphericity was
introduced to define the shape of particles, and the
influence of particles under different sphericity on the
flow field and particle dispersion in the stirred tank was
studied. Various forces and velocities of particles
subjected to different sphericity are analyzed in detail. At
present, it is the first time that DEM-VOF method is
applied to study non-spherical particles in stirred tank.

Figure 1: snapshot of gas-liquid-solid flow in a
flat-bottomed stirrer with baffles.

Equations
Discrete element method (DEM) is used to simulate

particle behavior and analyze particle movement by
establishing parametric model of solid particle system.
The translational and rotational motions of all particles
are accomplished by solving Newton's equations of
motion:

The mass and momentum governing equations for the
continuous phase are as follows:

Drag force is the force exerted by the fluid on a solid
body in which there is a relative velocity, expressed as
follows:

Where, β is the resistance coefficient between particle
and fluid and is written as:
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Where, dp is the diameter of particles, and CD is the
drag coefficient, which is used to determine the
interphase force transfer between fluid and particles. For
non-spherical particles, Haider et al. proposed the
concept of sphericity Ф in their previous work to
consider the influence of particle shape, and CD is given
by:

Citations
(Kang et al., 2021; Kang et al., 2020; Sun and Sakai,

2015; Wu et al., 2018)

Results and Discussion
Discuss briefly your results. For gas-liquid-solid

system, fluid action on particles and collisions between
particles cause the rotation of particles. Therefore, the
study of rotational kinetic energy is of great significance
to understand the motion of particles. Fig. 10 shows the
change of mean rotational kinetic energy of particles
with different sphericity over time. At the initial stage,
the kinetic energy of the fluid is weak and most particles
remain stationary in their original positions. As the
impeller rotates, the fluid velocity increases and the
particle kinetic energy develops obviously in local areas.
When the drag force overcomes the gravity of particles
and breaks the interlocking mechanism, the average
rotational kinetic energy of particles increases obviously
at t=0.24s, but the interlocking mechanism of
non-spherical particles is stronger, and the rotational
kinetic energy of particles increases slightly. Gradually,
the particles are picked up by the impeller and then
thrown out, at which time the average rotational kinetic
energy of the particles rises rapidly. As the particles
move to the wall, some move up and some move down,
the velocity of the fluid decreases and the average
rotational kinetic energy of the particles begins to decline.
The downward moving particles are sucked up by the
impeller, and the rotational kinetic energy of the particles
begins to rise again, finally forming a dynamic stability.
By comparing the evolution curves of the three kinds of
particles, it can be found that the rotational kinetic
energy of spherical particles is higher, because the
irregular shape of particles hinders the rotation of
particles when they collide. The results show that the
rotational kinetic energy of non-spherical particles is
lower than that of spherical particles due to irregular
surface and uneven torque when the interlocking
mechanism among particles is destroyed by resultant
force.

Figure 2: The average rotational kinetic energy of the
three particles evolves with time.

In order to better quantify the dispersion degree of
particles in the stirred tank, this paper adopted the
relative standard deviation of the number of particles at
the sampling volume, which is proposed by Jovanović A.
The smaller the value of RSD, the better the dispersion
of particles. In this work, 27 sample areas of equal
volume are selected, and the evolution of RSD curves
over time of three cases are shown in Fig. 11. As shown,
the RSD curve rises at the beginning as the particles pile
towards the center. The particle motion disperses and the
RSD curve drops. However, the flat bottom stirred tank
with baffle has a dead zone, and some particles remain in
the dead zone, and the RSD curve rises slightly. Then the
particles entered the cycle stage and the RSD curve
tended to be stable. The evolution of RSD curves of the
three particles over time shows that the dispersion state
of non-spherical particles is better than that of spherical
particles in the stirred tank. Non-spherical particles move
faster and collide with more force, resulting in better
particle dispersion.

Figure 3: Time evolution of RSD.

Conclusions
The DEM-VOF model was used to simulate the

flow of three particles with different shapes in a stirred
tank containing free liquid surface. The results show that
the vortex disappears under the action of baffle in the
stirred tank, but the free liquid surface is still deformed
and affected by particle movement. Non-spherical
particles are more stressed and move faster in the fluid.
However, due to the influence of particle shape, the
rotation of particles is hindered. With the decrease of
sphericity, the rotational kinetic energy of particles
decreases. The shape of particles has an influence on the
dispersion of particles in the stirred tank. The smaller the
particle sphericity is, the smaller its RSD value is, and
the better the dispersion is. In future work, the
DEM-VOF model will be further used to analyze more
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complex free surface flows containing particles,
especially for the relatively scarce particle dissolution
and mass transfer.
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Abstract
Pinning of liquid droplets on solid substrates is

ubiquitous and plays and essential role in many
applications, especially in various areas such as
microfluidics and biology. Although pinning can often
reduce the efficiency of various applications (for
example, in the case of rugotaxis), there are situations
that this phenomenon can actually offer possibilities for
technological exploitations [1]. Here, by means of
molecular dynamics simulation of a bead-spring model,
we identify the conditions that lead to droplet pinning or
depinning and elucidate the effects of key parameters.
Moreover, we discuss how pinning can affect rugotaxis,

that is, the droplet motion without external energy supply
on wavy substrates [2]. Our results have implications for
the nanoscale design of substrates in micro- and
nanoscale systems and will assist with assessing pinning
effects in various applications.
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Abstract
Fluidized bed coating is a common unit operation in

the chemical and pharmaceutical industry (Burggraeve,
Monteyne et al. 2013, Toschkoff and Khinast 2013). In
the coating process, particles are pneumatically
transported to the specific spraying zone where they are
wetted by the coating liquid or solvent. The wet surface
of the particle is successively dried by the hot
fluidization air until a layer of the coating film is built up
(Teunou and Poncelet 2002, Toschkoff and Khinast
2013). The coating film would help to mask tastes or
extend the release of the active ingredients. In order to
improve the end-point product quality, it is essential to
deeply understand the gas-solid heat and mass transfer in
pharmaceutical fluidized bed processes. In this
presentation, we’ll introduce a coupled computational
fluid dynamics and discrete element method (CFD-DEM)
to investigate the particle coating process in a Wurster
type fluidized bed. In the model, we pay more attention
to numerical methods on the particle-fluid heat and mass
transfer. A coarse-grain approach accounting for the
interphase heat and mass transfer is proposed to reduce
the computational cost. We’ll show that the proposed
methodology is able to reproduce the complex gas-solid
flow behaviors of the particle coating with a high
accuracy, which provides valuable reference to the
design of such process.

Figure 1: Instantaneous layer thickness distributions
(each with a PDF plot) at t =45 s
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Abstract
Thermoelectric materials have attracted extensive

attentions due to their large-scale applications in
thermoelectric refrigeration, waste heat recovery,
aerospace and other fields. Accurately measuring the
thermoelectric properties of micro/nano thermoelectric
materials is very important and highly required.
Compared with traditional measurement methods,
integrated measurement can avoid multiple sample
preparations and reduce measurement errors. Herein, this
work designed an improved integrated measurement
method of the thermoelectric properties for microscale
thermoelectric materials based on hot-wire method. The
results demonstrated that the average ZT of Pt and Ag2S
micron wires are 0.71×10-3 and 0.352×10-2 with the
uncertainty of ~ 2.39%. It provides a novel way for the
development of accurately measuring the thermoelectric
properties of thermoelectric materials.

Introduction
The thermoelectric conversion technology can realize

the mutual conversion between heat energy and electric
energy based on the Seebeck and Peltier effect of
thermoelectric materials, which has huge prospects and
potential applications in waste heat recovery,
semiconductor refrigeration and other fields [1-5].
Generally, the thermoelectric performance of the material
is expressed by the thermoelectric figure of merit
(ZT=S2σ/λT, S is the Seebeck coefficient, σ is the
electrical conductivity, λ is the thermal conductivity and
T is the absolute temperature). The effective
improvement of thermoelectric properties of
thermoelectric materials is of far-reaching significance to
broaden their applications [6-14]. One of the important
methods is to improve thermoelectric performance by
low dimension and nano-crystallization [15]. For bulk
and micro/nano materials, commercial thermal
conductivity meter is usually used to measure their
thermal conductivity. The Seebeck coefficient meter
measures the Seebeck coefficient and electrical
conductivity, and then the ZT value is obtained through
later calculations with relatively large measurement error.
For micro/nano materials, even the wrong ZT will be
caused due to multiple sample preparations. Therefore,
the accurate characterization and evaluation of the
thermoelectric parameters of advanced thermoelectric
materials have always been one of the bottlenecks
affecting the research and development of thermoelectric

conversion materials, the improvement of thermoelectric
device and system, and the structural optimization. The
integrated measurement of thermoelectric performance is
extremely important and required.

Experiment
The measurement principle and structure diagram are

shown in Figure 1. the structure inside the red box
contains five measuring wires (standard platinum wires
with a diameter of 20 μm). During the measurement
process, the sample is placed on the measuring wire,
where the measuring wire 1 is in insulated contact with
the sample and the remaining four measuring wires are
in electrical contact with the sample (silver glue to
reduce the contact resistance). Firstly, the conductivity
can be obtained by using the measuring wires 2, 3, 4 and
5 (four-wire method). Then the measuring wire 1 is
energized and heated, and the heat flow is transferred
through the sample. Measurement wires 2 and 3 are used
to obtain the temperature transferred from the sample.
Finally, the thermal conductivity can be obtained by
using the Fourier formula. Meanwhile, the Seebeck
voltage can be measured by the temperature difference,
thereby the Seebeck coefficient is obtained based on the
Seebeck voltage. The entire measurement process is
carried out in a vacuum environment (‹10-4 Pa).
According to the above derivation of electrical
conductivity, thermal conductivity and Seebeck
coefficient, the ZT value of the sample can be calculated
according to the following:
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Where �1 is the Seebeck voltage at both ends of
measuring wires 2 and 3, �2 is the voltage at both ends
of measuring wires 3 and 4, �2 is the current at both
ends of measuring wires 2 and 5, �1 is the distance
between measuring wires 1 and 2, �3 is the distance
between measuring wires 3 and 4, � is the
cross-sectional area of the sample, �1, �2, �3 and �1' ,
�2' , �3' are the initial resistances of measuring wires 1, 2,
3 and the heated resistance, � is the heat flow through
the sample, � is the resistance temperature coefficient
of measuring wires. By substituting the required
parameters into the Equation 1, the ZT value of the
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sample can be obtained at one time without measuring
the conductivity, thermal conductivity and Seebeck
coefficient respectively.

Figure 1: Measurement system of thermoelectrical
performance of filamentary thermoelectrical materials.

Results and Discussion
Two kinds of microscale materials were used in the

experiment: standard Pt wire with a diameter of 20 μm
and unknown Ag2S wire with a diameter of 50 μm. Ag2S
wire was prepared by thermal drawing [16,17]. The
measurement results of Pt and Ag2S are shown in Figures
3 and 4. The room-temperature ZT value of Pt and Ag2S
are 0.71×10-3 and 0.352×10-2. The results show that the
ZT values measured under different voltages are
relatively close, and the repeatability of the experiment is
very well. For standard Pt wire, its electrical conductivity
decreases with increasing temperature, which shows
metallic properties and is close to the literature value
[18]. Its thermal conductivity increases slightly with
increasing temperature, which is within the error range
of the literature value [19]. Its Seebeck coefficient
increases with the increasing temperature. With the
increase of temperature, electrons have higher energy
and speed, which enhances the Seebeck effect [20]. The
Seebeck coefficient of Pt is smaller than the reference
value, which is caused by the electrical contact resistance.
Although the contact part has been connected with
conductive material, it cannot be eliminated. Eventually,
thermoelectric figure of merit also keeps increasing in
the measurement temperature range and is slightly
smaller compared to the calculated value. For Ag2S
material, its electrical conductivity does not change
significantly with the increasing temperature, but its
thermal conductivity increases slightly with the
increasing temperature. With the increase of temperature,
the thermal movement of carriers increases, resulting in
the increase of thermal conductivity. The reason for the
unstable thermal conductivity of Ag2S sample may be the
unstability when it is heated at high temperature, which
is consistent with reference [16]. Its Seebeck coefficient
also increases with the increasing temperature, which
means that as the temperature increases, the carriers have
higher energy and velocity, which enhances its Seebeck
effect. In this way, the ZT value of Ag2S also increases
with temperature in the measurement temperature range.

Figure 2: Measurement sample: (a) standard Pt wire with
a diameter of 20 μm and (b) Ag2S wire with a diameter
of 50 μm.

Figure 3: ZT, electrical conductivity, thermal
conductivity and Seebeck coefficient of Pt wire (20 μm).

Figure 4: ZT, electrical conductivity, thermal
conductivity and Seebeck coefficient of Ag2S wire (50
μm).

Conclusions
In summary, an improved integrated measurement

method of the thermoelectric properties for microscale
materials was designed based on hot-wire method in this
work. The room-temperature ZT value of Pt and Ag2S
wires are 0.71×10-3 and 0.352×10-2 with the uncertainty
of ~ 2.39%. Accurate characterization and evaluation of
thermoelectric parameters of advanced thermoelectric
materials provided a solid foundation for the
development of thermoelectric conversion materials,
improvement of thermoelectric devices and systems and
structural optimization.
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Abstract
This paper presents a

humidification-dehumidification seawater desalination
system combined with the vacuum tube solar collector.
An experimental setup is designed and constructed. Main
parameters that affects system performance are measured
and analyzed. Techno-economic evaluation of the system
is performed. The results show that when the solar
radiation intensity is greater than 400W/m2, the system
can operate stably. The maximum water production rate
is 0.25kg/h. The maximum performance parameters can
reach 1.26, and the cost of fresh water is 6.1 yuan /L.

Introduction
With the development of society and the growth of

population, the global water consumption is increasing
day by day. Desalination technology has gradually
become an important measure to solve the shortage of
fresh water resources. As a kind of renewable energy,
solar energy has the advantages of large reserves,
harmlessness and universality. The combination of solar
energy and seawater desalination technology has a wide
application prospect (Cao et al., 2020).

Experimental setup
Schematic of the developed system is shown in

Figure 1. The seawater first enters the vacuum tube solar
collectors, in which its temperature rises. And the hot
seawater enters the humidification chamber. On one side,
the hot water heats the air inside the humification
chamber, and on the other side the vaper enters the air in
the chamber. The moist air enters the dehumanization
chamber under buoyancy effect, in which the freshwater
is generated.

(a) (b)
1- Hot seawater water tank, 2- hot seawater pump, 3-
evaporation chamber seawater inlet sprinkler head, 4-

evaporation chamber, 5- condenser, 6- chimney, 7- solar
water heater, 8- cooling tower, 9- cooling water tank, 10-

cooling water pump, 11- solar water refill pump
Figure 1: (a) Schematic of the
humidification-dehumidification seawater desalination

system combined with the vacuum tube solar collector,
(b) photo of the experimental setup.

Techno-economic evaluation
The operation and maintenance cost of the system is:
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Results and Discussion
After the system runs stably, the cost of fresh water

remains at 6.1 yuan /L. After 17:00, the irradiation
intensity is lower than 400W/m2. At this time, the cost of
fresh water is 9.6 yuan /L and begins to rise.

Figure 2: System performance parameter and LEC of the
experimental system.

Conclusions
In this paper, a humidification-dehumidification

seawater desalination system combined with the vacuum
tube solar collectors is proposed and built. The
parameters affecting the water yield and efficiency of the
system are studied experimentally. The experimental
results show that when the irradiation intensity is greater
than 400W/m2, the auxiliary heater is not needed. When
the irradiation intensity is greater than 650W/m2, the
system performance parameter is the highest, up to 1.26.
And the cost of fresh water is 6.1 yuan /L.
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Abstract
The elbow is the key research part of the hydraulic
conveying pipeline system. This paper presents a
numerical study is carried out on the conveying of coarse
particles in hydraulic elbows, with special the effect of
different φ on the dynamic characteristics of particles
and flow regime. This work is done by a combination of
computational fluid dynamics and discrete element
method, and a targeted analysis of the elbow is facilitated
with the wear model. By comparing the predicted and
measured results, the accuracy of the model constructed
in this work is verified. On this basis, four kinds of
particles：φ=1, φ=0.9451, φ=0.8048 and φ=0.7433, are
simulate for the transportation process under the
vertical-bend-horizontal pipeline. Via the simulation
results, the transportation laws of pipelines under
different φ are evaluated from the aspects of particle
velocity, inter-particle compressive force, and fluid
velocity. The results reveal that the kinetic energy
conversion between the liquid phase and the solid phase
increases as φ decreases. As φ decreases, the average
particle velocity increases, the fluid velocity decreases,
and the collision between particles becomes more serious.
In addition, the change trend of particle velocity is
relatively stable, which is more conducive to hydraulic
pipeline transportation. The research found that the wear
at the elbow is more serious when φ is smaller, however,
the change of erosion rate is small when φ is reduced to a
certain extent. Moreover, the position of the maximum
erosion rate also changed during the transport of
different φ particles, which was not revealed in previous
studies.

Introduction

Hydraulic conveying is a common conveying method in
the chemical, food, petroleum and mining industries.
This method has many advantages, including less impact
on the environment, high economic benefits, and long
conveying distance. Also, the way of connecting by
elbows in this conveying can provide great flexibility.
However, in practical industrial applications, the
conveyed materials include industrial wastes of various
shapes, as well as coarse particles of different sizes, such
as sand and gravel, coal mines, etc. Therefore, in order to
stabilize the transportation and avoid a series of
problems such as clogging, it is necessary to
systematically study the hydraulic transportation of
non-spherical particles to reveal the flow law between
particles of different shapes.

Experimental or Numerical Methods, etc.
This work consists of a discrete phase (non-spherical
particles) and a continuous phase (liquid) that is based on
pipeline hydraulic transport and presents the
CFD-DEM-WEAR model.

Equations
In the DEM, the translational and rotational motions of a
particle are considered, and the governing equations can
be written as:
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The fluid phase is calculated by the following
governing equations:
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Results and Discussion

Figure 1: Snapshots showing particle patterns at
different φ for the conveying speed
Fig 1 indicate that the smaller φ, the greater the velocity
of particles in the pipeline, and the specific velocity is
shown in Fig 2. This phenomenon is due to the effect of
drag on the particles. As φ is smaller, the CD in the
Haider model is larger the Fd is larger, and the kinetic
energy conversion rate in the fluid increases. In the
vertical pipe, the particles are obviously concentrated in
the center of the pipe, and the particles in the center have
a larger velocity. This result is consistent with the study
by Zhou et al. Moreover, the trend of the particles closer
to the center of the pipe is more obvious when φ is
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smaller, which has not been found in the previous study
of coarse particle hydraulic transportation, and the vector
diagram intercepted in the vertical pipe has an intuitive
reflection. The flow state of different φ particles in the
horizontal tube is close to the fixed bed flow. The
characteristics of this flow state are that the particle
velocity is relatively uniform, and the flow state will not
change greatly. The distribution of particles in the
horizontal pipe is tighter. Similarly, the smaller the φ in
the horizontal pipe, the greater the conveying speed. In
other words, the change of φ does not have a great
influence on the flow state of the particles in the
horizontal pipe when the coarse particles are transported
hydraulically at low speed.

Figure 2: comparison of Particle average velocity

Fig 2 shows particle average velocity. The overall
conveying speed of the particles is between
1.45m/s-1.63m/s. The average speed of the particles is
larger when the φ is smaller, and the kinetic energy
conversion rate of the fluid is higher. At 0.8s, the average
particle velocity decreases . After the particles enter the
elbow, some particles collide with the wall surface,
resulting in strong particle-wall interaction and loss of
particle kinetic energy. This phenomenon is most
obvious when φ=1. The particle velocity becomes larger
and peaks throughout the simulation when the particles
leave the elbow. In contrast, when φ is small, the average
speed of the particles changes less, the conveying speed
remains stable and the conveying speed is larger.

Figure 3: Snapshots showing the spatial
distributions of erosion depth on the bend

Figure 3 shows representative results of wear depths at
different φ. Consistent with the expected results, the
most severely worn area occurred at the outer arch of the
elbow. It is worth noting that since this study is based on
coarse particle hydraulic conveying, the wear profile is
not a traditional "V"-shaped surface, but a fluctuating
wear phenomenon. In general, the smaller φ is, the
higher the conversion rate of fluid kinetic energy leads to
the larger kinetic energy of the particles, the more energy
is lost at the elbow, so the wear becomes more serious.
Specifically, the wear area is substantially symmetrical to
the pipe section and similar in the vertical-horizontal
elbow delivery mode. Due to the strong entrainment of
the fluid, the wear position at the elbow does not change
greatly during the conveying process of different φ
particles, but the severely worn areas all appear at the
elbow outlet.

Conclusions

1) In this work, different φ has a great influence on the
kinetic properties of the particles. When the φ is smaller:
the kinetic energy conversion rate of the fluid increases,
the speed of the particles in the pipeline is larger, and
there is a larger horizontal falling distance when leaving
the elbow.

2) Erosion occurs at the outer arch of the elbow and is
undulating. The change of φ does not change the position
of wall erosion, but when φ is smaller, the wear of the
particles on the pipe wall is more serious. Furthermore, it
was found that the location of maximum erosion
appeared in different regions with the change of φ.
Moreover, when φ is smaller, the magnitude of erosion
rate does not change greatly.
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Abstract
Wall erosion mitigation is of critical importance to

achieving low operation and maintenance costs and long
service life of slurry centrifugal pumps. However, it is
difficult to achieve because of the complex solid-fluid
flow dynamics inside the flow unit. This paper presents a
numerical model predicting the particle fluid flow and
wall erosion of an industrial scale centrifugal slurry
pump. This is done by a dense discrete phase model. In
the model, particles are treated as discrete elements, the
fluid phase is regarded as a continuum medium, and the
particle-particle collision is considered via the kinetic
theory. The validity of the model is verified by the
reasonable agreement between measured and predicted
pump hydraulic performance and jet erosion. On this
basis, the effects of feed solid concentration on
particle-fluid flow and wall erosion characteristics are
studied in detail. The results show that with increasing
solid concentration, the overall erosion rate initially
increases rapidly and then slows down. The gradual
growth is due to the shielding effect of particles inside

the buffer layer. The erosion rates at the volute casing
and impeller are the most significant, resulting from the
largest contact area and the strongest impingement
intensity. Thus far, the results suggest that the model can
offer convenience to study pump flows and erosion
under different conditions.
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Abstract
Extraction of hydrocarbon from sandstone

reservoirs is often followed by some extend of sand
production. Commonly, a sand screen is used to exhibit
the movement of sand particles into the well. Proper
screen selection is necessary to provide optimum well
life and minimum sand passing. However, to date,
finding a suitable sand screen is still a challenge. The
poor understanding of sand screens essentially causes
such problems. This work will present the modeling and
analysis of sand screen performance by means of
coupling Computational Fluid Dynamic (CFD) and
Discrete Element Method (DEM). A premium mesh
screen with pores of complex shape and tortuous wire
pattern is considered. The effect of fluid rheology is
particularly focused. To this effect, our previous
CFD-DEM model for sand screens is extended to
consider the flow of non-Newtonian fluid obeying
power-law fluid. Also, a recent general drag force

correlation for power-law fluid, derived from extensive
Lattice Boltzmann simulations, is adopted in the
CFD-DEM model. Via this developed model, the sand
production of the premium screen is investigated,
considering the effects of flow behavior index (n),
consistency index (K), and the overall rheological
property of real oil (Arab Berri crude oil) at different
temperatures.
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Abstract
The power loss of flow field caused by oil in the

integrated pump-motor casing will reduce the efficiency
of the whole machine and affect its reliability and life. In
this paper, the Mixture multiphase flow model and the
self programmed grid deformation motion control
program are used to establish the numerical simulation
model of the power loss characteristics of the flow field
in the integrated pump-motor casing. By analyzing the
flow and heat transfer characteristics in the oil-air
two-phase flow field in the integrated pump-motor
casing, the generation mechanism and distribution
characteristics of the power loss in the flow field in the
shell are revealed, and the influence law of rotating
speed on the power loss is obtained and verified by
experiments. The results show that the proportion of
churning loss increases with the increase of rotating
speed, which is the main source of power loss in the flow
field in integrated pump-motor casing, and the churning
loss increases with the increase of rotating speed; The
experimental results shows that the power loss caused by
the oil in the integrated pump-motor casing increases
with the increase of rotating speed.

Introduction
Domestic and foreign scholars have carried out a lot

of research on the power loss of circulating oil circuit
flow field. However, few scholars have studied the
power loss of the flow field in the casing of the
integrated pump-motor . (Zhang 2017, 2018; Kumar
2009, 2013; Haidak 2018; Jing 2019; He 2019;Hasko
2019; Li 2021; Huang 2020; Zhu 2021). At present, the
research on the flow field power loss in the shell is based
on a single plunger pump to study the influence of
different parameters on the churning loss. The influence
of different parameters on the flow field power loss and
loss distribution in the shell of the integrated
pump-motor have not been involved by scholars, and the
solution of this problem is the premise of designing the
low power loss integrated pump-motor model, which has
important research value and engineering significance.

Numerical and Experimental Methods

Figure 1: Schematic diagram of the pump motor
structure

Figure 1 shows the physical model of the integrated
pump-motor. The simulation adopts the Mixture
multiphase flow model and the self-programmed mesh
deformation motion control program. The main
governing equations are as follows

Continuity equation
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Fig. 2 is the test system diagram. In the test, the
torque meter is used to measure the output torque of the
motor under different working conditions, and the torque
with and without oil in the flow field in the shell at
different speeds can be measured to obtain the power
loss caused by oil.

Figure 2: Schematic diagram of the experimental system
Results and Discussion
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Figure 3: (a) Proportion of churning loss at different
speeds; (b) Proportion of churning loss at different
speeds

Figure 4: Effect of rotating speed on power loss
The simulation results show that the proportion of

mixing power loss in the flow field in the integrated
pump-motor casing gradually increases with the increase
of pump speed, and the mixing loss also increases with
the increase of pump speed, as shown in Fig. 3 (a) (b).
The test results show that with the increase of pump
speed, the power loss caused by oil increases, as shown
in Figure 4. This is consistent with the simulation results.

Conclusions
The proportion of mixing loss in the flow field in

the integrated pump-motor casing increases with the
increase of rotating speed, which is the main source of
power loss in the flow field in the casing, and the
churning loss increases with the increase of rotating
speed; The test shows that the power loss caused by the
oil in the pump motor casing increases with the increase
of rotating speed.
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Abstract
To accelerate the development of water drive flow

channel adjusting technology and apply it to practical
production in fracture-cavity reservoirs, the influence of
suspended particles on plugging efficiency in the
reducing flow channel was researched by the coupled
CFD-DEM model. The plugging phenomenon,
distribution of pressure fields and specific pressure drop
obtained under different working circumstances were
compared and analyzed. Fluid injection velocity has no
effect on formation of the plugging phenomenon.
Increasing particle concentration and diameter is
beneficial to the forming of plugging phenomenon,
however, the plugging efficiency decrease with the
increase of particle diameter. In the single particle model,
the mathematical relationship between the minimum
diameter and the particle concentration and the width of
the shrinkage crack is obtained through a large number
of numerical simulation experiments. In the two-particle
model, it is the large particles that play an absolute role
in the plugging phenomenon, but under the premise of
being able to block, the increase in the proportion of
small particles will improve the plugging efficiency.

Then, the quantitative influence of the diameter and
proportion of small particles on the plugging efficiency
was also studied. The results of this study can effectively
guide the selection of suspended particles in the
fracture-cavity reservoirs, and obtain the highest
plugging efficiency at the lowest cost.
Keywords: Fracture-cavity reservoirs; Plugging
efficiency; Pressure drop per unit length; CFD-DEM;
Numerical simulation
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Abstract
Printed circuit heat exchanger (PCHE) is receiving

wide attention as a new kind of compact heat exchanger
and is considered as a promising vaporizer. In this paper,
the straight channels in PCHE are established in
numerical simulation. The SST k- turbulence model is
employed in the simulation to investigate the flow and
heat transfer performance of supercritical methane in the
channel. The results are presented in micro segment to
show the local flow and heat transfer parameters along
the channel. The local convective heat transfer
coefficient in segments varied significantly along the
channel and two peak feature is shown in its distribution
with fluid temperature. The pseudo-boiling theory is
adopted and the liquid-like, two-phase-like and
vapor-like regimes are divided for analysis. The local
heat transfer deterioration in the channel is explained
with the evolution of vapor-like film on the wall.

Introduction
As a high-quality clean energy, natural gas plays a

prominent role in more and more fields [1]. At present,
offshore liquefied natural gas (LNG) has become an
important way to produce natural gas. One of the main
devices for offshore LNG ships is Floating Storage
Regasification Unit (FSRU), which is used to directly
vaporize natural gas at sea. Through the heat exchanger
on FSRU, liquefied natural gas was heated to near room
temperature and access to pipelines on land. In this case,
the heat exchanger is the key equipment. However, the
traditional heat exchangers, such as plate heat
exchangers [2], spiral heat exchangers [3], and
shell-and-tube heat exchangers [4] have some
deficiencies such as poor pressure capacity, large floor
space requirement and low heat transfer efficiency. The
Printed Circuit Heat Exchanger (PCHE) is a new
compact microchannel heat exchanger, with atomic
diffusion to connect alternately stacked hot and cold
plates that have chemically etched small channels. This
new type of heat exchanger has the advantages of high
temperature and pressure resistance, high thermal
efficiency and compactness, and long service life [5]. It
has prominent safety and stability that can effectively
prevent the adverse impact caused by ship sloshing.
Therefore, the application of PCHE in the vaporization
process on FSRU has significant advantages.

Most studies on supercritical methane in PCHE have
used the total channel pressure drop and average
convective heat transfer coefficient to evaluate the

performance of the heat exchanger, which ignored the
difference of convective heat transfer coefficient in local
area. Especially, the sharp variation of thermophysical
properties in trans-critical process will lead to a large
fluctuation on the local area heat transfer effect in the
heat exchanger. Therefore, it is essential to figure out the
thermal-hydraulic mechanisms of trans-critical flow of
methane in PCHE.

Numerical method
This paper is mainly focuses on the adopting of

pseudo-boiling theory to analyze the trans-critical flow
and heat transfer in the microchannel. Therefore, the
physical model employed in the simulation is the most
basic semicircle cross section straight channel for PCHE.
Namely, straight channels with a diameter of Dch=1.2mm
and a length of L=500mm were adopted. The heat
transfer in solid around the channel is also included in
the simulation. The whole domain is in a height of
H=1.3mm and width of W=2mm, and the solid material
is 316L stainless-steel, as shown in Figure. 1.

(a) Numerical model

(b) Boundary condition
Figure 1: Numerical model and Boundary condition

In a large number of experimental studies, it is found
that the pressure drop in PCHE is generally within 10%.
Therefore, the influences of pressure difference along the
channel on the physical properties are ignored. In this
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case, the physical properties of methane are assumed as a
single-valued function of temperature and included in the
simulation by means of Piecewise-polynomial functions.
The pressure of methane in the simulation is 7MPa,
which exceeds the critical pressure of methane
(p=4.59MPa), and methane is in a supercritical state in
the PCHE channel. The physical parameters of
supercritical methane in this paper were obtained by
NIST database. The thermophysical properties of
methane change obviously with temperature. Figure. 2
shows the thermal properties of methane at 7MPa
varying with temperature, including density, specific
heat, thermal conductivity and dynamic viscosity. In the
numerical simulation, the temperature of supercritical
methane ranges from 111.15 k to 300K. The thermal
properties of supercritical methane can be fitted by
piecewise polynomial function of temperature.

Figure 2: Thermophysical properties of methane at 7
MPa

Results and Discussion
For the PCHE that consists of plenty of

microchannels, the fluid usually flows in relatively
separate channels independently. By dividing the
channel into micro segments, it is very suitable to
establish a one-dimensional mathematical model for the
quick calculation of flow and heat transfer characteristics
of the PCHE. But the one-dimensional mathematical
model requires accurate calculation of local flow and
heat transfer parameters in the channel. Meanwhile, the
physical properties of supercritical methane vary greatly
with a temperature range of 111.15K to 300K in the
channel and lead to a significant difference in local
convective heat transfer coefficient and pressure drop. So,
it is not accurate to calculate the flow and heat transfer
coefficient in micro segments of the channel with the
average value of the whole channel as the traditional
method. Therefore, in this paper, the local flow and heat
transfer parameters of supercritical methane in the PCHE
channel were studied by intercepting micro segments.

the temperature and convective heat transfer
coefficient along the whole channel is analyzed, as
shown in Figure. 3(a). In the segments near the inlet,
convective heat transfer coefficient is obviously larger
and rapidly decreases to the normal level. This is because
the boundary layer of flow near the inlet is in the
formation stage and very thin, which makes the heat
transfer on the wall very strong. This kind of
phenomenon is supposed to be real in PCHE, when fluid

from the closure head into the microchannel. When the
fluid from a wide area into tiny channels, the Reynolds
number will decrease sharply, which means the
corresponding boundary layer will significantly get
thicker. So, at the entrance of the channels, there will be
a formation process of boundary layer. While in the other
parts of channel except the inlet region, the temperature
increases gradually along the flow direction and the
convective heat transfer coefficient shows two obvious
peaks. After the first peak of convective heat transfer
coefficient, the temperature slope becomes smaller, due
to the significant decrease of convective heat transfer
coefficient. Then, at the second peak of the convective
heat transfer coefficient, the temperature slope recovers
to a higher level.

(a)

(b)
Figure 3: (a) The change of fluid temperature and

convective heat transfer coefficient in Y direction micro
segment of flow passage (b) The change of convective
heat transfer coefficient with the mean temperature of

fluid in micro-element

Conclusions
The local heat transfer coefficient is significantly

altered along the channel due to the change of physical
properties as the temperature increase in the channel.
Two peaks of local heat transfer coefficient are shown in
interaction of high temperature gradient and flow
boundary layer near the wall.
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Abstract

The process of blending powders using stirring blades
involves complicated granular flows, particle-scale
mechanisms, and blade-particle interactions, which is
challenging to predict and control. This paper proposes a
continuum-based model for such a process by
incorporating the flow rheology, isotropic particle
diffusion and the percolation of granular materials. A
method combining finite element method (FEM), finite
difference method (FDM) and immersed boundary
method (IBM) is developed to numerically implement
the continuum model and applied to a cylindrical blade
mixer. The model well describes the tempo-spatial
distribution of small/large particles in the stirring process,
such as the accumulation of small particles in the vicinity
of blades. Remarkably, this model can capture the
various intricate effects of blade parameters, including
the blade rake angle, rotating speeds, filling level, and
the friction coefficient of the mixer wall. It is therefore
promising for optimizing the blade mixers in industries.

Keywords: granular mixing; granular segregation;
continuum modelling; finite element method; blade
mixers

Introduction

Mixing of granular materials is notoriously difficult
to predict partly due to the complicated mixing
mechanisms of particles and partly their variable flow
kinematics. Despite many theoretical studies in idealized
configurations of chute and rolling-mode drum, a generic
macroscopic model for granular mixing has not been
achieved.

This paper aims to develop a continuum model for
simulating the segregation of particles by combining the
µ(I) rheological theory and the convection-diffusion
transportation equation. Built on these fundamental
physics, the model will have a very wide scope of
application, not limited by the geometry, operation
condition or properties of material.

Numerical Methods

In general, the modelling approach of particle
segregation is based on the macroscopic framework of
convection-diffusion. It comprises of three major
continuum theories: the theory of dense granular flow,
theory of particle diffusion and the size-driven
segregating theories. These theories have been

extensively studied in literature using methods of
experimental probing and DEM simulations. Figure 1
gives an overview of the processes to model segregation
during each time increment of simulation. We shall
introduce briefly the models used in each procedure
below.

Figure 1 Overview of the approach for simulating
particle mixing/segregation

Equations

A convection-diffusion-segregating transport model is
developed in this work for the stirred mixing of particles.

The overall transport equation is expressed in terms
of the volumetric concentration of small particles Cs [1],
given by

���
��

+ � ∙ ��� + ������ � − �� =
� ∙ ����

(1a)

���
��

+ � ∙ ��� + ������� � −
�� � − ��� = � ∙ ����

(1b)

Here we consider a binary mixture of particles, thus
only Eq. (1) is needed and the concentration of large
particle �� = � − �� . In this equation, � ∙ ���
represents the so-called convection which depends on the
bulk flow field �. The term ������ � − �� in Eq. (1a)
represents a quadric segregation flux of small particles
through the voids of large ones. Note that a cubic flux
was also proposed in the literature [2] giving rise to Eq.
(1b), in which A=1.33 and � =0.89 are used to
quantitatively match the quadric flux.

1) Granular flow

The granular flow is modelled under the Eulerian
coordinates using a FEM approach. The governing
equations are given below.

Mass conservation,
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��
��
+ � ∙ �� = � (2)

Momentum conservation,
���
��

+ � ∙ ��⊗ � = � ∙ � + �� (3)
Energy conservation,
��
��
+ � ∙ �� = � ∶ �� (4)

The rheological law [3] is written as

�� = �� + ∆��� �� � (������
�) + �� (5)

where �� is a static friction coefficient, ∆� denotes
the increase between the static friction and the saturated
friction at an infinite inertial number, and �0 is a
characteristic constant. �� is the scalar value of the shear
rate.

2) Granular diffusion

The coefficient of granular diffusion � scales with
the square of particle size, i.e. the larger particles diffuse
faster than the smaller ones. Moreover, � depends on
the flowing state of the materials, i.e. higher shear rate
results in a faster diffusion. Thus, granular diffusion �
is expressed as [4]

� = ��������

(6)
(7)

Where ���� is the mean diameter of particle mixture.
� is a constant of about 0.04 according to previous
experimental studies.

3) Granular segregation

Schlick et al. [5] proposed an equation to determine
the rate of the size-driven segregation ��, given by

�� = �. ��������� (
��
��

) (7)

In this work, to keep consistency with ref. 13, the
diameters of small and large particles are taken to be 4
mm and 8 mm respectively. Using Eq. (7), the
segregation velocity is estimated as �� = 3.13×10-4 ��
m/s.

Results and Discussion

We focus on the vertical distribution of Cs in
cylindrical blade mixer since percolation happens
predominately along the direction of gravity. We take
different horizontal sections along with the height of
CBM, then calculate the mean volume concentration of
small particles across these sections as shown in Fig. 2.
We can observe the segregation behaviors in the current
modelling, indicating that the model indeed describes the
segregation of two particle species in the blade mixer.

Figure 2 The patterns of mixtures at different heights h of
the mixers, measured from the bottom: (a) DEM; (b)
Continuum model with quadratic flux Eq. (1a); (c)
Continuum model with quadratic flux Eq. (1b).

Conclusions

In this work, the mixing and segregation of
bidisperse particles in a blade mixer are studied using a
macroscopic model under the continuum assumption of
granular materials. In the continuum framework, the
particle-scale mixing and segregation are described by
the macroscopic formulae of diffusion and percolating
flux that originated from extensive close observations of
granular mixing behaviors in shear cells and inclined
chutes. On these bases, this work attempts to model
those mixing systems with complex flow fields by
coupling the fundamental granular flow rheology with
the diffusive and segregating transport equation using a
sophisticated method. More studies will be done in
future to explore its practical significance.
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Abstract
Jet-induced catering in a particle bed is an interesting

phenomenon observed in many industries. This paper
presents a numerical study of this process using
two-fluid model combing with kinetic theory of granular
flow. The granular stresses account for frictional contacts
using four different empirical correlations. A study of the
effects of adjusting the frictional formulation (empirical
parameters of the model) on the catering behavior of the
particle bed is presented here. The effect of gas jet
velocity is quantified. The predictions are compared with
experimental data for the crater formation of a particle
bed under a vertical, impinging jet of gas.

Introduction
The interactions of rocket-exhaust from engines

with the particle layer that covers the surfaces of the
moon, Mars and some asteroids can result in potentially
hazardous soil erosion in the form of high-speed particle
spray or crater formation. Similar phenomena have also
extensively been reported in industries such as aerospace,
hydraulics, and metallurgy, where a stream of particles or
fluid impacts on a granular bed or liquid bath to form a
crater on the surface of the particle bed. Many efforts
have been made to study crater formation due to gas
impingement, leading to new insights into the
phenomena. Crater formulation due to the impact of a
stream of impinging objects is much more complicated.
Hence, numerical simulations for gas jet impacting on
the particles layer benefit to describe such a cratering
process in many industrial operations.

Computational simulations of the crater formation
under high- and low-velocity jets could provide insight
into cratering mechanisms. Two-fluid methods (TFM)
are used in numerical simulations and gas-particles
systems. TFMs treat that the particle phase and fluid
phase are represented as interpenetrating, interacting
continua. The constitutive relations solved in TFM are
derived from kinetic theory of granular flow (KTGF).
The models are taken collisional and kinetic stresses as
well as frictional contacts into account according to
empirical correlations. Thus, TFM models are expected
to be a viable approach to predict the interaction of a gas
plume with a dense particle bed.

The main aim of this work is to validate the
predictions from TFM using frictional stress models for a
gas jet impinging on a particle bed and evaluate the
sensitivity of the bed hydrodynamics to the formulation
of the empirical frictional stress model. The importance
of correctly defining the frictional stress is shown via a
sensitivity study of the empirical values used in the
frictional model on the overall prediction of the model.

Model Equations
The numerical simulations are conducted by means

of KTGF-based TFM approach. It is assumed that the
particle bed consists of uniform spherical particles. The
momentum conservation equations of gas and solid
phases are (Huilin et al., 2021; Gidaspow, 1994)

f f f f f f f f s( ) ( )D p
Dt

           u g u v (1)

s s s s s s s s f s( ) ( )D p p
Dt

             v g u v (2)

The granular temperature equation is
3 ( ) + ) : ( )
2 s s s s s s s
D p k
Dt

       I（    v (3)

The granular stresses account for the frictional
stress component, which could be modelled based on
mechanics principles of soils. The solid pressure consists
of kinetic, collisional and frictional parts.
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The expressions of the coefficient x1 and x2 can be
derived from KTGF (Gidaspow, 1994; Huilin et al.,
2021).

Results and Discussion
For model validation, the particle cratering

experiment was conducted by means of an experimental
set-up used by Metzger et al. (2010). The particle bed is
contained in a box. The top of the box is beveled
outwards. The gas jet was located at the center, and
delivered by a pipe toward the particle bed. The bed
consisted of particles with a density of 2500 kg/m3 and
mean particle diameter of 2.2 mm.

(a) Experiment: t=0.1s t=1.0s

(b) Simulation: t=0.1s t=1.0s
Figure 1: Simulated and measured solid volume

fractions
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A simulation is started with the random generation
of particles without overlaps in the particle bed, followed
by a gravitational settling process. Then, gas is
introduced to hit the particle bed through a jet nozzle.
Fig. 1 shows the measured and simulated particle
patterns in the cratering process at the gas jet velocity of
43.74 m/s. These results are in line with the experimental
observation by Metzger et al. (2010). Both experiments
and simulations showed particles are pushed radially into
two sides when gas impacts on the surface of the particle
bed. Particles are observed at the top of the crater.
Consequently, Then, particles follow the shape of the
crater upward along its sides, as confirmed by the thicker
particle layers near the crater surface. At the same time,
particles are entrained in the gas stream, and then ejected
from the crater, and finally reside on the surface of the
particle bed due to the gravity. In addition, particles are
first pushed down towards the bottom of the crater, and
these particles are transported away from the bottom
along crater sides at t=0.1 s. Finally, particles fall down
along the crater surface and are pushed aside with other
particles at t=1.0 s. The cratering process is mainly
attributed to particle flow behaviors, i.e. particles move
radially away from the tip of the crater and then follow
the shape of the crater upward along its sides.

(a) Johnson (b) Schaeffer-Johnson

(c) Schaeffer-based-KT (d) Johnson-based-KT
Figure 2: Gas velocities for four frictional stress models

Fig. 2 shows the spatial distributions of
instantaneous gas flow properties with four different
frictional stress model at t=0.1 s. It can be seen from the
figure that gas velocities patterns are significant changes
for different four frictional stress models. The variations
of gas velocities are similar using both Johnson and
Schaeffer-Johnson frictional stress models. On the other
hand, numerical simulations using both
Schaeffer-based-KT and Johnson-based-KT stress
models are similar along height. These indicate that the
frictional stress model effects on variations of gas
pressure and solid volume fraction and velocities in the
dynamic particle layer during the catering process. This
figure also shows that the jet gas maintains a high
velocity before impinging on the granular bed. It decays

rapidly in the region of dynamic particle layer.
Consequently, a high pressure can always be observed on
the point where the gas impacts on the bed at different
time periods.

The axial gas velocities and solid volume fractions
are shown in Fig. 3 using four different frictional stress
model along height. The axial gas velocities are ejected
from the jet, and they are increased gradually, and reach
maximum. Then, they reduced near the surface of the
particle bed. When gas touch on particles, the axial gas
velocities drop, and the solid volume fractions increase
rapidly. Within the particle bed, the gas velocity
approaches to zero, and solid volume fraction trend to
packing.

A comparison of crater depth between experimental
data and simulated results is shown in Fig. 4 for different
frictional stress models. Both simulations and
experiments show that the crater depth is large with
increasing times. The large carter depths are found using
Schaeffer-Johnson, Schaeffer-based-KT and
Johnson-based-KT models. The predicted carter depths
using Johnson frictional stress model agree with
experimental data.

Figure 3: Axial gas velocities and solid volume fractions

Figure 4: Measured and simulated carter depth of the bed

Conclusions
The frictional formulation of Johnson stress model

can predict the cratering behavior of a particle bed with
adequate agreement with experimental measurements.
The mechanism underlying the particle cratering under
the condition considered is mainly caused by the radial
motion of particles, followed by the upward motion
along the crater sides. This behavior is attributed to large
horizontal components of fluid drag force and pressure
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gradient force on the lower part of the crater while the
large vertical components on the upper part.
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Abstract
The SOFC may experience mechanical failure due to

thermal stress caused by temperature gradient. Therefore, it
is necessary to implement thermal management of SOFC to
keep temperature gradients within safe limits. This work
examined the influence of internal disturbances with
different shapes in the flow channel on the temperature
distribution of SOFC. The three conventional internal
disturbances are semicircular, rectangular and trapezoidal
disturbances respectively. It is found that the disturbance in
the flow channel can effectively reduce the maximum
temperature and temperature gradient in the SOFC. In
addition, the heat transfer enhancement performance of
rectangular disturbance is better than the other two
disturbances’. The maximum temperature and maximum
temperature gradient of the cell can be reduced from 902 oC
to 847 oC and 30 oC/cm to 12 oC/cm, respectively by using
rectangular disturbance to enhance heat transfer. When the
disturbance length is fixed, it is suggested that increasing
the number of disturbances can reduce the temperature
gradient and uniform the temperature distribution to a
certain extent. In the region with a large temperature
gradient, increasing the disturbance depth can effectively
reduce the temperature gradient, but in the region with a
small temperature gradient, increasing the disturbance depth
will cause a large temperature gradient reversely. Moreover,
increasing the disturbance depth will reduce the output
current density and cause a larger channel pressure drop. It
is suggested to increase the depth of local disturbance
where the temperature gradient is high and reduce the depth
of local disturbance where the temperature gradient is
already small. Finally, in the case of constant air inlet flow
rate, the internal disturbance structure can reduce the
temperature gradient more effectively compared to decrease
the channel thickness. It is important to note that by
increasing internal disturbance to enhance heat transfer and
reduce temperature gradient, uniform the temperature
distribution will inevitably lead to reduction of current
density and increase of pressure loss. Therefore, in the
actual operation process, multiple conditions should be
considered to select the appropriate structure to limit the
temperature gradient within a reasonable range.

Figure 1: The SOFC structures with different disturbances:
(a) 3D/2D circular disturbance; (b) 3D/2D rectangle
disturbance; (c) 3D/2D trapezoidal disturbance.

Figure 2: (a) The simulation results of axial temperature
distribution under three different flow channel disturbances;
(b) the absolute axial absolute temperature gradient
distribution.

Figure 3: The velocity distribution of the air channel of
solid oxide fuel cell with different disturbances.
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Abstract
In this work, we carried out a data-driven

correlation analysis of gas-particle two-phase flow in a
circulating fluidized bed (CFB) with irregular reactor.
The gas-particle two-phase flow in the CFB was sampled
synchronously by high-speed camera and capacitance
tomography, and five sets of image data and ECT data
were obtained under different operation conditions. The
observation directions of these two measurement
methods were perpendicular to each other and the data
types are different, which contained the key information
of the two-phase flow characteristics in the process.
Therefore, its correlation analysis was helpful to detect
the hydrodynamics characteristics in the CFB and design
feedback control.

Based on pseudo-Siamese network, two

sub-networks were constructed to extract the
characteristic information of different sets of data. For
image data and ECT data, the residual neural network
and LSTM were used to analyze and identify operating
conditions respectively. The loss and accuracy of the
former optimal model were 0.086 and 97.4%, while the
loss and accuracy of the latter optimal model were 0.164
and 95.6%. In addition, the optimal step size of ECT data
obtained by training experiments was 0.0001. The results
showed that these two sets of data can be used to analyze
the dynamic process of gas-particle two-phase flow in a
CFB and there is a strong correlation between them.

On this basis, the image of the dilute phase zone can
be further analyzed to obtain its internal structure and
motion parameters. And the characteristics of
gas-particle two-phase flow in the CFB can be described
in terms of temporal and spatial dimension.
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Abstract
Metallic phase change materials (PCMs) has

advantages of high heat storage density, high thermal
conductivity. This study reports a novel encapsulation
method to achieve Al-based macrocapsules with good
leakage prevention and high cyclability up to 500 cycles
even under air atmosphere. Voids are artfully introduced
inside the macrocapsules, which can accommodate large
volume expansion of Al PCM during melting. For the
Al@Al2O3 macrocapsules, the latent heat of Al core
reaches 357.4 J/g.
Introduction

In past few decades, metallic PCMs such as Al and
Al-Si alloys have shown great potential in high
temperature solar thermal power generation and
industrial waste heat recovery[1]. Liquid leakage and
chemical corrosion of metallic PCM during phase
change at high temperature are still the main problems
for their long-term development. [2] In this study, a novel
macro-encapsulation method is developed to prepare
Al-based macrocapsules, which shows good thermal
cyclability and good thermal storage properties.

Materials and experiment method
The raw materials used in this study were Al powders

(50 μm) and Al2O3 powders (5~6 μm). Carboxymethyl
cellulose sodium (CMC) was used as the binder.

Fig 1 The preparation process of Al@Al2O3
macrocapsule.

The preparation process of the Al@Al2O3
macrocapsules is shown in Figure 1. Firstly, CMC
powder was dissolved in deionized water to form the
binder solution. Then Al powders were mixed in the
CMC solution to form dough-like mixture, which were
then shaped into balls of 4 mm and dried. Dough-like
Al2O3/CMC was prepared in the same procedure, which
was coated on the Al balls with controlled thickness of 2
mm. After drying, the capsules were firstly pre-sintered
at 300 ℃ for 1h in air then at 1000 ℃ for 2h in Ar or O2
to obtain the final macrocapsules. Additionally,
macrocapsules using solid Al balls as core balls were

also prepared as the control samples.
Results and Discussion

The Al@Al2O3 macrocapsules were prepared
successfully without leakage and break. However, the
solid Al@Al2O3 macrocapsules break after high
temperature sintering (Figure 2). It certificates that the
buffer void of core could solve the problem of leakage
and break. The voids were created by the packing gaps
between Al powders and the combustion removal of
CMC binder. For example, during the high temperature
sintering under Ar to prepare the best sample, the
un-densified Al powder core spheres are fused into Al
melts with smaller size, thereby leaving buffer voids
between the core and shell. The core Al PCM of the
macrocapsule can present a high latent enthalpy > 357.4
J/g and a melting temperature of 660 °C. Surprisingly,
the macrocapsules showed very good cycling stability
and durability up to 500 cycles even under air
atmosphere (Figure 3).

Fig 2 Picture of the capsules at different stages using Al
powders and solid Al balls as raw materials.

Fig 3 Pictures of the capsules cycled under air.
Conclusions
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Macrocapsules of metallic Al@Al2O3 were prepared,
which showed high latent heat capacity and good cyclic
stability. The as-prepared macrocapsules with high
durability are promising for application in high
temperature thermal storage systems such as in high
temperature solar thermal power generation and
industrial waste heat recovery.
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Abstract
The composite porous particle, which contains a

solid core and an outer porous layer, is frequently
encountered in both natural and industrial processes. In
this work, we numerically study the rotation of a
composite porous particle in a 2D shear flow by solving
the volume-averaged macroscopic equations. The effect
of thickness of porous layer are investigated on the
rotational behavior of the composite particle with and
without fluid inertia. Simulation results show that the
rotation of the composite particle is affected by the
competition between the considered parameters. Based
on the torque balance, we specially develop a scaling law
to measure the rotational speed of composite particles.

Introduction
Porous particulate flows are of great significances in

many biomedical and industrial processes. Especially,
the core-shell particle, formed by the solid core and an
outer porous layer, has been an active interest in the field
of chemistry and medicine, such as the polymer-grafted
nanoparticles. Many numerical simulations have been
carried out towards revealing the hydrodynamical
behavior of such composite porous particles. But the
current research scenario neglects the fluid inertia such
that the fluid flows are limited in low Reynolds numbers.
In this work, the volume-averaged macroscopic
equations which includes the inertial terms are adopted
to investigate the rational mechanism of a composite
porous particle. The schematic diagram of the flow field
around the composite particle are shown below.

Figure1: Schematic diagram of a composite porous
particle rotating in fluids.

Numerical Method
The inertia term should be included in the

macroscopic equations to formulate the fluid flow in
high Reynolds number regime. The volume-averaged
governing equations proposed by Wang[1] is adopted and
read as follows:
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As can be seen, the second term of Eq. (1.3) accounts for
the inertia term, thus it is suitable for fluid flow with
finite ���.

The lattice Boltzmann method is employed to solve
the above equations. Due to the better numerical stability
and physical reasonability，the multiple-relaxation-time
(MRT) lattice Boltzmann model are adapted to simulate
the fluid flow around and inside the composite particle
(See reference [1] therein).

Results and Discussion
To validate our numerical code, the predicted

rotational speed with various Da are compared with
those computed by Li et al [2] and Ding & Aidun[4]. As
shown in Fig.2, the good consistent results confirm the
accuracy of our code.

Figure2: Comparisons of rotational speeds with other
published works.

The effect of thickness of the porous layer are
investigated on the dimensionless torque of the
composite particle immobilizes in peristaltic shear flows,
and compare the numerical results with the analytical
solutions [3]. It is found that the torque can reach at an
equilibrium state for large Darcy number Da, but it
vanishes as Da and L/D increase. These findings indicate
that the behavior of the composite porous particle lies
between the solid and porous particles. In addition, the
parameters of Da and L/D do not express the effect of
simple linear superpositions on the torque.

mailto:wlsa0612@ncepu.edu.cn


MTCUE-2022

275

Figure3: The dimensionless torque of the composite
particle with different thicknesses of porous layer.

The effect of thickness of the porous layer are also
studied on the rotation speed of the composite porous
particle freely rotates in simple shear flows, as shown in
Fig. 4. The fluid inertia, characterized by the particle
Reynolds number, and the permeability of the porous
layer are considered. From the Fig.4, these parameters
show a competition effect in inhibiting the rotation
motion of the composite particle, and three modes are
extracted from numerical simulations with different
parameters. To quantify the dynamics of composite
porous particles, we further develop a scaling law to
measure the rotational speed of composite particles
based on the torque balance. For different modes of the
flow fields, they can be characterized by the following
mathematical expressions:
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�
�
~

� 2�
�+

�
�

1−�
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�2
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Figure4: The rotation angular velocities of the composite
particle with different parameters.

Conclusions
This work numerically studies the rotation of a

composite porous particle neutrally suspended in a
two-dimensional (2D) simple shear flow. The
volume-averaged macroscopic equations for the flow
fields are solved by the multiple-relaxation-time (MRT)
lattice Boltzmann model. The effects of fluid inertia,

permeability and thickness of the porous layer, and the
confinement of the bounding walls are investigated with
the shear particle Reynold number ranging in 0.08 ≤
��� ≤ 200 . Our simulation results reveal that when the
composite particle immobilizes in peristaltic shear flows,
an equilibrium state occurs for the dimensionless torque,
but it may vanish by changing the thickness of the
porous layer. When the composite particle freely rotates
in simple shear flows, it is found that decreasing the
thickness of the porous layer can drive the dimensionless
angular velocity close to that of a solid impermeable
particle at a large Darcy number (Da), however, this
tendency disappears as Da is small. According to the
characteristics of the flow field, we divide the rotation of
composite particles into three modes. Furthermore, on
the basis of torque balance, we develop a scaling law to
measure the rotational speed of composite particles.
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Abstract
Water shortage not only occurs in arid regions,
but also in humid regions with little precipitation
despite an abundance of suspended tiny fog
droplets in environments [1-2]. Gravity-assisted
mesh structures have been implemented to
harvest fog droplets [3]. However, their efficiency
is low due to the aerodynamic drag of fog-laden
wind deflected around the mesh wires. Strategies
such as the introduction of asymmetric structure
shapes, optimization of surface
roughness/chemistry and impregnation of
lubricants can increase collection efficiency by
promoting droplet-substrate (interfacial)
interactions [4]. But their fabrication is complex
and the resulting structures are often fragile and
not scalable for outdoor settings. Here, we show
that the three-dimensional and centimetric
kirigami structures can control the wind flow,
forming quasi-stable counter- rotating vortices[5].
The vortices regulate the trajectories of incoming
fog clusters and eject extensive droplets to the
substrate. As the characteristic structural length is
increased to the size ofvortices, we greatly reduce
the dependence of fog collection on the structural
delicacy. Together with gravity-directed gathering
by the folds, the kirigami fog collector yields a
collection efficiency of 16.1% at a low wind
speed of 0.8 m/s and is robust against surface
characteristics. The collection efficiency is
maintained even on a 1 m2 collector in an outdoor
setting.
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Abstract

The drying of wet granules in a fluidized bed dryer
involves complex processes including heat and mass
transfer between gas and solid phases as well as the
phase change of moisture in the granules. To understand
the drying process of granules in a fluidized bed dryer,
CFD simulation based on two-fluid-model (TFM)
combined with three-phases mathematical modeling
were carried out to investigate the flow characteristics.
The heat and mass transfer between the gas and solids
phases in the drying process were analyzed. The process
temperature and moisture were given. Three typical
drying stages in the drying process, i.e. pre-warming
period, constant-rate period, and falling-rate period, were
observed based on the simulation results. The heat and
mass exchange between the gas and solid phases mainly
occurred in the interface of bubble phase and granule
phase. With the increase of bed height, the granule
velocity and volume fraction decreased and the transfer
coefficients between these two phases decreased. In
addition, the Euler-Lagrange model (CFD-DEM) was
also used to simulate the drying process to address more
detail information on the granules, i.e. particle location,
temperature, moisture and interface forces among
particles.

Figure 1: Particle moisture content and temperature
changes in the drying process
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Abstract
The disadvantageous temperature abnormalities

associated with the large heat dissipation when operated
under extreme working conditions necessitated the better
thermal management to improve safety and performance.
Also, limitation of mainstream cooling system,
exhausting reserve of mainstream working fluids have
attracted researchers to explore alternate working fluids
and mini- scale components to enhance thermal
performance. The present simulation investigates the
thermal performance of supercritical carbon dioxide
flowing inside the rectangular microchannel heat sink.
Presence of baffles significantly augments the turbulent
mixing between the fluid layers, realizing a lower
wall-to-fluid temperature gradient and enhanced heat
transfer coefficient. A relatively lower level of
temperature is maintained near the baffle region, thereby
delaying the appearance of heat transfer deterioration.
The presence of baffles, however, significantly increases
the pressure drop, which necessitates careful selection of
baffle parameter. Heat-sink with three pairs of baffles
have been identified as the optimum for enhanced
thermalhydraulic performance along with a detailed
thermalhydraulic assessment about the role of the
operating variables withthe optimum design.

Keywords: Microchannel, Supercritical, heat-sink,
Carbondioxide.

Introduction
With the rapid development of high performance, minia-
ture and highly integrated electronic components, the en-
ergy density associated with electronic chips becomes
sub- stantially high. In order to decimate deterioration of
theoperating performance and reliability of components
due to overheating, reliable thermal management is
essential.Supercritical fluids have attracted researchers as
a potential working fluid for the thermal management of
high heat fluxes in microscale electronic components Jajja
et al. (2020, 2019), due to its superior thermophysical
properties variation particularly near the pseudocritical
point. Fronk and Rattner (2016) evaluated heat transfer
performance of microchannel heat sink using single-phase
liquid water, FC-72, two-phase R134a and sCO2.
Supercritical carbon dioxide was found to yield lower
heat sink wall temperature as compared to liquidcoolants.
Numerical simulation of sCO2 heat transfer in zigzag
channel of hydraulic diameter 1.1 mm with different bend

angle was performed by Zhang et al. (2019). Decrease in
bend angle resulted in higher heat transfer performance
but worse hydraulic performance. The present study is
anattempt to abridge this particular void through
quantification of the heat transfer characteristics of sCO2
in a horizontal micro heat sinks with micro fins subjected
to heating con- dition.

I. PHYSICAL GEOMETRY AND BOUNDARY CONDI-
TIONS

Corresponding schematic representation of heat
sinks

without baffles and with baffles along with imposed
bound- ary conditions is shown in Fig. 1. The present
computational domain of length 10 mm and 0.5 mm
hydraulic diameter (square cross-section) is selected.

(a)
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(b)

Figure 1: Schematic of the (a) three-dimensional

view(b) two-dimensional view

GOVERNING EQUATIONS

Steady-state versions of the mass, momentum and
energy conservation equations in Cartesian coordinate
are adopted in the present study, which are summarized
below.

∇ · (ρw) = 0 (1)

∇ · (ρww) = −∇p + ∇ · τ + ρg (2)

∇ · (ρwh) = ∇ · (k∇T ) (3)
The Shear Stress Transport κ ω (SST κ ω) turbulent

model is used to study the turbulent behavior.
NUMERICAL SCHEME AND
MESH-INDEPENDENCE STUDY

The PISO algorithm is used for coupling of
pressure

and velocity terms. The momentum and energy terms in
the transport equation are discretized with second order
upwind scheme. In the present simulation non-uniform
mesh is used with finer meshes near the walls. Four
different structures are tested, corresponding values of
bulk temperature near the outlet and pressure drop are
computed. The increasing number of elements from mesh
3 to mesh 4 yields less than 0.5% change in the bulk
temperature and less than 5% change in the pressure drop.
Therefore, mesh 3 is continued with for all the
simulations reported below.

RESULTSAND DISCUSSION
In order to optimize the number of baffles,

simulations have been performed for 1,2,3 and 4 pair of
baffles. Fig.2 shows the comparison of heat transfer
coefficient for dif- ferent number of baffles. It is evident
from the figure that heat transfer coefficient in presence
of baffle is significantly higher as compared to heat sink
without baffle. The pres- ence of the flow obstructions
causes the fluid to deviate from the normal flow
direction. The fluid near the micro- fins go through flow
separation, backflow and then flow reattachment takes
place. Consequently, vortex formation takes place near
the micro-fins. The adequate mixing of low temperature
bulk fluid and near-wall region hot fluid reduces
temperature gradient and more fluid participated in the
heat transfer process. While the temperature of the fluid
layersin contact with both the heated walls for the plane
channel is reasonably higher than Tpc, it is below Tpc for
FM-1P as depicted in FIg. 3. That inflicts a substantial
difference in the effective magnitude of the thermal
conductivity of sCO2, which rises from 40.38 mW/mK
for PM to 77.96 mW/mK for FM-1P, thereby explaining
the enhanced HTC with the later configuration.

Figure 2: Variations in area-averaged HTC for
different pair of baffles

CONCLUSIONS

The major contribution of the baffles can be
considered as the enhancement in average HTC with the
incorporation of every additional pair of baffles. Flow
separation, charac- terized by the formation of vortices
inside the smaller cells and large recirculation zone
beyond the baffled segment,is another important factor
in maintaining a comparatively

Figure 3: Effect of baffle on the contours of
the absolute temperature along the
mid-vertical plane

lower level of fluid temperature. While the use of a
single or two pairs can provide enhanced HTC only
over a limitedrange of Rein, a consistently high level
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can be achieved with more pairs, albeit at the cost of
rapidly escalating pressure drop. Overall, the FM-3P
configuration, consisting three pairs of baffles has
been recognized as the optimumone.
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Abstract

Gas-oil two-phase pipe flow is widely encountered in
oil exploitation and transportation pipelines in petroleum
industry. The complex and transient characteristics of
flow parameters present great challenges for the online
flow measurement. As a non-invasion approach,
electrical capacitance tomography (ECT) has been used
for transient measurement of the multiphase flow by
reconstructing the cross-sectional distribution of
dielectric constant. In order to make up the limitation of
static test and dynamic experiment, this paper proposed a
numerical simulation approach to investigate the gas-oil
two-phase flow by a virtual ECT sensor installed in the
pipeline. The flow inside the pipeline was simulated
based on Volume of Fluid (VOF) model by FLUENT.
Based on the CFD simulation results, the capacitances
were calculated on basis of Maxwell equations by
COMSOL Multiphysics and totally there are 28
independence data for the virtual ECT sensor. The
calculated capacitances were used to reconstruct the
cross-sectional image. To validate the feasibility of the
proposed approach, the dynamic measurement under five
typical flow patterns of gas-oil flow in horizontal pipe
were simulated and analyzed. Time-series and frequency
domain analysis based on Flourier Transform for the
images and original capacitances were given to
investigate the flow pattern change in the pipe flow.
Combining image reconstruction results with frequency
domain analysis of capacitance signals, different flow
patterns in the process can be identified. This data

analysis approach might be used for the online
measurement of real-industry process.

Figure 1: Reconstructed ECT images and PSD diagrams
of average capacitance under five flow patterns.
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Abstract

In high-vacuum space environment, flashing
phenomenon usually occurs in the liquid discharge
process. In order to predict the discharge process and
ensure the safety of space activities, better understanding
on its laws is required. In this paper, flashing front
propagation phenomenon are studied experimentally in
vertical tube by rapid depressurization. The experiment
is carried out with degassed distilled water under
condition of tube diameter 3-14 mm and initial
temperature 20-90 ℃. The flashing inception
phenomenon induced by a pre-exist bubble is observed.
The sustainability of flashing front propagation is
confirmed to be influenced by superheat, tube diameter
and gravity. A correlation is proposed with Jacob number

and Bond number to summarize the sustainable
condition. A kind of strong intermittency is observed
during flashing front propagation. And the superficial
velocity of flashing front propagation shows to be related
to multiple factors such as superheat, tube diameter and
downstream pressure. A new correlation is proposed to
predict the superficial velocity and it agrees well with
existing data, which covers a wide range of experimental
conditions.
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Abstract
Supercritical water gasification (SCWG) is a clean

and effective method to convert organic matters into
hydrogen [1, 2]. However, the solubility of inorganic
salts decreases rapidly near the critical conditions (374°C,
22.1 MPa), and the salt precipitation problem is a
bottleneck of the development of hydrogen production
from high-salinity organic wastewater in the supercritical
water fluidized bed reactor (SCWFBR) [3, 4].

In this work, the distribution characteristics of salt
crystals in supercritical water were simulated using the
Euler-Euler method coupled with the population balance
model (CFD-PBM). The crystal size and concentration
distributions in a SCWFBR were obtained under
different operation conditions. The results indicate that
the aggregation of salt crystals is significant, and the
aggregation plays a dominant role than breakage in
supercritical environment. Both reducing the feed
concentration and increasing the mass flow of
supercritical water are conducive to reducing the mean
diameter of crystals at the outlet of the reactor. These
numerical simulation results show a good agreement
with the experimental data. In general, the coupled
CFD-PBM simulation can be well applied to the
characteristic analysis of salt crystals in supercritical
water, and this work may provide a theoretical basis for
SCWG technology with high-salinity organic
wastewater.

Figure 1: Particle size frequency distribution q3(d) at
inlet and outlet of each case with different concentration
(wt%) of salt at feed inlet.

Figure 2: The time averaged volume fraction of
salting-out particles along the height of each case with
different concentration (wt%) of salt.
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1. Introduction

As a new refrigerant used in flow boiling systems,
R245fa has a better boiling heat transfer performance
than R123, R134a, R407C and R236fa (Abadi et al. 2016;
Amalfi & Thome 2016). It has long been known that
gravity, tube diameter, and fluid have noticeable effects
on flow boiling pressure drop.

At present, the effect of hypergravity on pressure drop
has a few studies. Ohta et al. (Ohta 2000) found that the
gravity level had little effect on the annular flow pattern,
and the thickness of annular liquid film and two-phase
interface disturbance determined the pressure drop
characteristics. Luo et al. (Luo et al. 2022) observed that
the difference of pressure drop under varying
hypergravity levels was almost negligible, and the
pressure drop mechanism was not explained. Darzi and
Park (Darzi & Park 2019) used CFD to draw a
conclusion that bubbles were more likely to be pushed to
the top of the tube under hypergravity conditions, which
meant that the stratification phenomenon in the tube was
gradually formed with the increase of gravity level.

Most studies had proved that the effect of tube
diameter on heat transfer coefficient was related to the
thickness of liquid film and flow pattern in the tube
(Tibirica & Ribatski 2014; Garimella et al. 2020; Ong &
Thome 2011).

The thermophysical properties of fluid have a certain
influence on pressure drop. Costa-Patry et al.
(Costa-Patry et al. 2011) found R245fa pressure drops
rose faster than those for R236fa due to the large
difference in vapor volume. Amalfi and Thome (Amalfi
& Thome 2016) observed that compared with R236fa,
R245fa had larger pressure drop value due to its higher
shear force and higher viscosity.

2. Experimental apparatus

The experimental apparatus mainly consists of a
centrifugal accelerator which produces different gravity
levels, a fluid loop system, and a data acquisition system.
It is similar to those reported in (Luo et al. 2022), and the
fluid loop system consists of a working fluid loop and a
condenser cooling loop, as shown in Fig. 1.

Figure 1: Schematic diagram of the test system

3. Experimental Uncertainties

The uncertainties of direct measured parameters and
calculated parameters are summarized in Table 1, where
the uncertainties of calculated parameters were
calculated using the Kline and McClintock (Kline &
McClintock 1952) method.

Table 1 Experimental uncertainties
Parameter Uncertainty Parameter Uncertainty
hypergravity,
an

±1% Pressure, P ±2 kPa

Diameter, D ±0.05 mm Pressure
drop, ∆P

±0.1 kPa

Length, L ±1 mm Heat flux, q ±3.25-3.61%
Temperature,
T

±0.2 K Vapor
quality, x

±0.027-0.054

Mass flux, G ±2% HTC, h ±3.7-11.4%

4. Experimental results and discussion

4.1. Experimental parameter ranges

A series of experiments on R245fa flow boiling
pressure drops were carried out inside horizontal tubes of
1.62 mm and 2.43 mm under different gravity levels of
an = 1, 1.04, 1.19, 1.52, 2.07 and 2.77 g, with G = 351
kg/m2 s, P = 217.8 kPa, q = 32 and 64 kW/m2, and x =
0.007-0.915. The detailed information is listed in Table
2.
Table 2 Data information of the experimental conditions

ID
(mm)

G
(kg/m2

s)

q
(kW/m2)

P
(kPa) x an (g)

1.62 351 32, 64 217.8 0.063-0.91
5

1-2.7
7

2.43 351 32, 64 217.8 0.007-0.65 1-2.7
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4.2. Effect of heat flux on pressure drop

It can be seen from the comparison of Fig. 2a and 2b,
Fig. 2c and 2d that the pressure drops inside 1.62 mm
and 2.43 mm tubes increase with the increase of heat
flux. The reason for this result is that the void fraction
increases with increasing heat flux in the tube, resulting
in the increase of acceleration pressure drop. Considering
that R245fa flows horizontally without the gravitation
pressure drop, the pressure drop in the tube is only
determined by the friction pressure drop and the
acceleration pressure drop.

4.3. Effect of tube diameter on pressure drop

It can be seen from Fig. 3 that the pressure drops
increase with the decrease of tube diameter. This is
because the fluid velocity near the wall in small tube is
greater than that in large tube at same mass flux,
resulting in a greater pressure drop in small tube than
that in large tube.

4.4. Effect of gravity level on pressure drop

The pressure drop for hypergravity is larger than that
for normal gravity at low vapor quality, as shown from
Fig. 2a to 2d, this is because hypergravity increases the
buoyancy of bubbles in the tube, thus accelerating the
bubble departure frequency and increasing the
disturbance between vapor and liquid.

The effect of gravity level on pressure drop is different
for different tube diameters at middle and high vapor
qualities. As can be seen from Fig. 2a and 2b, the
pressure drop of hypergravity in ID =1.62 mm tube is
larger than of normal gravity, this is because the Coriolis
force generated by the rotating machine in small tube can
more strongly complicate the movement of vapor-liquid
fluid micro-clusters, increasing fluid disturbance and
pressure drop in the tube. The conclusion of large tube
diameter is contrary to that of small tube diameter, that is,
the pressure drop under hypergravity is smaller than that
under normal gravity in large tube, this is because the
bubbles are more easily pushed to the top region of the
tube and a thick liquid film is formed at the bottom of
tube in larger tube under hypergravity, resulting in
stratified flow appearing in the larger tube.

Figure 2: Variation trend of ∆P with vapor quality inside
horizontal 1.62 mm and 2.43 mm tubes

Figure 3: Variation trend of ∆P with gravity inside
horizontal 1.62 mm and 2.43 mm tubes

5. Conclusion

(1) The effect of heat flux and tube diameter on
pressure drop is related to acceleration pressure drop and
fluid velocity near the wall, respectively.

(2) The effect of gravity levels on pressure drop is
different for different tubes.

(3) There is little difference of pressure drop for
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different tube diameters between hypergravity and
normal gravity.
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Abstract
Flame complex permittivity is parameter to

characterize the electrical property of flame, it is closely
related to the combustion process. The study of flame
complex permittivity model plays an important role in
obtaining combustion information by using complex
permittivity. In this paper, the flame complex
permittivity considering ion and electron is proposed,
which is related to temperature, pressure, the number
density of electron and ion. Therefore, the distribution of
flame temperature, electron and H3O+ were obtained in
Fluent. Combined with the proposed flame complex
permittivity model considering ions and electrons, the
distributions of flame complex permittivity were
calculated.

Introduction
Flame ionization produces positive ions, negative

ions and electrons (Calcote,1957), which gives the flame
electrical property that can reflect changes in the
complex permittivity (relative permittivity and
conductivity). Chen and Liu concluded that the complex
permittivity of the flame is related to multiple parameters
and processes such as flame ionization intensity,
combustion heat process, temperature and pressure. Jia
and Chen proposed the expression of flame complex
permittivity related to thermodynamic temperature
electron density and electron temperature. It can be seen
that the complex permittivity of flame can be used to
analyze the temperature and other combustion
information.

The above theoretical models of flame complex
permittivity ignore ions and only consider the
contribution of electrons to the complex permittivity.
The premise of neglect is that the number density of ion
and electron is equal. In this case, since the mass of ion
is larger than that of electron, the effect of ion can be
ignored. However, the distribution of ions and electrons
from the flame is not uniform (Bisetti and Morsli, 2012),
the complex permittivity model completely ignoring ion
effect may not fully reflect the mechanism of flame
dielectric properties. Therefore, this paper established a
flame complex permittivity model considering ion and
electron, and carried out numerical simulation analysis.

Theoretical model
The flame complex permittivity model considering

ions and electrons is shown in Equation (1)

2 2
0 1

2 2 2 2
0 0

2 2
0 1

2 2 2 2

=1+
( ) ( )

( ) ( )

m M

m M

m M

e n e n
m M
e n e n

m M


     

 


   


  


    

(1)

where, n is electron number density, e is electron charge,
m is electron mass, �0 is vacuum dielectric constant,

�� and �� are electron-central particle collision
frequency and ion-central particle collision frequency
respectively as shown in Equation (2)
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Where, p is pressure, d is neutral particle diameter, T is
thermodynamic temperature, k is Boltzmann constant.

From equation (1) and (2), the flame complex
permittivity is related to excitation frequency, electron
number density, temperature and pressure.

Numerical and Simulation Method
The distribution of temperature, electron and ion are

obtained by Fluent combined CHEMKIN. Flame
temperature, electron molar concentration and H3O+
molar concentration are shown in Figure 1.

(a) Temperature distribution
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(b) Electron distribution

(c) H3O+ distribution
Figure 1: Numerical simulation results of flame

Results and discussions
After distribution of temperature, electron number

density and ion number density are obtained, the
distribution curves of flame relative permittivity and
conductivity are calculated, based on the flame complex
permittivity model of equation (1), as shown in Figure 2.

(a) Conductivity

(b) Relative permittivity
Figure 2: Complex permittivity of flame

It can be seen that the relative permittivity of flame is
close to the temperature and ion distribution, and the
linear correlation coefficient between the relative
permittivity and temperature is 0.904. The distribution of
conductivity and electron is close, and the linear
correlation coefficient between conductivity and electron
number density is 0.947.

Conclusions
According to the flame complex permittivity model

considering ions and electrons, numerical simulation of
flame complex permittivity distribution is carried out in
this paper. The main conclusions are as follows:

1) The relative permittivity of flame is a number
bigger than and very close to 1, while the conductivity is
around 10-5 to 10-4;

2) The relative permittivity of flame is positively
correlated with temperature, while the electrical
conductivity is positively correlated with electron
quantity density.
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Abstract
The distribution of charged particles generated by

ionization in the flame is closely related to the
combustion state. In order to explore the different
distribution of charged particles in laminar and turbulent
flames, this paper uses a multi-step chemical reaction
mechanism that considers ion reactions based on Fluent.
The laminar and turbulent flames were simulated by
changing the flue spouting velocity, and the distribution
of charged particles in the laminar and turbulent flames
was obtained. The results show that in both laminar and
turbulent flames positively charged particles are mainly
distributed in regions with high temperatures. But
negatively charged particles are greatly affected by the
flue spouting velocity. In a laminar flame negatively
charged particles are mainly distributed inside and
outside the flame. While in a turbulent flame the electron
distribution is relatively uniform.

Introduction
In addition to luminescence and heat generation in

flame combustion, the ionization process is also an
important phenomenon in the flame combustion process
(Mengxin, 2013; Zhigang, 2013). Due to the instability
of the combustion process and the complex interaction
between the gas-solid two-phase, the spatial formation
and distribution of charged particles will be affected.
According to different working conditions, the
distribution of charged particles with different polarities
in the flame reflects the significant information of the
combustion state (Song, 2019).

Since the distribution of charged particles in the
flame can not be accurately obtained by experimental
methods, numerical simulation methods are widely used.
For example, Dong (2018) used Fluent to study the law
of charged particles in the dynamic process of flame
ignition. Hu (2000) considered the effect of the electric
field on the charged particles in the flame. Wang (2019)
conducted a numerical simulation research on the charge
distribution in the laminar flame. In the process of
combustion temperature has a direct effect on the degree
of ionization. The above studies did not consider the
effect of temperature on the distribution of charged
particles and only studied the laminar flame. Therefore,
the laminar flame and turbulent flame are considered in
combination with temperature and the distribution law of
charged particles in a stable combustion flame is
comprehensively studied.

Numerical Methods

A two-dimensional axisymmetric model is
established and the diffusion effect caused by heat is
considered in the flux term of the species transport
equation, as shown in Equation .

,T T i

T
J D

T


  (1)

In the above formula, TJ is the thermal diffusion
flux, ,T iD is the thermal diffusivity for species i , T
and T are the temperature and its gradient. By
changing the flue velocity, the Reynolds number is
changed to distinguish laminar and turbulent flames. The
Reynolds number is shown in Equation .

Re
vD


 (2)

In the above formula, Re is the Reynolds number,
 is the density of the flue, v is the velocity of the flue,
D is the diameter of the nozzle, and  is the dynamic
viscosity of the flue. The flue velocity in the laminar
flame is set to 0.35m/s, the corresponding Reynolds
number is 138.37, the flue velocity in the turbulent flame
is 7.00m/s, and the Reynolds number is 2767.44.

Results and Discussion

Figure 1: (a) Temperature distribution, (b) H3O+ molar
concentration distribution and (c) electron molar
concentration distribution of laminar flame.

Figure 1 shows the results of the laminar flame.
Compare Figure 1(a) and Figure 1(b), the H3O+

distribution area coincides with the high temperature
area of the flame. Compare Figure 1(a) with Figure 1(c),
electrons are concentrated in the inside of the flame and
outside of the flame. However, there are fewer electrons
on the reaction surface with high-temperature and the
upper part of the flame. Both H3O+ and electrons are
generated in the high temperature region. But their
distribution is different. H3O+ with small mobility is
distributed near the generation area, However, due to the
large diffusivity of electrons, most of the electrons are
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separated from the original position and the distribution
area is larger.

Figure 2: (a) Temperature distribution (b) H3O+ molar
concentration distribution and (c) electron molar
concentration distribution of turbulent flame.

Figure 2 shows the simulation results of the turbulent
flame. Compare Figure 2(a) and Figure 2(b), the
distribution area of positive ion H3O+ coincides with the
high temperature area of the flame. Compare Figure 2(a)
with Figure 2(b), electrons are concentrated in the high
temperature region at the top of the flame. What’s more,
in the middle and lower part of the flame the electrons
are evenly distributed.

Due to the larger velocity of turbulent flames, more
fuel is consumed per unit time than laminar flames, the
chemical reaction is more intense, and the rate of
electron generation is higher. Since the generation rate of
electrons is similar to the rate at which electrons leave
the generation position, the number of electrons on the
reaction surface is basically the same as the electrons
inside and outside the flame. In laminar flame, the rate of
electron generation is lower than that of electrons leaving
the generating position, which results in fewer electrons
on the flame reaction surface.

Combining Figure 1(c) and Figure 2(c), most of the
electrons generated at the top of the flame will move
downward and accumulate in the interior of the flame.
The electrons generated on the reaction surfaces around
the flame will diffuse to the inside and outside of the
flame at the same time. The difference in the molar
concentration of electrons is caused by the difference
between the rate of electron generation and the rate at
which electrons leave the generation site.

Conclusions
In this paper, based on Fluent, a numerical simulation

of the distribution of charged particles in laminar and
turbulent flames is carried out and the distribution results
of positive and negative particles are discussed.

1) The distribution of positively charged particles is
not greatly affected by the working conditions, and it is
mainly distributed in the high temperature region in both
laminar and turbulent flames.

2) Negatively charged particles are mainly distributed
inside and outside the flame in a laminar flame. While in
a turbulent flame, some electrons are concentrated at the
top of the flame, in other locations of flame the electron
distribution is relatively uniform.
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Abstract
Sensor configuration of optical tomography refers to

the arrangement of laser emitters and light receivers,
which is a key factor for the reconstruction performance.
This work proposes an optimization method for the
tomography configuration based on genetic algorithm.
Firstly, the angular arrangement of the emitters and
receivers is organized into a vector. Then, the uniformity
coefficient of the sensitivity map is selected as the
predictor of the reconstruction performance. Finally,
Genetic algorithm (GA) is used to search for the optimal
solution of the vector. The number of the emitters and
receivers is both predetermined as 25 according to our
previous work. The optimized configuration provided by
GA is an irregular configuration with uniformity
coefficient of 0.288. Reconstruction results of specific
distributions verify that the optimized configuration can
reconstruct distributions accurately with mean error of
14.3%.

Introduction
Optical tomography based on radiation-attenuation

aims to reconstruct the cross-sectional absorption
coefficient distribution based on numerous projections,
which has been widely applied in multi-phase flow
measurement, combustion engines, and functional tissue
imaging (Cai and Kaminski 2016).

The configuration of the tomography system, namely
the number and arrangement of the emitters and
receivers, has significant influence on the reconstruction
performance. In the past decades, many researchers have
developed various tomography systems with different
configurations (Twynstra and Daun 2012). However, the
optimization of the configuration has not been studied
sufficiently. This work aims to propose an optimization
method for tomography system based on genetic
algorithm.

Experimental or Numerical Methods, etc.
In this work, the uniformity coefficient of the

sensitivity map is selected to estimate the performance of
one configuration. The uniformity coefficient is defined
as:

�� =
��
��

(1)
where, �� is the mean value and �� is the standard
deviation of the sensitivity map.

The configuration can be represented by the angular
locations of the elements, which is defined as:

R = �� �� = [�1, …, ��, �1, …��] (2)
where the first � elements �� refer to the angular
location of the � laser emitters while the last �

elements �� refer to the locations of the � receivers.
The optimization process can be implemented by the
following steps:

1) generate initial 200 configurations, and calculate
�� of each configuration;

2) select configurations with low �� . Apply
crossover and mutation operator to build a new
generation;

3) Stop if the best solution is found, otherwise go to
2.

Results and Discussion
As a preliminary work, the numbers of the laser

emitters and receivers are both set as 25, and the
divergence angle is 1.6. As shown in Figure 1(a), the
optimization iterates 808 generations, and the global best
�� is 0.288. The optimized configuration is an irregular
structure, where the beam arrangement of the optimized
configuration is uniform.

Figure 1: Optimization process (a) and configuration (b).
Figure 2 displays the reconstruction results of three

distributions based on the optimized configuration. The
reconstruction errors of these three distributions are 9.3%,
20.0% and 13.6%, respectively. The ‘hard-edge’ of the
first and second distribution, and the ‘soft-edge’ of the
third distribution are clearly reconstructed.

Figure 2: (a), (b), (c) Practical distributions; (d), (e), (f)
Reconstruction results.

Conclusions
The uniformity coefficient is a feasible predictor of

the reconstruction performance. The optimized
configuration can reconstruct practical distribution
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effectively with mean error of 14.3%, and the ‘soft-edge’
and ‘hard-edge’ phantoms can be clearly reconstructed.
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Abstract
In the present study, the existing supercritical carbon

dioxide-based Brayton cycles are reviewed. The impact
of the temperature and pressure of the turbine, pressure
boost ratio of the compressor, shunt ratio, and the
performance of regenerator, compressor, and turbine on
the efficiency of the simple regenerative cycle and
recompression cycle are studied. Suggestions for
optimization are proposed to increase the efficiency of
the sCO2-based Brayton cycle.

Introduction
SCO2-based Brayton cycle is a kind of power cycle

that can carry out the efficient thermoelectric conversion
and is considered to have good application prospects in
the field of thermoelectric conversion in hypersonic
vehicles.

The supercritical carbon dioxide Brayton cycle was
first proposed by Angelino G and Feher E G [1-2]. Then,
Angelino [3] put forward a simple regenerative cycle and
a recompression cycle to improve the efficiency of
sCO2-based Brayton cycle. Intercooled recuperated
cycle(ICR) was developed by Rolls-Royce and West
inghouse [4] which adds an intercooler and an exhaust
air reheater for compressing the gas on the basis of the
simple cycle. Wang [5] studied the pre-compression
cycle and pointed out that it can be 5% more efficient
than the recompression cycle at the same minimum
temperature. Among these cycles, the simple
regenerative cycle is the most widely used for its
uncomplicated layout, the efficiency of the
recompression cycle is the highest, and the influencing
factors on the efficiency of these two cycles are explored
in this paper.

Analysis of cycle efficiency

The power generation system of a simple
regenerative cycle is shown in Figure 1.

Figure 1 Diagram of simple regenerative Brayton cycle

According to the first law of thermodynamics, the
efficiency of the cycle (η) is

� =
�� −��

���
=
��� − ����

��� (1)
For a simple regenerative Brayton cycle,

� =
(ℎ4 − ℎ5) − (ℎ2 − ℎ1)

ℎ4 − ℎ3
=
(ℎ4 − ℎ3) − (ℎ6 − ℎ1)

ℎ4 − ℎ3

(2)

where W is mechanical power, Q is thermal power and h
is enthalpy. The subscript c indicates compressor and t
means turbine, numbers represent the status points of the
cycle.

�� and �� represent the isentropic efficiency of
compressor and turbine. The compression efficiency of
the compressor can be denoted as

�� =
ℎ�,���,�� − ℎ�,��
ℎ�,��� − ℎ�,�� (3)

The working efficiency of the turbine can be written
by

�� =
ℎ�,�� − ℎ�,���
ℎ�,�� − ℎ�,���,�� (4)

The recuperation efficiency of the regenerator is

���� =
Δℎ���
Δℎ��� (5)

where Δℎ��� is heat exchange capacity of the regenerator
and Δℎ��� is maximal heat exchange capacity of the
regenerator.

The parameters including the temperature and
pressure at the inlet of the turbine, the temperature and
compression ratio of the compression, efficiency of the
turbine, compression and regenerator, minimum
temperature difference, and the pressure loss rate of all
these parts are given in advance.

Because of the ‘pinch point’ inside the reheater, the
minimum temperature difference appears inside the
reheater causing heat transfer deterioration. The
sCO2-based simple regenerative cycle is not much more
efficient compared to the Rankine cycle of the same
parameters. The recompression cycle is proposed to
avoid the ‘pinch issue’. Figure 2 shows the power
generation system of the recompression cycle.
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Figure 2 Diagram of recompression cycle
For recompression Brayton cycle:

� =
(ℎ5 − ℎ6) − (ℎ2 − ℎ1) − (ℎ3 − ℎ8)

ℎ5 − ℎ4 (6)
By using the physical properties provided by NIST

Reference Fluid Thermodynamic and Transport
Properties Database (REFPROP) and programming with
Matlab, the effects of the thermal parameters at the status
points and the performance of these components on the
efficiency of the two cycles are investigated in this paper.

Results and Discussion
The effect of turbine inlet temperature on the simple

regenerative cycle and recompression under the
condition of different turbine inlet pressures are plotted
in Figure 3 and 4.

Figure 3 Efficiency diagram for simple regenerative
cycles

Figure 4 Efficiency diagram for recompression
cycles(Shunt ratio is 0.9)

It can be seen from Figure 3 and 4 that, the efficiency
increases with the temperature of the turbine inlet. It

decreases first with the increase of inlet pressure and
then increases, the turning point is 14MPa for the simple
regenerative cycle, and for the recompression cycle, it
increases first and decreases then with the turning point
being 15 MPa. When the inlet temperature of the turbine
is lower than 660 K and the pressure is lower than 10
MPa, no work can be output in the recompression cycle.

Figure 5 Effect of shunt ratio on the efficiency
Figure 5 shows that the efficiency of the

recompression cycle rises with the shunt ratio, after the
shunt ratio is larger than 0.7, the increase rate drops.

Conclusions
1) When the shunt ratio is greater than 0.75, the

recompression cycle is more efficient than the
simple one with the same parameters given in
advance.

2) For the simple regenerative cycle, to make it more
efficient, the inlet temperature of the turbine should
be maintained at 660K-680K and the pressure
should be around 16MPa.

3) For the recompression cycle, to make it more
efficient, the inlet temperature of the turbine should
be over 660K , and the shunt ratio is supposed to be
greater than 0.7.
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Abstract
The supercritical carbon dioxide (S-CO2) Brayton

cycle has high efficiency, compactness of component and
small system size. Because of these advantages, the
S-CO2 Brayton cycle has evaluated as a power
conversion system for numerous new green energy
applications, such as nuclear and solar. In this paper,
based on the first law of thermodynamics,
thermodynamic analysis and optimization research are
carried out for S-CO2 Brayton cycle systems applied to
nuclear energy and solar energy. The results show that in
the application field of the generation Ⅳ nuclear energy,
the efficiency of the S-CO2 Brayton cycle system can
reach to 40%, which is about 10% higher than that of the
traditional Rankine cycle; in the field of solar energy
applications, the efficiency of the S-CO2 Brayton cycle
system can reach to 25%, which is 3%-4% higher than
the traditional Rankine cycle. Therefore, compared with
the Rankine cycle, the S-CO2 Brayton cycle has the
advantages of high efficiency, high compactness, safety
and reliability, and is the important choice for the future
new energy power generation industry.

Introduction
At present, the increasing consumption of the fossil

fuels has accelerated environmental pollution, and the
development of new energy sources to replace fossil
energy sources has reached an imminent critical moment.
With the development of exploring new energy
technologies, nuclear energy and solar energy have been
becoming one of the main forces worldwide among new
energy sources with its unique advantages. While
pursuing new green energy, it also pays great attention to
improving the energy utilization efficiency of new energy,
which promotes the further development of new energy
strategy. Compared with the traditional steam Rankine
cycle power generation system, the S-CO2 Brayton cycle
has the advantages of high efficiency, small size and
light weight, and has been appointed the primary choice
for nuclear energy conversion systems at the Generation
IV International Forum (USDOE, 2002).

The S-CO2 Brayton cycle was first proposed by Feher
(1968) in 1968. And then, the S-CO2 Brayton cycle is
developed for nuclear applications. Dostal et al. (2004)
carried out the systematic and detailed component
analysis for applications in advanced nuclear reactors.
Moisseytsev and Sienicki (2009) compared different
S-CO2 cycle configurations for a sodium-cooled fast
reactor, and found that the recompression cycle shows
better performances. In 2015, the Korea Advanced
Institute of Science and Technology (Ahn et al., 2015)

established a non-split cycle thermodynamic model
based on whether S-CO2 is split or not, including
recuperation, intercooling, inter-recuperation, reheating,
precompression, split-expansion. The split cycle
including recompression, modified recompression,
preheating, and three cycles of turbine split flow1, 2, and
3. They compared the performance of the above cycles at
the turbine inlet temperature of 500°C and the inlet
pressure of 25MPa, and found that the recompression
cycle has the highest efficiency under the same level of
conditions, which is suitable for applications in advanced
nuclear reactor systems. In addition, in the field of solar
energy applications, the use of S-CO2 Brayton cycle
power generation systems is also attracting more and
more attention. Al-Sulaiman and Atif (2015) used
various configurations of the S-CO2 Brayton cycle to
evaluate the optimal configuration for solar energy. They
compared simple Brayton cycle, precompression, simple
regenerating Brayton cycle (SRBC), split expansion and
recompression Brayton cycle (RCBC) performance when
integrated with solar thermal power towers, respectively.
They found that under specific operating conditions, the
overall performance of RCBC is the best, and the
performance of SRBC is relatively good.

Therefore, in this paper, the system thermodynamic
performance analysis and optimization will be carried
out for the application of S-CO2 Brayton cycle in the
fields of nuclear energy and solar power generation.
Firstly, the system thermodynamic model is established
based on the first law of thermodynamics. Secondly, the
sensitivity analysis of system efficiency to matching
parameters is carried out. Finally, the system matching
parameters are optimized based on the principle of
optimal system efficiency.

Cycle description and mathematical modeling
The S-CO2 recompression Brayton cycle

configuration is shown in Fig.1, where the main
components include: heat source, turbine, high
temperature regenerator (HTR), low temperature
regenerator (LTR), a precooler, main compressor (MC),
and recompression compressor (RC). The
thermodynamic model for each component and the
system thermodynamic model will be established as
follows:
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Figure 1: S-CO2 recompression Brayton cycle.

Table 1: Thermodynamic model of components and
system.

Components Energy equations
Heat source  , ,hs hs o hs iQ m h h  

Turbine
   , , , , , ,- -is t t i t o t i is t oh h h h

 , ,-t t i t oW m h h 

Main compressor
and

recompression
compressor

   , , , , , ,- -is c is c o c i c o c ih h h h

 , ,-c c o c iW m h h 

HTR and LTR
   , , , ,= r i r o r i l iT T T T 

   , , , ,r r i r o l o l iQ m h h m h h     

Precooler  , ,p p i p oQ m h h  

Cycle efficiency  th t c hsW W Q 

Results and Discussion
As shown in Fig.2, the effect of cycle maximum

temperature and pressure, minimum temperature and
pressure on the recompression cycle efficiency. The
cycle maximum temperature here refers to the inlet
temperature of the turbine, and maximum pressure here
is located at the compressor outlet. The minimum
temperature and pressure here refer to inlet temperature
and pressure of the main compressor. As the maximum
temperature rises, the cycle efficiency increase, because
the output power of turbine increase, and it is negligible
to the compressor power, as shown in Fig.2(a). It can
also be seen from Fig.2(a) that with the increase of the
maximum pressure, the power of compressor and turbine
will increase, but the increasing turbine work
outperforms the compressor work due to the diverging
nature of isobars with temperature, so the cycle
efficiency increase.

The effects of the minimum cycle temperature and
pressure are closely related to the properties variation
near the critical point. It has been found that the cycle
efficiency declines as the minimum temperature increase,

as shown in Fig.2(b). As the minimum pressure varies,
there is an optimal value to gain maximum cycle
efficiency, which corresponds to the pressure at which
the minimum temperature is equal to the pseudocritical
temperature.

Figure 2: Effect of different parameters on cycle
efficiency: (a) maximum cycle temperature and pressure,
(b) minimum cycle temperature and pressure.

The components efficiency can be used to evaluate
the performance of components. They are important
design parameters which significantly influence the cycle
efficiency. As the components efficiency rises, the cycle
efficiency increase. And the turbine efficiency has the
most significant effect on cycle efficiency.

Figure 3: Effect of main components efficiency on cycle
efficiency: (a) turbine and compressor efficiency, (b)
effectiveness of the heat exchanger.

Conclusions
The S-CO2 recompression Brayton cycle is proposed

for new green energy applications, such as nuclear and
solar. The comprehensive study has been carried out to
evaluate the thermodynamic properties of the cycle. The
main conclusions are summarized as follows:

(1) The results of parametric study reveal that the
maximum temperature and pressure have positive effects
on cycle efficiency, while the minimum temperature has
negative effects. And as the minimum pressure varies,
there is an optimal value to gain maximum cycle
efficiency.

(2) The components efficiency has significant effects
on cycle efficiency, among which the turbine isentropic
efficiency has the greatest influence.

(3) The optimization results show that the maximum
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values of the cycle efficiency for the generation Ⅳ
nuclear energy can reach to 40%, which is about 10%
higher than that of the traditional Rankine cycle; in the
field of solar energy applications, the efficiency of the
S-CO2 Brayton cycle system can reach to 25%, which is
3%-4% higher than the traditional Rankine cycle.
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Abstract
The addition of phase change materials (PCMs) to
building wall can greatly reduce the energy consumption
of buildings and improve the indoor thermal comfort.
However, the preparation of inexpensive, easily available,
and environmentally friendly composite PCMs with high
enthalpy is still a great challenge. Herein, inspired by
water transportation and capillary evaporation of natural
plants, we selected the widely distributed and cheaply
available wild daisy stem as the raw material for the first
time to prepare form-stable composite PCMs for
building temperature regulation. A hierarchical porous
skeleton material was prepared by high temperature
carbonization and chemical modification of wild daisy
stem, and then it was impregnated with paraffin to obtain
a composite PCM. The results show that the chemical
modification using ethanol creates a richer pore structure
and increases the PCM loading amounts. The obtained
composite PCM was thermally, chemically and cyclically
stable with the phase change enthalpy and phase change
temperature of 213.6 J/g and 40.1°C, respectively.
Finally, the composite was applied to the temperature
regulation of buildings, the center temperature of the
phase change model was 5.1°C lower than that of the
ordinary house, indicating the building with the addition
of the as-prepared PCM to the walls had significant
thermal buffering effect under a simulated light
compared to ordinary building with rapid temperature
change. Thus, the excellent storage capacity of this
composite material gives it great potential for application
in building temperature regulation.

Introduction
An effective way to achieve green energy-saving

buildings is to integrate PCMs into buildings. Owing to
the high energy storage density and high thermal
efficiency1-3, PCMs can contribute to the excess thermal
energy storage and temperature control of building4. The
PCM undergoes an endothermic physical process from a
solid to a liquid with the increase of temperature, and
then it releases heat by an exothermic process from a
liquid to a solid when the temperature decreases. By this
means, PCM can maintain the temperature fluctuation of
buildings in a small range without any additional heating
and cooling energies.

Experimental
Fig. 1 shows the preparation process of phase change
composites. Fresh daisy stems were chosen as raw
material and the impurities on their surface were
removed with deionized water. After that, these daisy

stems were soaked in anhydrous ethanol for 48 h. Next,
they were vacuum freeze dried to maintain their natural
structure at -70°C for 24 h. And then the modified daisy
stalk was heated to 300°C for 1 h in a tube furnace at a
heating rate of 5°C/min under nitrogen atmosphere,
following by heating to 600°C for 1 h at a heating rate of
5°C/min under nitrogen atmosphere to obtain modified
daisy stems carbon (m-DS). Afterwards, the composite
m-DS/PW PCMs were obtained by vacuum
impregnating excess PW into m-DS for 6 h at 60°C.
Finally, to obtain leakage-proof m-DS/PW, the composite
m-DS/PW PCMs were placed on a filter paper in a
drying oven at 60°C for 12 h accompanied by the
periodical replacement of filter paper. For the preparation
of DS/PW, the same processes as that of m-DS/PW were
applied except that the anhydrous ethanol soak step was
not used.

Figure 1: Schematic diagram of m-DS/PW synthesis.

Results and Discussion
Differential scanning calorimetry was used to
characterize the thermal energy storage performance of
composite PCMs, including phase change temperature,
crystallization temperature, phase melting enthalpy and
crystallization enthalpy. There are two crystalline peaks
for both PW and composite PCMs (Fig. 2a). The first
peak at 32.6 ℃ is a solid-solid change, and the second at
35.7 ℃ is a solid-liquid phase change5. This
phenomenon is closely related to the way the nuclei are
formed and the roughness of the contact surfaces during
the solidification of the melt. In the crystallization
process of m-DS/PW composite PCMs, there are two
types of nucleation: uniform nucleation and non-uniform
nucleation. Fig.2a and 2b show that the crystallization
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peak in the high-temperature direction is dominated by
the non-uniform nucleation of PW near m-DS, while the
solidification peak in the low-temperature direction is
mainly due to the uniform nucleation of PW6. The phase
change enthalpy increased from 161.2 J/g for DS/PW to
213.6 J/g for m-DS/PW, indicating the chemical
modification activated the pore structures of DS and
improved the loading capacity of PCM.

Application of composite materials
To verify the ability of the composite PCM for building
thermal management, a simulated solar heating system
was built (Fig. 3a). m-DS/PW was added to the
cardboard compartment as wall. The model of a house
was assembled from the composite cardboards and a
control chamber was built without the addition of any
materials. Fig. 3b shows the wall and space temperatures
for the composite PCM, the wall and space temperatures
for the control, and the change curves inside the glass
enclosure. As can be seen from Fig.3b, when heated to
1800s, the temperature inside the glass hood reached
54.5°C, while the central temperature of the control
group reached 41.8°C. The space temperature of the
composite PCM group was 5.1°C lower than the central
temperature of the control chamber. During the cooling
process, the central temperature of the control group
decreased at a faster rate, while the space temperature of
the phase change composite showed a slow decrease
compared to the control group. The maximum
temperature difference in the wall temperature even
reached 6.6°C. This is mainly due to the temperature
difference caused by the heat absorption and release of
the composite PCM in the spacer layer, resulting in
different wall and space temperatures between the PCM
group and the control group.

Figure 2: (a) DSC thermograms of PW, DS/PW and
m-DS/PW composite PCMs, (b) Phase change enthalpy
of the leak-free composites before and after 100 thermal
cycles.

Figure 3: (a) Diagram of the thermal management
performance test setup, (b) Temperature evolution curves
of phase change composite group wall (T1) and centre
(T2), control group wall (T3) and centre (T4), test room
(T0), Infrared photos of the model (c) without added

material and (d) with added material.

Conclusions
This work provides an effective way to prepare

high-performance stable shape composites. To prepare
composite PCMs with excellent properties, a
carbon-based material with three-dimensional porosity
was developed. (1) DS was successfully prepared by
direct carbonization of chrysanthemum stems. (2) m-DS
was successfully prepared by treating daisy stems with
anhydrous ethanol followed by carbonization of daisy
stems. Then, PW was introduced into the carbon-based
materials under vacuum conditions. Finally, two
composites with stable structures were successfully
prepared. The three-dimensional porous structure
enabled the loading rate of m-DS to reach 78.8%.
m-DS/PW composite has a melting temperature of
40.1°C, the enthalpy of melting of 213.6 J/g, the
crystallization temperature of 41.5°C, and the enthalpy
of crystallization of 209.4 J/g. It has a high heat storage
capacity. In addition, m-DS/PW have shown good
temperature control properties in application tests of the
composites. Hence, the synthesized m-DS/PW showed
tremendous potential for thermal energy storage and
temperature control applications.
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Abstract
Accurate characterization of the droplet breakup

morphology is of crucial importance to predict the resultant
fragment size distribution which is the most critical
parameter in atomization-related applications. The present
work numerically studies breakup of identically-sized
tandem droplets in shear flow under low Weber numbers
and aims to reveal the underlying flow mechanism that
governs the interaction between droplets in close proximity.
The 3D two-phase flow field is resolved by the commercial
CFD solver Ansys Fluent, and the gas-liquid interface is
captured by the CLS-VOF (Coupled Level Set-Volume Of
Fraction) model. Weber number of 14 corresponding to bag
breakup is maintained in the current work, with the
center-to-center separation distance varied between 1.2 and
2.1 times of the droplet diameter. The preliminary result
shows that the simulated breakup patterns of tandem
droplets in uniform crossflow agree well with previously
published experimental work. The tandem droplets show
interactive features including puncturing and coalescence
modes. The separation vortex induced by the lead droplet is
the key flow structure that alters the tail droplet deformation.
Additional results on tandem droplet breakup in shear flow
will be presented in the conference.

Introduction
Droplet breakup, also termed secondary atomization, is

of crucial importance in industrial applications including
powder metallurgy and fuel injection. Most often droplets
appear as closely spaced clusters, especially in dense sprays
such as diesel injection and agricultural spray. Therefore,
studies of multi-droplet breakup become essential to
accurately predict atomization performance in practice.
Droplets in tandem formation, as the simplest yet most
fundamental pattern to study droplet interactions, have
gained increasing attention. Zhao et al. (2019) and Wang et
al. (2021) experimentally investigated tandem droplet
breakup in uniform crossflow and both reported puncture
and coalescence modes. Similar breakup features were
presented in numerical works of Kekesi et al. (2019), and an
additional shuttlecock breakup mode was described by
Stefanitsis et al. (2019).

The present numerical work focuses on tandem droplet
breakup in shear flow and intends to elucidate detailed flow
structures that govern the interactive modes between
droplets. Preliminary results of tandem droplet breakup
patterns in uniform crossflow are presented in this
manuscript.

Numerical Methods
The present numerical work was conducted by

employing the commercial CFD solver Ansys Fluent. The
CLS-VOF (Coupled Level Set-Volume Of Fraction) model

was adopted to simulate the 3D flow field of tandem droplet
breakup in shear flow. Adapted mesh refinement was
applied to the gas-liquid interface and ensured high
reliability in resolving the droplet deformation. Figure 1
presents the cross section of the computational domain. The
tandem droplets are made of water and share identical
diameters D of 2 mm. Their center-to-center separation
distance S is kept as either 1.2D or 2.1D. The entire
computational domain is 10D in length and 9D in height
and width. The inlet is assigned with a ramped velocity
profile, and the corresponding Weber number We based on
the mean inlet velocity Um is 14. Uniform pressure is
imposed on the outlet, and other boundaries are specified as
inviscid walls.

Figure 1: Geometric dimensions and boundary conditions of
the computational domain.

Results and Discussion
In this manuscript, only the preliminary results of

tandem droplet breakup in uniform cross flow (i.e. zero
spatial gradient of inlet velocity) are presented.
Additional analyses of tandem droplet breakup in shear
flow will be given in the conference.

Figure 2 shows the deformation pattern of the
tandem droplets at S = 1.2D and We = 13. Here the
non-dimensional time T is formulated as (Ranger and
Nicholls 1969):

� = � ∙ ��/ � �d/�g (1)
where t, ρd and ρg are the physical time, the droplet
density and the gas flow density, respectively. The flow
structure around the tandem droplets at T = 0 shows
typical features of flow stagnation at windward surface,
flow acceleration around periphery and flow separation
at leeward surface. Under the surface pressure imbalance,
the lead droplet experiences cross-stream flattening that
resembles single droplet breakup. However, the tail
droplet deformation exhibits non-conventional patterns.
Since being shadowed in the wake of the lead droplet,
the pressure imposed on the windward surface of the tail
droplet is significantly reduced and the corresponding
stagnation point is shifted towards the periphery.
Consequently, the tail droplet front is squeezed into a

mailto:zhaoguang.wang@sjtu.edu.cn
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cone shape as shown at T = 0.35. As the lead droplet
expands along the cross-stream direction, its downstream
wake region continues to be extended and the separation
vortices become increasingly large. As a result, the tail
droplet is surrounded by the recirculating flow and the
surface stagnation point moves to the lateral sides. The
tail droplet is then stretched along the streamwise
direction by shear and compression. At T = 1.0 the
tandem droplets are about to collide and at T = 1.35 they
merge into a T-shape bulk. No bag structure is developed
for the present case, which would significantly alter the
resultant fragment size distribution.

Figure 2: Coalescence mode of tandem droplet breakup at S
= 1.2D and We = 13. Experimental data (Wang et al. 2021)
on the left and numerical results on the right.

Figure 3 shows the tandem droplet breakup
morphology at S = 2.1D and We = 14. At the initial state
of T = 0, the flow field around the tail droplet is only
marginally influenced by the presence of the lead droplet.
The tail droplet undergoes continuous flattening until the
instant of T = 0.7 when the expanding separation vortex
behind the lead droplet reaches the tail droplet front.
Similarly to the previous case of S = 2.1D, the stagnation
point moves to the periphery of the tail droplet and
compresses the droplet to shrink in the cross-stream
direction. At T = 1.7, the tail droplet deforms into a
shuttle shape while the lead droplet starts to inflate a
liquid bag. The tail droplet punctures the bag structure of
the lead droplet at a later stage and shoots through.

For both cases, the lead droplet is marginally
affected by the tandem formation with only the leeward
surface flattening slightly weakened. But the tail droplet
deformation is notably distorted once the separation

vortex induced by the lead droplet reaches its windward
surface. This separation vortex reshapes the tail droplet
by shifting the stagnation point towards the peripheral
region and exerting strong shear at the droplet front. It is
noteworthy that the lead droplet travels closer and closer
to the tail droplet because of the higher drag and the
separation vortex grows to affect more and more
extensive downstream region as the lead droplet expands
in the cross-stream direction. Therefore, the droplet
interaction is inevitable unless the initial separation
distance is long enough to prevent the tail droplet from
being caught by the recirculating flow. This explains the
experimental observation from Wang et al. (2021) that
the effective distance for tandem droplet interaction at
We = 14 exceeds 10 times of the droplet diameter.

Figure 3: Puncturing mode of tandem droplet breakup at S =
2.1D and We = 14. Experimental data (Wang et al. 2021) on
the left and numerical results on the right.

Conclusions
The present work numerically investigates tandem

droplet breakup in shear flow at We = 14 using the
commercial CFD solver Ansys Fluent with adoption of the
CLS-VOF (Coupled Level Set-Volume Of Fraction) model.
The center-to-center separation distance is kept at 1.2 and
2.1 times of the droplet diameter. The preliminary result of
tandem droplet breakup in uniform crossflow resembles
main features of previously published experimental work.
The tail droplet deformation is essentially distorted by the
separation vortex behind the lead droplet, resulting in
puncturing and coalescence interactive modes. The ongoing
work of tandem droplet breakup in shear flow will be
presented in the conference.
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Abstract

The development of cost-effective and sustainable
battery systems is an important approach to grid-scale
storage systems for intermittent renewable energy
sources such as solar and wind1-3. The redox flow battery
(RFB) is favored by researchers and engineers due to the
its advantages such as less location restrictions, high
efficiency and safety, flexible power and energy densities
configuration4, 5. Currently, various RFBs have been
developed, among which, copper-based RFB has
attracted the attention of many researchers due to its
abundance in nature, low cost and low toxicity of the
cupper-based material. However, copper ion deposition
is a common problem in the copper-based RFBs reported
at present, resulting in the worse reversibility and
shortened life of the battery.

In this work, copper complex
(Cu[HCOO]3[NH3CH3]) was synthesized via
hydrothermal method and used as the cathode active
substance to constructed
Cu[HCOO]3[NH3CH3]/4-OH-TEMPO RFB. The special
structure of the Cu[HCOO]3[NH3CH3] helps to embed
the Cu2+ ions inside the ligands, thus preventing the Cu2+

ions from being deposited into solid metallic copper or
cuprous oxide so as to prolong the cycle life of the RFB.
Furthermore, the size of Cu[HCOO]3[NH3CH3] is larger
than that of Cu2+, so the cross contamination can be
reduced to improve the efficiency of the RFB. The
kinetics of electrode reactions of the positive active
substance (4-OH-TEMPO) and negative active substance
(Cu[HCOO]3[NH3CH3]) were investigated by cyclic
voltammetry. The theoretical open circuit voltage of
Cu[HCOO]3[NH3CH3]/4-OH-TEMPO RFB was 0.477 V,
it ran stably for 17 cycles at room temperature and runs
for up to ca. 17 hours. To improve the cycle life of the
battery, C6H8O7-Na2HPO4 buffer was added to the
negative electrolyte to increase the diffusion coefficient

of Cu[HCOO]3[NH3CH3] and reduce the concentration
polarization, thus improving the redox reversibility of
Cu[HCOO]3[NH3CH3]. The theoretical open-circuit
voltage of Cu[HCOO]3[NH3CH3]/4-OH-TEMPO RFB
increased from 0.477 V to 0.696 V in the presence of
C6H8O7-Na2HPO4 buffer, Moreover, it runs stably for 40
cycles for ca. 59 hours, and the voltage efficiency and
energy efficiency at the current density of 7.5 mA cm-2

were up to 74.96% and 66.52%, respectively. The
highest coulombic efficiency up to 96.87% was reached
at 40 mA cm-2.

The Cu[HCOO]3[NH3CH3]/4-OH-TEMPO RFB
constructed in this work has the advantages of low cost
and less pollution, and the synthesized metal complex is
expected to become a new generation of high efficiency
active substance of aqueous RFB.
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Abstract
The primary and secondary circuits in the

lead-bismuth cooling fast reactor transfer heat through
the steam generator. The two sides of the heat transfer
tube are filled with high-pressure supercooled water and
high-temperature lead-bismuth coolant. The large
pressure difference and temperature difference on both
sides of the heat transfer tube and the corrosion effect of
liquid lead and bismuth metal may cause the steam
generator heat transfer tube rupture (SGTR) accident. It
is of great academic significance and engineering
application value to deeply study the characteristics of jet
boiling and steam diffusion of high-pressure water
entering liquid lead-bismuth metal after the accident. In
order to reveal the heat and mass transfer mechanism of
the interaction between liquid lead -bismuth and water,
this paper adopts the VOF multiphase flow model,
combined with the LES turbulence model and the Lee
phase transition model, to establish a water/steam-LBE
multiphase flow phase transition model. The phase
change and heat transfer process of high-pressure water
injected into high-temperature lead and bismuth metal
are mainly studied. Combined with factors such as
injection pressure and supercooled water temperature,
the effects of different working conditions on the jet
shape, migration depth, and boiling behavior during the
jet boiling process are analyzed.

The results show that under the influence of two
interface instabilities (Kelvin-Helmholtz instability and
Rayleigh-Taylor instability), the overall jet profile is
cylindrical, and the interface is a rough surface with
unevenness. While the water jet migrates into the interior
of the LBE, the steam generated by the boiling coalesces
upwards under the action of buoyancy. The jet flow can
be divided into two regions: (1) the water jet region, the
main body is liquid water; (2) the multiphase flow region,
mainly the water/steam and LBE multiphase flow mixing
region (see Figure 1). The increase in the temperature of
the supercooled water promotes the transfer of the
pressure in the tube to the interior of the LBE. For the
working condition of water temperature of 260°C, it can
be found that there are obvious pressure fluctuations
under the nozzle, indicating that high-pressure areas and
low-pressure areas alternately exist. The decrease in
local pressure corresponds to a decrease in saturation
temperature, creating an alternating water/steam
distribution area (see Fig. 2). With the increase of
supercooled water temperature, the jet water area is
shortened, and the interface with the multiphase flow
area becomes blurred or even disappears. In the initial

stage of the jet, the temperature of the supercooled water
has little effect on the generation of steam. After the
water flows out of the nozzle, the higher the temperature
of the supercooled water is, the larger the volume of
steam is generated (see Fig. 3).

Due to the water hammer effect caused by the impact
of the supercooled water on the LBE, there is an area of
pressure surge within the nozzle. As the jet moves
downwards, the pressure fluctuations also move
downwards, and the pressure peaks of the fluctuations
also increase. After the end of the jet flows out of the
nozzle outlet, the pressure fluctuation caused by the
water hammer effect disappears. It can be found that as
the injection pressure increases, the pressure peak caused
by the water hammer effect at the nozzle outlet also
increases (see Fig. 4, Fig. 5). There are two mechanisms
for increasing the injection pressure on the jet boiling
process: (1) promotion- increasing the volume of
supercooled water; (2) inhibition- increasing the
saturation temperature. With the increase of injection
pressure, the amount of steam generated by jet boiling
increases, and the above-mentioned promotion is
dominant (see Fig. 6).

4.8 ms 6.0 ms 7.2 ms 8.4 ms 9.6 ms 10.8 ms

(a). Jet profile

(b). Phase distribution diagram
Figure 1: Interaction process of water jet and LBE.
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Figure 2: Z-axis axial centerline pressure distribution.

Figure 3: Effect of supercooled water temperature on the
change of steam volume.

Figure 4: Z-axis axial centerline pressure changes at
different times.

Figure 5: Influence of injection pressure on axial centerline
pressure variation.

Figure 6: Effect of injection pressure on steam volume
change.
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Abstract
A Eulerian-Eulerian two-fluid model combined with

the kinetic theory of granular flow is adopted to simulate
power-law fluid-solid two-phase flow in the fluidized
bed. Two new power-law liquid-solid drag models are
proposed based on the rheological equation of power-law
fluids and pressure drop. One modified drag model
considers tortuosity of flow channel and ratio of the
throat to pore, and the other model is a blending drag
model combining drag coefficients of high and low
particle concentrations. Predictions are compared with
experimental data measured by Lali et al., where the
computed porosities from the blending model are closer
to the measured data than in other models. Furthermore,
the predicted pressure drop rises as liquid velocity
increases, while it decreases with the increase of particle
size. Simulation results indicate that the increases of
consistency coefficient and flow behavior index lead to
the decrease of drag coefficient, and particle
concentration, granular temperature, granular pressure go
down accordingly.

Introduction
The fluidization process has been widely applied to

petrochemical, bio-pharmaceutical, metallurgical
operation, food processing, etc. (Fan, 1989). The
liquid-solid fluidized bed is a common kind of
fluidization equipment, which is suitable for large-scale
industrial operation due to its favorable mass transfer and
heat transfer characteristics (Cheng and Zhu, 2005). In
numerical simulations on liquid-solid two-phase flow,
the effects of rheological properties of non-Newtonian
fluids on movements of particles are usually neglected,
while Newtonian fluid acts as the default choice (Pang et
al., 2020). Therefore, it is very critical to study the flow
characteristics of particles in non-Newtonian fluids
considering their rheological properties. The drag force
model, originating from the relative velocity difference
between the fluid and the particles, plays a significant
role in numerical simulations on the multiphase flow,
mass transfer, and heat transfer (Wang et al., 2021). In
general, the drag force is expressed by the product of the
relative velocity and the drag coefficient, which serves as
a closure equation in two-fluid model simulations,
reflecting the momentum exchange between the liquid
and solid phases. As for non-Newtonian liquid-solid flow,
its nonlinear rheological properties change the
interaction mechanism of liquid and solid phases (Lu and
Gidaspow, 2003). The power-law mode is the most
widely adopted mode for non-Newtonian fluids, whose
rheological parameters contain consistency coefficient K

and flow behavior index n (Hassan, Khan, and Rasul,
2008).

Experimental or Numerical Methods, etc.

The Eulerian-Eulerian approach is a method that both
liquid phase and solid phase are viewed as continuums,
and it is solved in the Eulerian coordinate system
simultaneously. In the Eulerian-Eulerian method, the
two-fluid method (TFM) is used the most (Lu et al.,
2003), and its advantages lie in the better adaption for
meshes and less computation cost. In the present study,
the power-law liquid-solid drag models based on
rheological properties of power-law fluids and equations
of pressure drop are proposed. The test of drag models,
including two new power-law liquid-solid drag models,
Gidaspow drag model, Huilin-Gidaspow drag model, and
Gibilaro drag model is conducted in a two-dimensional
fluidized bed. In addition, the influences of different
consistency coefficients and flow behavior indexes on
liquid-solid flow behaviors are analyzed.

Equations
The modified equation of power-law fluid-solid drag

coefficient:
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Results and Discussion
Lali et al. (1989) measured the bed voidage in the

liquid-solid fluidized bed, where CMC solutions with
different consistency coefficients and flow behavior
indexes were used. The relative errors between the
simulations with different drag models and the
experiments are shown in Table 1. Obviously, the results
with power-law liquid-solid drag models are closer to
experiments compared to others.
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Table 1: The relative errors of different drag models
between simulated values and experimental values.

Drag model Case A Case B Case C Case D

Gidaspow 2.71% 3.8% 3.74% 1.5%

Gibilaro 5.36% 3.13% 3.47% 1.96%

Huilin-Gidaspow 2.65% 3.56% 3.77% 1.31%

Modified model 2.59% 2.09% 2.85% 0.99%

Blending model 2.29% 2.96% 2.59% 0.75%

Figure 1 shows the time-averaged drag coefficients
as a function of particle concentration at different
rheological parameters. The drag coefficient declines as
the flow behavior index or consistency coefficient
increases. This is because the increase in the rheological
parameters gives rise to lower liquidity of power-law
fluids.

(a) flow behavior indexes (b) consistency
coefficients

Figure 1: Drag coefficient as the function of solids
volume fraction under different rheological parameters.

Figure 2: Time-averaged axial velocity of particles.
Figure 2 displays the average axial velocities of

particles with two drag models at different heights. the
particles flow upward with positive velocities at the
center and travel downward with negative velocities in
the vicinity of the wall, meaning that the particle
circulation is formed in the bed.

(a) flow behavior indexes (b) consistency coefficients
Figure 3: Granular temperature as the function of solids
volume fraction under different rheological parameters.

Figure 3 indicates the time-averaged granular
temperature as a function of particle concentration under
different rheological parameters. A higher flow behavior
index or consistency coefficient gives rise to a lower
granular temperature. This means that increasing flow
behavior index or consistency coefficient leads the
viscosity of the fluid to increase, making the distribution
of particles more uniform, the particle collision
frequency is reduced.

(a) flow behavior indexes (b) consistency coefficients
Figure 4: Granular pressure as the function of solids
volume fraction under different rheological parameters.

Figure 4 presents the time-averaged granular
pressure as a function of particle concentration at
different rheological parameters. The granular pressure is
positively correlated with the concentration of particles
and the granular temperature, therefore, as expected is
the granular pressure decrease with an increase of flow
behavior index or consistency coefficient.

Conclusions
1. The relative error with the present drag models ranges
from 0.75% to 2.96%, which is lower than predictions
from other drag models.
2. The core-annulus structures are captured in the
simulations with modified model and blending model.
3. As the rheological parameters rise, the concentration
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of particles and the drag coefficient both decrease, while
the granular temperature, the granular pressure go down.
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Abstract
This paper investigates temperature effect on

shock-induced gas infiltration through immobile dense
granular column via the compressible multiphase
particle-in-cell method (CMP-PIC). A complete picture
in terms of spatiotemperal evolution of pressure, velocity,
density and temperature are provided. Shock-induced gas
infiltration in granular media is intrinsically a
non-isothermal process. Temperature effect associated
with the non-isothermal process vary with shock strength
and particle parameters including diameter, porosity and
length of the column. When incident shock is weak,
temperature increase at front surface is trivial while
persistent heat-flow from the upstream lead to significant
deviation of pressure profile from the isothermal
analytical solution. When incident shock is intense, the
temperature rise upstream is obvious and a growing
temperature peak moving downstream with peak value
converges eventually comes about. It is the
compressibility effect leading to the conversion of
potential energy to internal energy results in the high
temperature band. The critical shock strength limit

distinguish these two conditions are obtained from
mixed-flow solutions. This study may provide a
reference for analyzing temperature rise and its
propagation in dense particle bed.
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Abstract
Topology optimization is an effective method to

design heat sinks. In this work, the structural design of
the microchannel heat sink (MCHS) was carried out
using topology optimization, and a comparative study of
the performance of the traditional MCHS and the
optimized MCHS under subcooled flow conditions was
carried out based on the volume of fluid (VOF) model.
The results showed that the heat transfer performance of
the optimized MCHS increased with the specified
pressure drop. Furthermore, the time-averaged pressure
drop and average heat transfer coefficient of the
optimized MCHS are reduced by 41% and improved by
73% compared to the traditional MCHS at an inlet
velocity of 1 m/s and a wall heat flux of 120 W/cm2,
respectively.

Introduction
With the increase in the functionality of electronic

products and the reduction in the size of components, the
requirements for heat dissipation have grown by several
orders of magnitude [1]. Due to the high heat transfer
performance, the microchannel heat sink (MCHS) is
often used in current liquid cooling systems. Most
researchers first focus on the traditional heat sink with
straight microchannels. Tuckerman and Pease [2]
conducted an experimental study on the heat transfer
performance of straight rectangular MCHS. The results
showed that the MCHS can dissipate a heat flux of 790
W/cm2. Li et al. [3] summarized the formula for
calculating the boiling heat transfer coefficient in narrow
rectangular MCHS. Based on the straight rectangular
MCHS, some researchers have further used various
optimization methods (e.g., genetic algorithms, topology
optimization) for the structural design of MCHS to
reduce the pumping power and improve the heat transfer
capacity. Lin et al. [4] used a genetic algorithm to
optimize the design of the structure of the MCHS and
found that the optimized structure has a lower thermal
resistance and weight. Zeng et al. [5] optimized the
shape of the fins of MCHS based on a topology
optimization method. The results showed that the
optimized MCHS could achieve a pumping power saving
of up to 50.9% for the equivalent thermal performance.

In this paper, the structural design of branch
channels with a single inlet and single outlet is carried
out by topology optimization. The optimized MCHS
with three different structures is obtained in the topology
optimization process using the minimum average
temperature of the design domain as the objective

function. The effect of heat flux on the boiling heat
transfer performance of then optimized MCHS is then
investigated, and the results are compared with those of a
traditional straight MCHS. This study is expected to
provide researchers and engineers with a design method
for branching microchannels and to support engineering
applications.

Numerical Methods
In this paper, we first designed new structures of

MCHS by the topology optimization. Then, in order to
compare the performance differences between traditional
rectangular MCHS and optimized MCHS, we performed
a numerical study of the flow and heat transfer
characteristics of these two heat sinks under subcooled
flow boiling conditions using a volume of fluid (VOF)
model.

Equations
The topology optimization problem can be written

as:
Ω,ave
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where TΩ,ave is average temperature of design domain; ΔP
is pressure drop; Psp is specified pressure. Ω represents
design domain; VΩ is the total volume of design domain;
vf is volume fraction of fluid domain.

In VOF model, the distribution of void fraction A is
solved from the transport equation:
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where U is velocity, t is time, Qs is the source term of
energy, ρ is density. Subscript v represents the vapor
phase.

The Lee model [6] is used to calculate the mass
transfer between fluid phase and vapor phase. The
expressions of the mass source term m is defined as:
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where T and Tsat are the temperature and saturation
temperature, respectively. The coefficient ri is a
relaxation parameter. Subscript l represents the liquid
phase.

Results and Discussion
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Figure 1 illustrates the results of topology
optimization. The heat flux q, inlet velocity Uin, and inlet
temperature Tin are each set to 50 W/cm2, 0.1 m/s, and
293 K. As shown in Figure 1, the number of fins in the
design domain increases with the increase in pressure
drop. The flow velocity is comparatively high in the
center region of the channels and relatively low towards
the walls of the fins, which is attributed to the effect of
the laminar boundary layer. In addition, the temperature
in the design domain decreases with the increase in
pressure drop due to the increase in heat transfer area.

Figure 1: Results of topology optimization.

Figure 2 shows the flow patterns and temperature
distribution of traditional MCHS and optimized MCHS.
Compared to traditional MCHS, the optimized MCHS
provides a significant improvement in heat transfer
performance. Moreover, the elongated bubbles of vapor
formation are observed in traditional MCHS. The small
bubbles formed by the vapor are distributed relatively
uniformly on both sides of the wall in the optimized
MCHS.

Figure 2: The flow patterns and temperature distribution
of (a) traditional MCHS and (b) optimized MCHS.

Figure 3 shows the variation of time-averaged
pressure drop and average heat transfer coefficient on
traditional MCHS and optimized MCHS at quasi-steady.
Compared to traditional MCHS, the time-averaged
pressure drop and average heat transfer coefficient of the
optimized MCHS are significantly lower and higher,
respectively. This indicates that the optimized MCHS has
a low consumption of pump power and high heat transfer
capacity.

Figure 3: Variation of time-averaged pressure drop and
average heat transfer coefficient on (a) traditional MCHS
and (b) optimized MCHS at quasi-steady.

Conclusions
In this paper, the channel structure of the MCHS is

designed using topology optimization, and the flow and
heat transfer characteristics of subcooled flow boiling are
studied based on the VOF model for traditional and
optimized MCHS. The following conclusions can be
drawn:

(a) For the optimized MCHS, the heat transfer
performance increases with the increase in constrained
pressure drop.

(b) The optimized MCHS provides more efficient
heat dissipation with less pumping power than traditional
MCHS.
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Abstract
To enhance the gas-liquid mass transfer and reaction

in the biphasic hydroformylation of high-carbon olefins,
microbubbles were applied to this typical multiphase
reaction process. The gas holdup and the gas–liquid mass
transfer were much higher in microbubble system than
those with millimeter bubbles. The effects of different
pressures, temperatures, partial pressures and substrate
concentrations on the conversion rate of olefin and
normal-to-iso ratio were investigated. The conversion of
1-dodecene reached maximum 95% at 40 mL.min-1 of
gas flow rate. Further increasing the gas flow rate to 80
mL.min-1 decreased the hydroformylation rate, which
was attributed to the destroyed flow field, as observed by
micro-PIV. In addition, a computational fluid dynamics
model was established to describe the multi-phase flow
mass transfer and reaction of olefin hydroformylation
using the Euler two-fluid model and the species equation.
The simulation results are in good agreement with the
experimental results. Furthermore, the effects of
microbubble size on the overall gas holdup, mass
transfer rate, turbulent mixing and reaction efficiency of
the multi-phase high-carbon olefin hydroformylation
reaction system were studied. This work can be applied
to scale up the multiphase hydroformylation reactions.

Introduction
Hydroformylation is one of the most industrially

important reactions, in which unsaturated hydrocarbons
are converted into high-value-added aldehydes in syngas
atmosphere.(Wender,1977) Its intrinsic kinetic rate is
greater than the mass transfer rate of gas-liquid reaction.
Currently, there are only a few studies on the
intensification of multi-phase carbonylation reaction
process or reactor optimization by reducing bubble sizes,
enlarging gas-liquid contact areas, and increasing
pressure gradient of mass transfer between
phases.(Marco,2019) Comparing with ordinary bubbles,
microbubbles are mainly characterized by smaller
diameter, larger specific surface area, higher residence
time, higher oxidation and interfacial ζ potential and
self-pressurization effect. (Parmar, 2013) In this paper,
experiments on the microbubble-intensified
hydroformylation of olefins under different working
conditions were carried out based on the multiphase flow
measurement. Then, the CFD model for the flow, mass

transfer and reaction was established to study the effects
of microbubble sizes.

.
Methods

In visual experiment, the quartz glass reactor was
heated, and the bubble flow process was captured and
acquired using a Phantom Miro high-speed camera. The
photos were morphologically processed and binarized
using self-compiled Matlab image processing program to
obtain the size distribution of microbubbles. In addition,
the gas holdup was measured by the volume expansion
method.

In olefin hydroformylation experiment, 80 mL of
toluene was first added to a beaker, followed by a certain
amount of 1-hexene, rhodium dicarbonyl acetylacetonate
and triphenylphosphine. The nitrogen gas was switched
to synthesis gas after the reaction temperature and
reaction pressure were set. After the reaction was
completed, the gas valve was opened to release internal
pressure, and the reactor was placed in cold water to cool
down to room temperature (25 °C). After that, the
products in the reactor were collected and then subjected
to analysis by GC (Shimadzu GC2014) and GC-MS
(Agilent 7890A-5975C).

Further, in the establishment of the CFD model for
hydroformylation in the multiphase flow and reaction,
the change of catalyst in the solvent was assumed to be
negligible, which was carried out using the Euler
two-fluid model, the standard k-ε mixture turbulence
model, the penetration theory and the species transport
equation.

Figure 1: Schematic diagram of multiphase flow and
reaction system

Results and Discussion
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Figure 2: Effect of gas flow rate on microbubble size
distribution and flow filed

Figure 3: Total yield of aldehydes by experiments.
The bubble mean size increased with further

increasing the gas flowrate from 20 to 60 mL·min−1.At
20 mL·min-1, the disturbance of bubbles to the flow field
was not very obvious due to the low bubble amount.
With the increase of gas flow rate to 40 mL·min-1, the
flow field gradually reached the optimum state, that is, a
flow field with uniform vortexes was formed. However,
further increasing the gas flow rate to 60 mL·min-1

destroyed the stable flow of vortex and disordered the
flow field, probably due to the enlarged bubble size
distribution and increased mean bubble size.

Figure 4:Gas distribution and mass transfer （ H2 ） ,
reaction rate with simulation.

The simulated hydroformylation rate gradually
decreased, while the reaction simultaneously progressed
toward its end point at 60 min, which is in agreement
with the experimental results.

Figure 5: Change of product concentration with time by
simulation

In the working condition, in which the microbubble
size was 500 μm, both the gas holdup and mass transfer
rate were at a median level. However, the liquid-phase
turbulence produced by the two factors was relatively
large, causing fewer dead zones in the reactor. The joint
actions of these two factors resulted in the highest
reaction efficiency, thus the highest product yields.

Conclusions
A gas flow rate of 40 mL·min-1 was found best for

the reaction, which could be explained by the optimal
microbubble status and flow field, leading to the uniform
distribution. A CFD model was established to describe
the two-phase gas-liquid hexene hydroformylation
reaction with integrated flow mass transfer. Simulated
results showed, using microbubbles with a size of 500
um, the increased mass transfer and mixing efficiency
resulted in higher reaction efficiency. The model could
be be used as a theoretical basis and a guideline for the
scale up of industrial high-carbon olefin
hydroformylation reactor.
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Abstract
Geothermal energy is regarded as a promising

regenerative energy source with its advantages of wide
distribution, abundant reserve and zero-emission, but the
low grade of heat frequently restricts its heat-power
conversion efficiency. In this study, a SOFC system is
integrated with the geothermal power system to increase
its thermal efficiency and power-supply flexibility. The
ORC system is applied for geothermal power generation,
and SOFC waste heat is used to improve the cycle
efficiency. The TEGs are also employed to recover the
lowest-grade heat after the ORC processes. The
thermodynamic models of components and subsystems
are established to calculate their power output and
consumption. Several assessment indicators of system
performance are also defined and obtained. The results
show that the power generation performance of the
combined system is effectively improved with the
proposed stepwise utilization of SOFC high-grade heat.
The effects of several system parameters, such as SOFC

current density, ORC fluid and geothermal source
temperature, are simulated and analyzed to reveal system
performance’s variation trends and guide further system
optimization.
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Abstract
In this paper, in order to deeply study the practical

engineering phenomenon that the water from direct
injection impinges on the outer wall of the barrel, and
then is entrained by the cross steam flow, causing the
formation of bypass, the problem is simplified to the jet
injection into narrowly spaced rectangular chambers,
impinging on the vertical plate and being entrained by
the cross air flow. Based on the VOF two-phase model,
the gas-liquid two-phase flow characteristics of the jet
impinging on the plate in the cross airflow are calculated.
The effect of the cross airflow on the flow state of the jet
impinging on the plate and the entrainment process of
the droplet are studied. The calculation results show that
the gas-liquid relative velocity affects the shape of the
liquid film and the way the liquid film is torn into liquid
bands and droplets. The respective velocity of the gas
and liquid phases the gas-liquid relative velocity
difference affect the amount of entrainment, which
provides a basis for further in-depth study of the bypass
problem in practical engineering in the future.

Introduction
When the Large Break Loss of Coolant Accident

occurs in the reactor, the directly injected cooling water
interacts with the cross-flow steam from the intact cold
pipe, is entrained by the cross-flow steam, and then is
entrained to leave from the break, resulting in the bypass
of the ECC water. In the experiment, 1/4.93 MIDAS,
1/7.07 DIVA and 1/7 THETA experimental benches
were built with the Korean APR1400 as the prototype[1-4].
In terms of numerical simulation, Tae-Soon Kwon[5,6] et
al. carried out two-phase numerical simulation
calculation of ECC bypass in a simplified 1/5 APR1400
downcomer, and extracted the corresponding bypass data.
Existing studies mainly focus on the macroscopic study
of the ECC bypass, and do not pay attention to the
two-phase flow characteristics such as the tearing of the
liquid film and the entrained movement of the droplet
during the bypass process. The problem is simplified to
the jet injection into narrowly spaced rectangular
chambers, impinging on the vertical plate and being
entrained by the cross air flow in this study. Numerical
simulation is used to calculate the gas-liquid two-phase
flow characteristics of the jet impinging plane in the
cross air, focusing on the influence of the cross airflow
on the flow state of the jet impinging on the plane and
the entrainment process of droplets, providing a basis for
further in-depth study of the bypass problem in practical
engineering in the future.

Numerical Methods
The numerical simulation calculation was carried out

on Ansys Fluent. The two-phase calculation model was
selected as the VOF model, and the turbulence model
was selected as Realizable k  model. The water
injection velocity is 2~8m/s, and the cross air velocity is
4~40m/s. After grid independence verification, the final
grid was determined to be 2.14 million. The numerical
model is shown in Figure 1.

Figure 1: Numerical model

Equations

( ) ( ) ( ) Tv vv p v v g F
t


       


         
     (1)

qq
q

q

S
v

t



 

   (2)

 2 2 2 11       (3)

Citations
(Kwon, Yun and Song,2002; Yoon, Suh and Yu,2004;

Yoon, Lee and Suh,2006; Kwon, Song and Baek, 2009;
Kwon, Choi and Song, 2007; Kwon 2008).

Results and Discussion
When the gas-liquid velocity difference is large and

the liquid velocity is not low, the injected water first
forms a liquid film with a certain thickness on the inner
wall. The liquid film extends around at a certain speed.
The high-speed cross airflow has a strong shearing effect
on the liquid film, and the liquid film is torn into liquid
fragments and droplets, which are entrained by the cross
gas and leave from the outlet. At the same injection flow
rate, with the increase of the cross air velocity, the
extension area of the liquid film becomes smaller. The
liquid fragments have not been broken into droplets and
have been entrained, resulting in a significant increase in
the amount of entrainment.
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（a）

（b）
Figure 2: Instantaneous flow characteristics of gas-liquid
two-phase
Conclusions

At a low cross gas velocity, a relatively complete
liquid film can be formed after the injected water
impinges on the plane, and the entrainment fraction is
low. When the gas-liquid velocity difference is large,

more fluid is entrained in the form of liquid fragment,
and there are fewer small droplets in the flow field.
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Abstract
In process engineering plants, water vapor, as the

core heat and pressure energy carrier of the utility, plays
a decisive role in energy use and energy savings. In
system engineering, the more mature heat exchange
networks (HEN) integrated technology (such as pinch
point technology) has become an indispensable
energy-saving measure for chemical plants. work
exchange networks (WEN) integrated technology is
gradually attracting attention, and the theoretical analysis
means of the technology has become increasingly mature.
However, unfortunately, the industry has encountered a
bottleneck in the development of core power exchange
equipment when promoting the power exchange network
technology. Flow work exchanger structure is complex,
the stability is low, and the matching between streams is
limited, not only the pressure constraint but also the
volume flow and phase transition should be considered.
Indirect devices exchangers include turbines. Indirect
devices have a simple structure and are easy to operate
and maintain. However, turbines have high requirements
on the liquid-carrying rate of operating gas. There is an
urgent need to develop a new device to solve the
problem. Wave rotor is a typical gas wave device with a
simple mechanical structure, consisting of rotor channels
arranged in a circumferential array, without piston
impeller and other components, and has a low design
speed and can be operated with liquid . At the same time,
because the high and low pressure fluid enters the rotor
channel alternately, the rotor temperature is always
between the high and low pressure fluid temperature, and
the requirements for manufacturing materials are not
high. Its working principle is to use compression waves
and expansion waves for direct energy exchange between
high and low pressure fluids. Compared with steady flow
equipment, wave rotors have higher isentropic efficiency.
Experimental or Numerical Methods

A typical working cloud of the wave rotor is made
by CFD, the boundary conditions are shown in Table 1,
and the cloud is shown in Fig. 1.

Pressure/kpa temperature/K
HP PORT 225 407.12
LP PORT 125 389.12
MP PORT 156.25 395.73

Table 1: Boundary conditions of wave rotor

Figure 1: Wave Rotor Working Wave contours

Results and Discussion
The three-port wave rotor is suitable for working

under the condition of low PER. In order to improve the
entrainment ratio (ER), Dai Yuqiang et al. proposed a
working method that can try multi-stage wave rotors in
series. The first and second stage wave rotors are
calculated by CFD under the condition that the ER is
1.25 and the inlet and outlet steam temperatures are
superheated by 10K at the saturation temperature under
the corresponding pressure, changing different PER to
obtain the ER curve as shown in Figure 2 shown, From
the graph, it can be concluded that the wave rotor PER
between 1.5 and 2.2, the first increase in the ER and then
decrease, in the PER of 1.8 reached the maximum,
reaching more than 30%. The increase in the ER is
especially obvious when the PER is raised from 1.5 to
1.6.

Under the condition that the PER is 1.8, the
first-stage wave rotor is used to change the PR to obtain
the ER curve. The lower the PR is, the higher the ER is.
Therefore, the third-stage wave rotor is calculated, and
its PER is set to 1.8, and ER is set to 1.25. After
matching the appropriate wave contours by CFD, the
calculated ER is 31.53%. The emissivity performance
matching is shown in Figure 3: Calculate its ER: 9.38%.

Figure 2: When the PR is 1.25, the ER and
low-pressure inlet mass flow rate increases with the PER
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Figure 3: Optimal ejection performance matching of
three-stage wave rotor

The low-pressure inlet mass flow rate of the
two-stage wave rotor is shown in Figure 2, This indicates
that the amount of low-pressure steam handled is
determined by a combination of two factors: the ER and
the gas wave strength.

Although the temperature of the high-pressure inlet
steam is superheated by 10k, the temperature and
pressure drop after two expansion waves, and a phase
transition will occur. The representative tubes in the
rotor channel are P and Q. The scatter plot of the liquid
mass fraction of the second stage wave rotor is shown in
Figure 4.

Figure 4: liquid mass fraction of the second stage wave
rotor

Combining the two figures, the larger the expansion
ratio the larger the mass fraction of liquid phase
generated in the tube.
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Abstract
In this work, topological optimization based on

density model is adopted to design a cooling plate with a
tree-veined complex structure channel to meet the
cooling requirements of prismatic battery pack. Firstly,
the cooling plate model is constructed by
three-dimensional modeling based on topology
optimization. Secondly, an electrochemical-thermal
model is developed to simulate the charging and
discharging process of prismatic battery pack. Thirdly,
Latin hypercube sampling is used to obtain the structural
parameters of the cooling plate at the design point
(cooling sleeve height, inlet aspect ratio and cooling
channel thickness), and the Kriging model is also used to
establish the response model. Finally, NSGA-II
algorithm is carried out the multi-objective optimization
of topological channel cooling plate (TCP). Compared
with the traditional rectangular channel cold plate (RCP)
and serpentine channel cold plate (SCP), TCP can
achieve the lower overall temperature and more uniform
temperature distribution.

Introduction
As the main power energy device of electric vehicle,

power battery not only provides power support for the
vehicle, but also closely affects the performance, safety
and service life of electric vehicle (EV). Therefore, the
research on effective cooling of EV battery pack is quite
comparative. Indirect liquid cooling systems have proven
to be a reliable choice for mainstream battery thermal
management cooling systems in electric vehicles. For
prismatic lithium battery, it is often adopted to arrange
the corresponding cooling plate between the two
batteries. The traditional cooling plate structure is mostly
rectangular structure channel (RCP) and serpentine
structure channel (SCP). Topology optimization is a
structural optimization method widely used in
engineering and industrial design. Compared with RCP
and SCP, the topological structure cooling plate (TCP)
has better cooling performance and cooling uniformity,
but also has more complex flow channel structure and
manufacturing difficulty. At present, there has been some
research work on the cooling system with TCP for
batteries, but the relevant research is still scarce.
Previous studies lacked research on the cooling effect of
TCP on the battery in the charging/discharging process,
and lacked a mathematical method to study the influence
of cooling plate geometric parameters on the cooling
performance of TCP.

In this work, an electrochemical-thermal coupling
model is built to simulate the real battery

charge/discharge process. Then, the response model and
the NSGA-II multi-objective optimization method are
adopted to optimate the structural parameters of TCP.
Finally, the cooling performance of optimized TCP is
compared with those of SCP and RCP.

Numerical Methods
The two-dimensional topology optimization model is

constructed by density model method, and the planar
cooling plate channel structure is designed.

Figure 1: Velocity distribution of two-dimensional
topological model Re=1

Figure 2: Velocity distribution of two-dimensional
topological model Re=50
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Figure 3: Velocity distribution of two-dimensional
topological model Re=150

The electrochemical-thermal coupling model and 3D
modeling are used to investigate the temperature rise of a
battery module with TCP in the process of 4C rate
charging, and evaluate the cooling performance of TCP.

Figure 4: Temperature distribution of RCP battery
module after charging 408s at 4C rate

Figure 5: Temperature distribution of TCP battery
module after charging 408s at 4C rate

Conclusions
Compared with the cooling plate with RCP and SCP,

TCP can achieve lower temperature and smaller surface
temperature standard deviation on the battery surface,
and the cooling performance of TCP optimized by the
multi-objective method is better.
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Abstract

In this paper, the gas-particle hydrodynamics as
well as the wall and component erosion impact in an
integral multi-jet swirling spout-fluidized bed (IMSSFB)
were investigated with Euler-Lagrange based
computational fluid dynamics (CFD) by using a
commercial software BARRACUDA. The numerical
model was validated by comparing the simulation results
with experimental data and acceptable agreements were
achieved. The detail hydrodynamic was studied by
analyzing the particle volume fraction, pressure
distribution as well as particle residence time. The
findings indicate the particle distribution in the IMSSFB
is not uniform, resulting the maximum erosion point over
the wall and the internal distributed on the same side.
This phenomenon may be due to the presence of the
axial cyclone guide vane (ACGV) that aggravate the
radial pulsation of turbulence, causing particles to
converge on one side. Moreover, the weight eroded on
the AGGV is much greater than that on the wall, and
with the increase of gas velocity, the position of the
maximum erosion point moves up.

Mathematical model
In this numerical investigation, an Euler-Lagrange

based CFD approach was used, where; the fluid dynamic
was modeled and strongly coupled with particle phase by
average Navier-Strokes equations. The particles were
modeled using MP-PIC approach [1,2], where, the velocity
of particles was fluctuated because of particle collisions
[3]. Here, different forces viz., drag, fluid gravity, particle
collision, and dynamic friction were considered
accordingly [4]. In MP-PIC based CFD model, a
numerical particle was assumed by combining a group of
particles having the same properties such as size, density
and chemical composition. The numerical particle was
created within control volume, where the fluid properties
were considered constant. However, the detail governing
equations can be obtained from our earlier research work
[5].

Geometry model
Compared with the conventional spouted bed, the

multi nozzle axial swirl spouted fluidized bed has
designed a spout fluidization component which combines
the side nozzle distributor with the axial swirl guide vane.
The reinforcing member is welded with the upper edge
of the cone of the spouted bed to form an integral multi

nozzle structure, which realizes that the main nozzle and
the side nozzle share an air inlet (bypass air supply
equipment is omitted), and the particles in the cone area
and the annular gap area have an integrated fluidization.
The main nozzle acts as a vertical guide to the central air
flow to form a jet zone. The side nozzle distribution plate
is provided with a certain size, quantity and layout of the
side nozzle structure. The local fluidization of particles
in the conical area of the spouted bed is realized through
the side nozzle, and the flow dead zone is eliminated. In
addition, in order to optimize the fluidization effect of
the side nozzle on particles, the spatial distribution of the
side nozzle is designed as a dense bottom and sparse top
structure [6].

(a) (b) (c)
Figure 1: The integral multijet swirling spout-fluidized
bed (IMSSFB), The one in middle is the axial cyclone
guide vane (ACGV).

Erosion model
The erosion model in Barracuda VR tracks the

accumulated impacts of particles on each wall patch in
the geometry. The magnitude of the impact value can be
estimated as:

�� = � �� ��
���� (1)

where mp is the particle mass, up is the particle
velocity, a and b are constants, and (w) is a weighting
factor that is a function of the impact angle, θp.

Solution procedure
The simulations were carried out through the

commercial software BARRACUDA. A finite volume
method was considered to solve the conservation
equations where staggered scalar and momentum nodes
were used. The density, the pressure and the velocity of
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fluid were coupled by semi-implicit pressure linked
equation which was derived from fluid mass
conservation equation [7]. Conjugated gradient solver was
chosen to solve momentum, energy and pressure
equations for fluid [8].

Experimental facility

Figure 2: Spouted bed PIV test system

Partial experimental results
It can be seen from Fig. 3 that the erosion

phenomenon is intensified with the increase of erosion
velocity.

Figure 3: The erosion morphology of the same position,
the gas velocity from left to right is 12, 13, 14, 15.(unit:
m/s)
Partial erosion simulation results

From the scales on the left and right in Fig. 4 can be
seen, the weight eroded on the AGGV is much greater
than that on the wall and it was almost 10 times higher as
depicted.

Figure 4: The cell impact on wall and AGGV[unit:
kg1.5(m/s)3.5/m2/year]
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Abstract

In order to improve the desulfurization rate of
semi-dry flue gas, two new models were proposed based
on the conventional fluidized bed model, adding multiple
nozzles at the bottom and middle of the fluidized bed
respectively. Fluent 15.0 was used to simulate the
gas-solid two-phase flow and desulfurization process of
the three models under the same conditions. It is found
that in the gas-solid two-phase flow process, the
multi-nozzle fluidized bed in the middle accelerates the
fluidization of solid particles, promotes the full mixing
of gas-solid two phases, and is beneficial to enhance the
uniformity of particle distribution in the bed, while the
multi-nozzle fluidized bed in the bottom has no obvious
promoting effect. In the desulfurization process, the
desulfurization rate of the middle multi-nozzle fluidized
bed is improved compared with the conventional
fluidized bed. On this basis, the gas-solid two-phase flow
and desulfurization process of the middle multi-nozzle
fluidized bed with multi-nozzle gap width and number
and different spray volume flow (2.0L, 2.5L, 3.0L, 3.5L)
are further simulated. And it turns out, With the increase
of the water spray volume flow, the solid particles in the
bed are more evenly dispersed, and the gas-solid
two-phase home is fully mixed, so as to better improve
the desulfurization rate.Volume fraction of solid particles
and the radial distribution law of particle velocity are
analyzed comprehensively，The results show that when
the number of gaps is 4, the uniformity of particle
velocity flow field is the best and the particle distribution
is the best. The diameter of the main nozzle of the
multi-nozzle fluidized bed was set as 120mm. When the
number of gaps was 4 and the dimensionless gap width
δ/Di=0.25(the gap width is 30mm), the particle
distribution was the best, and the desulfurization rate
reached the peak at this time.

Geometry model
In the semi dry circulating fluidized bed flue gas

desulfurization process, for the conventional fluidized
bed (Fig. 1), with the increase of bed height, the mutual
transmission between gas and solid phases gradually
weakens, and solid particles form aggregation or
accumulation in the bed, resulting in the reduction of
desulfurization effect. Therefore, a number of small slots
are opened at the bottom and the symmetrical sides in the
middle of the bed respectively to form the bottom
multi-nozzle fluidized bed and the middle multi-nozzle
fluidized bed (Fig. 2), making it produce the effect of
multi-nozzle fluidized bed. The multi-nozzle disturbs the
flow of particles in the bed, strengthens the transfer

process between gas and solid phases, accelerates the
fluidization of particles, and improves the efficiency of
subsequent desulfurization work.

Figure 1：Sketch and grid partition of conventional
fluidized bed structure
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Figure 2：Schematic diagram of the bottom
multi-nozzle fluidized bed and the middle multi-nozzle

fluidized bed structure

Mathematical model

In the numerical simulation, Euler-Euler method and
k-ω turbulence model were used to obtain different flow
patterns in spouting fluidized bed. The volume flow rate
of water spray and the number and size of multiple
nozzles have a significant effect on the porosity and solid
particle concentration in the fluidized bed, which also
have a certain effect on the desulfurization process. The
mass conservation equation, momentum conservation
equation, drag model equation and heat transfer model
are introduced.
(1) Mass conservation equation

Continuity equation
�
��
(����) + � ∙ (������) = 0

(1)
Where, i represents the gas or solid phase,α represents

the gas or solid concentration, and v represents the rate
of the gas or solid, and ρ represents the density of the gas
or solid.
(2) Momentum conservation equation

The momentum conservation equation of gas[3] can be
expressed as:
�
��
(������) + � ∙ (��������)

=− ����� + ����� + ���(�� − ��)
+ � ∙ ��

(2)
Where, �� represents the gas volume fraction, �

represents the gravity acceleration,�� represents the gas
pressure, ��� represents the drag coefficient of the
gas-particle phase(The coefficient of interphase
momentum exchange), �� represents the gas stress
tensor.
�
��
(������) + � ∙ (��������)

=− ����� + ����� + ���(�� − ��)
+ � ∙ ��

(3)
Where,�� is the particle volume fraction and �� is the

corresponding force tensor of solid.
(3) Drag force model

The drag model is Gidaspow[4], as shown below:
���

=

3
4
��

������ ��
�
��
�−

��
�
��
�

��
��−2.65 �� > 0.8

150
��(1 − ��)��

����2
+ 1.75

���� ��
�
��
�−

��
�
��
�

��
�� ≤ 0.8

(4)
The drag coefficient CD is shown as follows:

�� =
24

�����
[1 + 0.15(�����)0.687] (5)

(4) Heat transfer model[5]
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In the equation,H is the total enthalpy, keff is the
thermal conductivity, h is the heat transfer coefficient,
which is related to the cell number of the particle phase,
the heat transfer coefficient chooses the Gunn model, S
is the source term, because the heat released by the
chemical reaction is very little, so the chemical reaction
heat and passive term is ignored.

Partial simulation results
The cloud diagram of solid particle volume fraction is

shown in Figure 3. It can be seen from the figure that,
compared with the conventional fluidized bed, the
multi-nozzle fluidized bed at the bottom and middle
accelerates the fluidization of solid particles, promotes
the full mixing between gas and solid phases, and is
conducive to enhancing the uniformity of particle
distribution in the bed. Compared with adding multi
nozzle structure at the bottom, the fluidization effect of
the middle multi-nozzle fluidized bed on the particles in
the bed is more obvious. In addition to the accumulation
of a small number of particles due to the wall effect and
the liquid inlet structure, the solid particles in the whole
bed have a higher uniformity of distribution. However,
the improvement of the bottom multi nozzle structure on
particle agglomeration is not very obvious, and there are
still some particle agglomeration phenomena.

To sum up, the promoting effect on gas-solid mixing
in the bed is arranged from large to small as follows:
middle multi nozzle fluidized bed > bottom multi nozzle
fluidized bed.

Figure 3: Different model solid particle volume fraction
(a) Traditional fluidized bed;

(b) Bottom multi-nozzle fluidized bed;
(c) Central multi-nozzle fluidized bed.

Figure 4: Different model solid water volume fraction
(a)Traditional fluidized bed;

(b)Bottom multi-nozzle fluidized bed;
(c)Central multi-nozzle fluidized bed.

Fig. 4 is the cloud diagram of water volume fraction
distribution in conventional fluidized bed, bottom
multi-nozzle fluidized bed and middle multi-nozzle
fluidized bed. Compared with conventional fluidized bed,
it is found that the addition of multi nozzle structure can
enhance the uniformity of radial distribution of water in
the bed, which is beneficial to promote the full mixing of
gas-liquid-solid three-phase. Comparing the two models
of adding multiple nozzles at the bottom and in the
middle of the bed, it is found that adding multiple
nozzles in the middle of the bed has more obvious
fluidization effect on water.
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Abstract
Droplets manipulations are ubiquitous in a broad

range of applications like microfluidics, bio-analysis, and
cargo transport. With the increased complexity and
requirement of these applications, it is necessary to
achieve tunability for the smart droplets control. In this
study, a type of conical groove was designed to realize
tunable self-driving nanodroplets inspired by butterfly
wings, cactus spines, and pitcher plant leaves. Droplets
can move spontaneously on this surface driven by the
surface Laplace pressure difference, and its moving
direction can be reversed by adding a lubricant layer.
Three mechanisms of droplet self-transport on conical
grooves were summarized via molecular dynamics
simulations, and a complete frame was established based
on the coupling effects of the groove morphology and
interface tension. Thus, it was concluded that the
reversible motion was induced by a transition of the
self-transport mechanism triggered by a newformed
lubricant-water interface.

Introduction
Conical groove structure (also known as a

radial-stripe-based structure) is a typical asymmetric
structure with significant potentials in droplet
manipulations. Droplets on conical grooves can suffer
from a discontinuous contact line, resulting in effective
transportation. However, divergences of droplet
self-transport dynamics on conical grooves were reported.
Wang et al. prepared a silica surface with radial microfin
structures, on which the migration speed and direction of
droplets can be controlled by the wetting state and initial
position of microdroplets(Wang, 2020). Contrary to the
results, the droplet with a Cassie state was observed to
move along as microtracks spacings
increased(Stamatopoulos, 2020). There is still no
consensus on the underlying mechanism of self-driving
droplets on conical grooves.

Another aim of the present work is to explore the
increased flexibility in the smart control of
droplets(Zhang, 2020). A conical-groove surface with an
impregnated lubricant is proposed to realize the tunable
droplet self-motion. Such elongated microstructures not
only ensure an anisotropic solid-liquid interfacial
interaction, but also provide continuous tracks to
minimize the pinning force against droplet motion.
Lubricant impregnation is applied as a stimulus to realize

the switchable sliding of droplets by changing the
droplet-solid interfacial tension.

Numerical Methods
To investigate the self-driven transportation of the

droplet on conical grooves, MD simulations are
performed using the LAMMPS package. A
droplet-lubricant-solid system is built with dimensions of
212 Å × 392 Å × 313 Å in the x-, y-, and z-directions,
with the periodic boundary condition applied in all
directions. The Morse potential is employed for
particle-particle interactions of water and hexane; the
12/4 Lennard–Jones potential for water and hexane
interactions; and the 12/6 Lennard–Jones potential for
interactions of Pt/water, Pt/hexane, and Pt/Pt(Guo 2020).

Results and Discussion
Figure 1 shows that the droplets can move in Cases a

and b with reversible moving direction. Thus, an
interesting switch in direction of the droplet self-motion
is observed by providing a convenient
lubricant-impregnation. The lubricant can also help stop
a droplet (see Cases c and d). Both the groove geometry
and the initial position of the droplets determine the role
of the lubricant.

Figure 1: Tunable direction of droplet self-driven motion
triggered by the lubricant impregnation. Time-lapse
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images of droplet self-driven motion are illustrated with
slices of the droplet center in x-z and y-z dumped. The
changes in center of the droplets along with time are
marked with red dashed lines. Four types are considered:
(a) The droplet is initially placed at y = L without
lubricant-impregnated; (b) The droplet is initially placed
at y = 0 with lubricant-impregnated; (c) The droplet is
initially placed at y = 0 without lubricant-impregnated;
(d) The droplet is initially placed at y = L without
lubricant-impregnated.

We find that the self-driving movements can be
classified into three modes: bottom-induced, top-induced
and side-induced mode. According to the above analysis,
Case a in Fig. 1 is a top-induced mechanism, and droplet
movement in the negative y-direction is observed. The
droplet is in the Wenzel state in Case b in Fig. 1 with a
bottom-induced mechanism. By switching between the
top-induced and bottom-induced mechanism, the
self-transport direction can be tuned.

Figure 2: Variations of contact areas of the three modes
along with time. (a)-(c) present the contact areas in (a)
bottom-induced mechanism, (b) top-induced mechanism,
and (c) side-induced mechanism, respectively. The total

contact areas are divided into the top and groove contact
area (include side and bottom), which are marked in red
and green. (d)-(f) present the time-evolutions of different
types of liquid-solid contact areas.

Conclusions
The tunability of self-driving nanodroplet on conical

grooves are reported triggered by the lubricant
impregnation. The complex coupling effects of groove
morphology and droplet wettability on self-driven
transportation are discussed. Three mechanisms that
drive the droplet to move spontaneously on conical
grooves are summarized and classified by the dominant
forces, which cover almost all the reported
conical-groove roles in the literature. The droplet wetting
transition from Wenzel to Cassie state is also observed
by switching between the top-induced mechanism and
bottom-induced mechanism. Overall, this finding brings
more flexibility in the smart droplet manipulation, which
are expected to incite further development of
microfluidic platforms significantly.
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Abstract
Stent-grafts are bringing new life to aortic dissection

patients through thoracic endovascular aortic repair
(TEVAR). However, various postoperative complications
are threatening the recovery of patients and even require
clinical reintervention. The present study aims to reveal the
biomechanical mechanism of distal stent-graft-induced new
entry (dSINE) deterioration after TEVAR. Six patients
treated with TEVAR were collected from the clinical
hospital and dSINE was observed in the follow-up, which
are evenly divided into control (stable dSINE) and
experiment group (dSINE deterioration). Computational
fluid-structure interaction hemodynamics were performed
based on clinical images of early dSINE. Results show that
time-averaged wall shear stress or oscillatory shear index
alone fails to accurately forecast the deterioration of dSINE.
While relative residence time and endothelial cell activation
potential demonstrate stronger predictive power and the
former seems to be better. Additionally, the region exposed
to high von Mises stress and significant wall deformation is
also associated with further dSINE deterioration. In
conclusion, this study highlights that the postoperative
biomechanical environment can predict the further
development of dSINE, which is conducive to assisting
physicians in improving the risk stratification of dSINE and
customizing a follow-up plan.

Introduction
Thoracic endovascular aortic repair (TEVAR) is widely

carried out to treat aortic dissection in the clinic.1 However,
postoperative follow-up reported the occurrence of
stent-graft-induced new entry (SINE) in the aortic wall,
which may lead to aortic dissection or rupture.2,3 For the
proximal SINE, the spring-back strength of self-expanding
stent-graft is recognized as the main cause. Nevertheless,
the pathogenesis of distal SINE (dSINE) is still unclear. In
some patients, the dSINE is stable and does not progress
further, while in some patients the dSINE would continue to
deteriorate and require clinical reintervention. The
biomechanical mechanism of dSINE deterioration after
TEVAR needs to be clarified.

In this study, the biomechanical mechanism of dSINE
deterioration after TEVAR is investigated based on
computational biomechanical analysis. We adopted six
patients treated by TEVAR and dSINE was observed in the
postoperative follow-up. The dSINE of the three patients in
the control group was stable while the other three patients in
the experiment group experienced deteriorating dSINE and
reintervention. Computational fluid-structure interaction
(FSI) hemodynamics were performed based on clinical
computed tomography angiography (CTA) images of early
dSINE. The crucial biomechanical parameters (wall shear
stress-related indices, von Mises stress, and aortic wall

deformation) were comprehensively analyzed to reveal the
biomechanical mechanism of dSINE deterioration after
TEVAR.

Numerical Methods
Six patients were selected from the Department of

Vascular Surgery, Zhongshan Hospital of Fudan University
with the approval of the Ethics Committee. Clinical
postoperative CTA images of early dSINE for the six
patients are illustrated in Figure 1. The computational
domains of aortic blood flow, stent-graft, and vessel wall
were discretized into unstructured tetrahedral meshes. The
blood was considered a non-Newtonian fluid with the
Carreau-Yasuda viscosity model and a density of 1080
kg/m3. A two-way FSI method was used to capture the
deformations of the aortic wall and endograft.

Figure 1: Clinical postoperative CTA images of the six
patients treated with TEVAR. Top: control group (stable
dSINE). Bottom: experiment group (dSINE deterioration).

Results and Discussion
Figure 2 shows the distribution of low

time-averaged wall shear stress (TAWSS<0.4 Pa) and
high oscillatory shear index (OSI>0.25) during a cardiac
cycle in the out surface of the aortic blood flow domain.
The distribution of long relative residence time (RRT>5)
and high endothelial cell activation potential
(ECAP>0.625) in the out surface of the aortic blood flow
domain is explored in Figure 3. We find that the RRT
performs better than ECAP in characterizing the dSINE
deterioration
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Figure 2: Distribution of low TAWSS and high OSI during a
cardiac cycle on the surface of the aortic blood flow
domain.

Figure 3: Distribution of long RRT and high ECAP during a
cardiac cycle on the surface of the aortic blood flow
domain.

Figure 4 compares the area ratio of the above wall
shear stress-related indices region to the aortic vessel
wall. The region under long RRT locates between the
low TAWSS and high OSI, indicating that the specificity
of RRT for dSINE deterioration is acceptable. Therefore,
RRT has the potential to be an indicator to identify
patients with a high risk of deteriorating dSINE.

Figure 4: The area ratio of the abnormal wall shear
stress-related indices region to the aortic vessel wall.

Conclusions
The present study aims to reveal the biomechanical

mechanics of the dSINE deterioration using computational
biomechanics with the FSI method. We find that the
combination of TAWSS and OSI could identify abnormal
hemodynamics in the dSINE region and RRT performs well

in predicting the further development of dSINE. Besides,
the TAVMS and TAD also have a relationship with the risk
of dSINE deterioration. In conclusion, those three
biomechanical parameters are expected to be the novel
clinical indicators for deteriorating dSINE, and a
comprehensive study based on a larger cohort of patients is
needed to confirm the results of this research.
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Abstract
The oxygen transport processes from the bulk to the

surface of the lanthanoid perovskite materials were
simulated in near-surface multi-layer models. Ab-initio
method and climbing image nudged elastic band
(Cl-NEB) transition state method was applied to study
the oxygen vacancy formation and oxygen migration
processes. The oxygen formation energy at the surface
layer is lower than that in the bulk, and this energy
increases with the depth of layers, suggesting the surface
effects on oxygen formation decrease with the distance.
The oxygen transport process from bulk to the surface is
simulated by the oxygen vertical migration paths from
deep layers to the surface. The migration energy barriers
between different layers are diverse. The lowest barrier
exists during the migration process from layer 2 to the
surface. A-site doping will significantly reduce the
oxygen vacancy formation energy at the near layer, the
doping ion radius and its effect on electron transfer
influences the oxygen migration barriers.

Introduction
Lanthanoid perovskites are widely used as oxygen

carriers in the hydrogen chemical-looping production
process. The oxygen carriers get and lose oxygen
repeatedly when reacting with fuel and water, and the
oxygen vacancy formation and oxygen transport
properties are important to the redox reactions (Tang
2015). Researchers studying the oxygen transport
process suggest that the oxygen formation energy and
transport properties on the surface are significantly
different from that in the bulk (Lee 2009, Ritzmann
2013). However, the reasons describing this difference
are not enough and the transition process between
surface and bulk has not been discussed before. In this
study, a near-surface area model was established
focusing on the oxygen transport phenomenon from bulk
to the surface. Besides, different A-site doping elements
were also investigated to study their effects on the
oxygen migration process and the inner mechanism.

Experimental or Numerical Methods, etc.

The simulation is conducted with the Vienna Ab-initio
Simulation Package (VASP) codes using Ab initio
methods. PAW_PBE pseudopotentials were applied and
the climbing image nudged elastic band (Cl-NEB)
method was used to study the transition states of the
oxygen migration process.

Results and Discussion

Figure 1: Oxygen vacancy formation energies.
Figure 1 shows the variations of oxygen vacancy

formation energies at different layers of the near-surface
LaFeO3 model. Singular layers represent B-O layers and
dual layers represent A-O layers. All the oxygen vacancy
formation energy increases with the depth of layers.
Oxygen formation energy at a certain depth reaches
approximately the same value as that in the bulk model
from the reference, suggesting this model is capable of
describing the oxygen vacancy formation and migration
at the near-surface area.

Figure 2 is a schematic view of the oxygen atom
migration process. The migration energy barriers from
the bulk to the surface between different layers are
diverse. The lowest migration barrier exists in the
migration process from layer 2 to layer 1, suggesting the
existence of surface influences this process. The lower
energy may be attributed to a less constraint of surface
atoms leading to a larger space for oxygen migration.
Different A-site doping atoms also influence the
migration barriers, the doping element iron radius and its
influence on electrons transfer between O and the nearest
Fe leads to the difference in oxygen migration barriers.

Figure 2: Schematic view of oxygen atom (white)
vertical migration path via vacancy.

Conclusions
The existence of the surface influences the oxygen

vacancy formation energy and oxygen migration process.
The oxygen vacancy formation energy at the surface is
significantly lower than that in the bulk, and the value
increases with the depth of the layer, until reaching a
value that is approximately the same as the bulk one.
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Oxygen migration barriers also have the lowest value in
the transport process from layer 2 to layer 1. The doping
of the A-site element lowers oxygen vacancy formation
energy. Its ion radius and effects on electron transfer also
influence the oxygen migration barrier energy.
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Abstract
In this study, a numerical model coupled with

Volume of Fluid (VOF) model, dynamic Lee model, and
Continuum Surface Force (CSF) model is developed to
simulate the heat transfer characteristics and phase
change process in the TPCT. The dynamic Lee model is
established by utilizing the transient mass transfer time
relaxation parameters adjusted after each simulation step,
which considers the old values of mass transfer time
relaxation parameters used in the last step and the
amount of the total mass transfer calculated in the whole
fluid domain. The results show that a stable balance of
vapor-liquid phase mass transfer simulated by the
modified model is achieved from t = 4 s. Meanwhile, the
liquid level in the liquid pool of the evaporation section
is almost stable and the values of the mass transfer time

relaxation parameters do not fluctuate greatly. Moreover,
thermal resistances of the modified model show good
agreement with experimental data in the literature. The
relative error for thermal resistances of evaporation,
condensation, and total are 18.0%, 21.1%, and 19.0%,
respectively.

Keywords: Two-phase closed thermosyphon; Phase
change heat transfer; Dynamic Lee model; Transient
mass transfer time relaxation parameters; Vapor-liquid
mass transfer balance
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Abstract
A clouded bubble-based mass transfer model is

developed in this work and coupled with the modified
drag model built in our recent study for the simulation of
flow and mass transfer behaviors in bubbling fluidized
beds. The simulated results revels that the new mass
transfer model has a better agreement with the
experimental data than the homogeneous model.

Introduction
On the basis of multiscale resolution strategy, the

virtual inter-phase was employed to describe the
interaction between the bubble phase and emulsion phase,
which to some extent over-simplified the internal
transport process. In practice, for a bubble present in
fluidized bed with small particles, a region with gas
circulation is formed around the bubble, called “bubble
cloud”. As the first and essential way for the mass
exchange of gas species between the bubble phase and
emulsion phase, the bubble cloud plays an important role
in the transport process.

In our resent study (Zhang et al. 2022), the clouded
bubble-based (CBB) drag model was developed. In this
work, the clouded bubble-based mass transfer model will
be further established to account for the mesoscale effect
of bubble structures on the mass transfer process.

The clouded bubble-based mass transfer model
Based on our previous work, the bubbling fluidized

bed is resolved into three sub-phases: the bubble phase,
the emulsion phase and the bubble cloud
phase(inter-phase). The structure parameters can be
determined by solving series of conservation equations
and empirical correlations. For the heterogeneous mass
transfer process, the mass conservation equations are
expressed as follows:
The bubble phase:
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Where the source term in bubble phase Sb, bubble cloud
phase Si and emulsion phase Se are calculated as:
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For the mass exchange between bubble phase and
bubble cloud phase as well as that between bubble cloud
phase and emulsion phase, the mass transfer coefficients
proposed by Kunii and Levenspiel are used, written as:
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The gas concentration on the surface of particles in
bubble cloud phase and emulsion phase can be solved by
the following equations:

    11r si i sii i p i i iK xf aK f x x     (8)
      1 1 1 1r b e se e p b e e sei iK f ff x K a f x x         (9)

Results and Discussion
A 3D simulation of the catalytic decomposition of

ozone in a bubbling fluidized bed (Liu and Zhu 2022) is
performed. The CBB drag model developed in our recent
work is applied to describe the mesoscale bubble effect
on the interphase momentum transfer. Two mass transfer
models, the clouded bubble-based mass transfer model
and the homogeneous model are compared in Figure 1. It
can be found that the CBB mass transfer model has a
better prediction of the axial ozone concentration which
is underestimated by the homogeneous model.

Figure 1: Comparison of the axial dimensionless ozone
concentration with two different mass transfer models

Conclusions
In this work, the bubble cloud is taken as the

inter-phase to developed a heterogeneous mass transfer
model. By coupling with the CBB drag model, a 3D
simulation of the catalytic decomposition of ozone is
carried out for the model verification. The simulated
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results demonstrates that the new mass transfer model
has a more accurate prediction of mass transfer process
in bubbling fluidized bed compared to the homogeneous
model.
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Abstract
The agglomeration and sintering of the nanoparticles in
the free-molecular regime under the high-temperature
environment are investigated by a Brownian coagulation
model based on the Langevin Dynamics (LD). The effect
of temperature on the agglomerate size distribution and
morphology evolution is illustrated and the
corresponding variations of the agglomeration-sintering
dynamics are discussed. We report that: (1) the
agglomerates and their constituent primary particles
would attain the self-preserving size distribution (the
SPSD). (2) the agglomerate morphology scaling (Df) is
merely dependent on the ratio of the characteristic
collision time to the characteristic sintering time. (3) the
overall collision frequency (β) in the SPSD has a strong
correlation with the polydispersity and morphology of
the agglomerates.

Introduction
The gas-phase processes under high temperatures

are the common methods applied to synthesize
nanoparticles. Currently, the studies on the separate
processes of particle transport, agglomeration, and
sintering are quite extensive; however, the simultaneous
model of agglomeration and sintering under particle
motion is still insufficient.

In this study, the Langevin Dynamics (LD)
coagulation model including particle agglomeration and
sintering is established. The effect of the temperature on
particle-to-agglomerate evolution is discussed. The
variations of the agglomerate size and morphology are
related to the ratio of the characteristic times. The overall
collision frequency is revised by LD simulation and then
applied to the agglomerate size calculation by population
balance equation.

Experimental or Numerical Methods, etc.
The particle/agglomerate trajectories are calculated

by the Langevin dynamics in a cubic simulation domain
(Suresh and Gopalakrishnan, 2021):

,ext i j B
dvm fv F F F
dt

      (1)

Figure 1: The coagulation model based on the Langevin
Dynamics including the agglomeration (a) and sintering
(b)

The sintering process is realized in one step, which
is determined by the characteristic sintering time, τs
(Buesser et al., 2011):

3.76
9

16 4 258000 3.4 103.7 10 exp 1
4100s p

p

Tτ d T
RT d

                

(2)

Results and Discussion

Figure 2: The evolution of the β as a function of the
residence time at different temperatures. The
enhancement of the monodisperse β can be obtained by
LD simulation (blue dot and solid line).

Figure 3: The evolution of Df as a function of the ratio
of characteristic times at different temperatures.
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Conclusions
1) The temperature has a significant effect on primary

particle size but less on agglomerate size evolution.
2) The low temperature increases the polydisperse of

the agglomerate and accelerates the forming of the
fractal-like structure, both of which promote the
increase of β.

3) Df is merely dependent on the ratio of the
characteristic times (τc /τs), which is independent of
the temperature.

4) The LD-revised PBE can reproduce the LD results
accurately and efficiently.
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Abstract
It is very important for the design of heat exchangers to

accurately predict the friction pressure drop during the
condensation of gas-liquid two-phase flow in horizontal
circular tubes. In this paper, the widely used prediction
model of phase separation conversion coefficient is
analyzed and evaluated. A total of 402 groups of
experimental data considering the change of flow pattern
with 5 different working fluids are selected for comparative
analysis. Mean absolute relative deviation (MARD) and
mean relative deviation (MRD) are selected as evaluation
indicators. The results show that the prediction accuracy of
friction pressure drop during condensation of gas-liquid
two-phase flow in horizontal circular tube can be improved
by considering the change of flow pattern. Under annular
flow the prediction deviation of 93.08% experimental data
of annular flow is within ± 30%.

Introduction
Multiphase flow is widely used in chemical industry,

nuclear energy, petroleum, refrigeration, metallurgy and
other fields. Among them, gas-liquid two-phase flow is a
common multiphase flow, and many scholars have also
made comprehensive research on gas-liquid two-phase flow
in different fields. Among them, accurate prediction of
friction pressure drop is very important for the design of
different devices. Based on the experimental results of
air-water and R410A, Chen et al. （Chen Y，2001） gave
the prediction correlation of condensation two-phase
friction pressure drop in a horizontal circular tube, with an
average deviation of 30.9%; Lockhart and martinelli
（Lockhart R W and Martinelli R C，1949） put forward a
method considering the conversion of gas phase and liquid
phase. Chisholm（Chisholm D，1967）combined with data
fitting, gave the specific formula of liquid phase pressure
drop and gas phase pressure drop; Nualboonrueng et al.
（Nualboonrueng T and Wongwises S，2006）used the data
of R134a condensation in horizontal circular tubes in
combination with Lockhart and Martinelli's methods to put
forward the prediction correlation of friction pressure drop
for high mass flow rate, and the prediction deviation was
less than 25%; Sun et al. （Sun L and Mishima K，2009）
believe that different working fluids have different effects
on the prediction accuracy of the correlation. To sum up,
the prediction results of the existing friction pressure drop
correlations for condensing two phases are different due to
the working medium, pressure, pipe diameter and other
reasons. Therefore, the commonly used phase separation
conversion coefficient model is selected in this paper to
compare and analyze the prediction of the friction pressure
drop correlations in combination with the experimental data

of 402 groups of regional split flow types of 5 different
working fluids in the literature. Relative deviation of mean
absolute value (MARD) and the percentage of points whose
prediction deviation is within ± n% evaluates the prediction
of the correlation.

Phase separation conversion coefficient model.

Table 1 experimental data information
Author Workin

g
mediu

m

Pipe
diamete

r
（mm）

Pressure
（Mpa）

Data
poin

t

Zhuang R170 4 1.56~2.56 161
Zhuang R12 4 1.9998~2.999

6
128

Moghadda
m

R600a 8.1 0.5106 55

Hashizume R22 10 0.91002 31
Moghadam R1234y

f
8.38 0.68 27
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Results and Discussion
It can be clearly found that when the flow pattern is

annular flow, the prediction deviation of the phase
separation conversion coefficient model for the friction
pressure drop is mostly ± 30%
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Figure 1: Prediction of correlation of phase separation
conversion coefficient

Table 2 Deviation analysis of phase separation
conversion coefficient correlation for annular flow

Data
point

η10 η30 MRD MARD

33 60.61% 100% -7.4% 10.07%
67 37.31% 86.57% 1.83% 15.85%
21 57.14% 100% 1.82% 10.18%
2 100% 100% 8.72% 8.72%
2 42.86% 100% 2.79% 10.90%

Table 3 Analysis of the deviation of the model to the
diffluence type

Data
point

η10 η30 MRD MARD

161 12.42% 23.60% -50.48% 51.02%
128 20.31% 53.91% -19.48% 28.74%
55 21.82% 50.91% -29.66% 32.52%
31 29.03% 48.39% 27.07% 37.57%
27 48.15% 92.59% -6.31% 12.66%

Conclusions
(1) The correlation is more accurate for the prediction

of annular flow.
(2) Under annular flow, the applicability of correlation

prediction is improved
(3) Under the reference experimental data in this paper,

the maximum relative deviation of the average absolute
value of the prediction results of the phase separation
conversion coefficient model is 15.85%, and the maximum
average relative deviation is 8.72%;
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Abstract

A coupled approach of discrete element method and
pore network model (DEM-PNM) is developed for
simulating particle–fluid flow and heat transfer. By this
approach, the particle/solid flow is described at a particle
scale by DEM and the fluid flow is described at a pore-scale
by PNM. The coupling scheme between DEM and PNM
and the boundary conditions for realizing particle–fluid
flows under different conditions are explicitly introduced.
The simulated results by the DEM-PNM approach agree
with those results by either the DEM-CFD approach or
experiments.

Particle-fluid flows are widely encountered in industries.
Typical examples are ironmaking blast furnace, which
involves complicated multiphase flow, heat transfer and
chemical reactions in a packed bed; and fluidized-bed
reactor whose performance heavily depends on the
hydrodynamics and thermal behaviour of particles in
interaction with gas. To achieve optimal design and control
of such a particle-fluid system, it is important to understand
the flow and heat transfer characteristics. In this work, a
more comprehensive PNM-DEM approach is proposed to
investigate the particle–fluid flows with heat transfer at
equivalent computational scales.

Figure 1: Geometric schematic of pore unit

Figure 2: Pore-scale fluid flow and heat transfer

Figure 3: Coupling scheme of PNM-DEM

Figure 4: PNM-DEM modelling of dynamic
particle-fluid flow and pore network of temperature
distribution.
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Abstract
This study presents a CPFD modeling of dense

gas-solid reactive flow in an industrial CFB boiler, with
focus on the furnace behavior as well as the influence of
coal particle sizes. A CPFD model for a full-loop simulation
of CFB is established, the model/parameters studies are
performed, and hydrodynamics, combustion and NOx
emission are investigated. Simulation results indicate that
there exists a bottom dense phase zone, a middle transition
zone and an upper dilute phase zone as well as a typical
core-annular flow structure in the boiler furnace. Furnace
temperature is highest in the bottom furnace; along the
furnace height, the temperature gradually decreases; at the
furnace outlet, temperature decreases down to about 850oC.
Oxygen deficient combustion results in high CO content
and strong reduction atmosphere in the bottom furnace,
which suppresses the generation of NOx. In the upper
furnace, NOx concentration gradually decreases due to
reduction by CO species. Small coal particles would
increase the CO concentration and enhance the reducing
atmosphere in the bottom dense-phase zone, which benefits
for NOx reductions and low NOx emission.

Introduction
Circulating fluidized bed (CFB) boilers have been

widely used in coal-fired power plants and various
industrial processes. Deep understanding the fundamental
mechanisms behind CFB boilers is critical for this kind of
energy conversion systems. While full-scale experiments
are restricted by high expenses and measuring difficulty,
CFD simulations have been used to investigate furnace
behavior. For traditional Eulerian Lagrangian and Eulerian
Eulerian methods, there are still several limitations on
modeling of industrial CFB boilers. Therefore, CPFD
modeling of dense reactive flow in an industrial CFB boiler
based on MP-PIC approach is conducted in this study.

Numerical Methods
Governing equations of the CPFD model are show as

followings.

The involved chemical reaction kinetics can be found
in references.

Simulation system and mesh
Simulation system is a 220 t/h industrial CFB boiler.

As shown in Figure 1, the boiler is mainly composed of a
furnace, two water-cooled compact separators, and two
return legs. Height, width and depth of the furnace are
33737, 8727 and 5543 mm, respectively.

Figure 1: Geometry Figure 2: Mesh

Results and discussion
Influences of mesh, model parameters and sub-models

are first evaluated and shown in Figure 3. It is found that a
fine mesh, a medium cloud resolution and the Wenyu-Ergun
drag model could give the expected results. The simulated
particle holdups and circulation rate are in good agreement
with the industrial data.

Figure 3: Effect of mesh, parameters, and models
Transient particle distribution in the furnace during a

period of 0-60 s is shown in Figure 4. After 40 seconds, a
stable fluidization could be achieved. There exists a bottom
dense phase zone, a middle transition zone and an upper
dilute phase zone as well as a typical core-annular flow
structure in the furnace.
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Figure 4: Transient particle distribution inside furnace
Furnace temperature is highest in the bottom (about

950oC); along the furnace height, the temperature gradually
decreases; at the furnace outlet, the temperature decreases
down to about 850oC, as shown in Figure 5.

Figure 5: Furnace temperature distribution in the CFB
Concentration profiles of key gas species are depicted

in Figure 6. In the CFB boiler, dense phase zone is the core
area of combustion, where the coal particles burn with O2 to
generate CO and form an oxygen-deficient reducing
atmosphere. As the secondary air is added, CO continues to
burn to generate CO2 and the reducing atmosphere is
destroyed.

Figure 6: Concentration distribution of gas species
Figure 7 shows the NOx concentration profile in the

furnace. Figure 7(a) indicates that in bottom furnace, NOx
is gradually produced and its concentration increases; at the
position of secondary air, NOx content reaches its
maximum; after that, NOx content decreases slightly. In the
lateral direction, NOx species shows higher concentration in
the near-wall region while lower one in the furnace center,
as shown in Figure 7(b). In addition, NOx and CO species
show an almost opposite concentration distribution in the
bottom furnace.

Figure 7: NOx and CO concentration distributions
With decreasing the particle size distribution (PSD) of

coal particles, CO concentration increases while NOx
concentration decreases in the bottom dense-phase region,
as shown in Figure 8. In the upper zone of the furnace,
however, the NOx concentration gradually decreases while
the CO content keeps almost unchanged as decreasing the
PSD of coal particles.

Optimizing PSD of coal particle, improving fluidized
bed quality and enhancing in-furnace reducing atmosphere
would be beneficial to low NOx emissions of CFB boilers.

Figure 8: CO/NO concentration for various coal particle

Conclusions
There exists a bottom dense phase zone, a middle

transition zone and an upper dilute phase zone as well as a
typical core-annular flow structure in the boiler furnace.

Oxygen deficient combustion results in high CO
concentration and strong reduction atmosphere in the
bottom dense phase zone; NOx show an almost opposite
concentration distribution to CO species.

Small coal particles would increase CO concentration
and enhance the reducing atmosphere in the bottom
dense-phase zone.
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Abstract
The transition process from nucleate boiling to film

boiling in microgravity is studied on SJ-10 normal pool
boiling experiment. A primary vapor bubble is formed near
heating surface after boiling onset, which continuously
absorbs small bubbles generated by nucleation. As the wall
temperature exceeds the value corresponding to critical
boiling, a special region of transition boiling in which
nucleate boiling and dry area under vapor bubble coexist
occurs. The shape of the vapor film in microgravity is
completely different from that of the ground during this
period. As the heating temperature increasing, vapor bubble
continues expand, resulting in heating surface fully covered
by vapor and transition to film boiling. In addition,
thermocapillary convection inside the bubble become
critical in high wall superheat film boiling. The
non-condensable gas accelerates the flow of steam inside
the bubble which increases the heat flux between the
heating surface and vapor. When the superheat of the wall
surface exceeds 100℃, the radiation heat transfer of the
heating surface cannot be ignored.

Introduction
In the normal gravity film boiling, the heating surface is

covered by a continuous steam film, and the film boiling
maintains through the rupture of the air film. However, the
steam forms a truncated spherical vapor bubble under the
action of surface tension in microgravity. There is a big
difference in the vapor form near the heating surface of the
two, and the heat transfer characteristic also differs. In
addition, when the surface temperature of the heating
surface is high, the radiative heat transfer through the steam
becomes important, and the radiation acts to increase the
heat transfer efficiency of the heating surface. Therefore, in
the discussion of this paper, based on the experimental data
of SJ-10 normal pool boiling, the heat and mass transfer
characteristics of film boiling and its radiation and
convection characteristics is analyzed.

Results and Discussion
The image of film boiling bubbles is shown in the figure,

covering the range from the beginning of boiling to film
boiling whose heating surface is completely covered by
steam.

Figure 1: Characteristics of bubbles near the heating
surface of film boiling

Due to the presence of non-condensable gas, a
temperature gradient is generated at the gas-liquid interface
of the bubble, which induces thermocapillary convection of
the vapor in the bubble. The flow of steam also improves
the heat transfer efficiency of the heating surface.

Figure 2: Steam flow in vapor bubble
As the heating surface temperature increases, the share

of radiative heat transfer increases. Based on the data of the
temperature measurement points of the heating surface,
using the genetic algorithm, the heat transfer curve of the
film boiling is obtained by inversion calculation as shown
in the figure 3 below. The relevant heat transfer
characteristics still requires further analysis.

Figure 3: Film boiling heat transfer curve
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Abstract
Gas hydrate blockage is a major challenge in flow

assurance. The mechanisms underlying hydrate formation
and blockage are still not well understood, and appropriate
forecasting methods are needed. In this study, using a
high-pressure fully visual flow loop to simulate multiphase
flow conditions, hydrate formation and blockage were
evaluated in a pure water system under 4MPa, 3°C. The
effects of liquid loading and pump speeds on the pressure
difference and water conversion rate were investigated.
Three regions and two critical transition points (i.e. "action
point" and "blockage point") in the hydrate formation
process were defined. Based on analysis, it is believed the
wet agglomeration results in increased pressure difference
and hydrate blockage. An underlying mechanism in the pure
water system was proposed. By applying machine learning
methods, a stratified sampling logistic regression model and
group generalization multi-level, multi-classification model
were proposed. The first model has 99% accuracy and the
second model has 71% accuracy. Data-driven machine
learning models with high flexibility could be an effective
method for hydrate blockage management in future.
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Abstract
The blast furnace is the most energy-intensive and

significant carbon emission sector in steel industry. To
lower the coke consumption and carbon footprint of blast
furnaces, using coke oven gas (COG) and reformed coke
oven gas (RCOG) to replace the pulverized coal as the
injecting fuel is a promising technology. However, the
impacts of tuyere injection of these fuels on the dynamic
raceway evolution and blast furnace operation require a
comprehensive evaluation. This study develops a 3D
transient CFD model to study the raceway dynamics and
related in-furnace phenomena under the conditions of COG
and RCOG injections. The in-furnace phenomena
comparison and the impacts of tuyere injection rate, ranging
from 100 to 200 Nm3 /t-HM, on the specific flow and heat
and mass transfer behaviors in the lower part of the blast
furnace are compared. The results show that the deepest
raceway can be formed by injecting RCOG with 200 Nm3
/t-Hm and the highest one by injecting the COG with 200
Nm3 /t-Hm. Also, it is observed that a slightly bigger
raceway forms in terms of size by injecting the COG
compared with RCOG. Furthermore, a higher mole fraction
of hydrogen and oxygen, and gas temperature at the tuyere
level inside the blast furnace is observed, which shows a
higher efficiency of the BF using the COG model. The
study is useful for process understanding and optimization
in COG and RCOG injection operations towards to low
carbon ironmaking.
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Abstract
Structured packed bed was considered to be promising

heat storage reactor duo to its low pressure drop and good
heat transfer performance. In the process of heat storage
with high temperature, natural convection in packed bed
plays an important role on heat transfer. In this paper, a
numerical study on mixed convective heat transfer in a
structured packed bed was carried out. The unsteady
process of fluid-solid mixed convective heat transfer under
different flow directions was revealed; The effects of
fluid-solid temperature difference, fluid temperature and the
sphere diameters on natural convective heat transfer are
studied in detail. The result shows that natural convective
heat transfer had a significant influence on the mixed
convective heat transfer under low fluid velocity. The
difference of flow and temperature fields under different
flow conditions due to the effect of aiding flow or opposing
flow are intuitively showed. And the study indicated that as
the fluid-solid temperature difference or the sphere diameter
increased, or the fluid temperature decreased, the
strengthening or inhibiting effect of natural convective heat
transfer became more significant.

Introduction
The experimental(Achenbach, 1995; Liu et al., 2014)

and numerical studies(Hayes, 1990; Yang et al., 2010) on
the packed beds are mainly about forced convection, while
the heat transfer mechanism of mixed convection under the
coupling effect of buoyancy and forced convection was still
unclear. (Chen and Mucoglu, 1977)indicated that when the
fluid velocity was low and the temperature difference
between the fluid and the particle surface was large, the
buoyancy effect was gradually significant. (Qu et al.,
2022)carried out experimental research on the mixed
convective heat transfer characteristics of structured packed
bed, established the modified forced and mixed convective
heat transfer correlations, but the effect mechanism of
natural convection on the overall heat transfer was still not
clear. Therefore, this paper carries out a computational
study on the mechanism of mixed convective heat transfer
in a structured packed bed.

Numerical Methods
As shown in Figure 1a, this study established a

three-dimensional model of the orderly accumulation of
spheres. Fig. 1b shows the representative computational
domain. The nitrogen is used as the heat transfer fluid and
the inlet velocity are kept at u0. The unsteady processes of
fluid flowing between voids and heat exchange with spheres
are calculated. The calculation range includes the inlet
section, the heat transfer section, and the outlet section. The

heat transfer section contains 8 particles. The velocity inlet,
pressure outlet, symmetry boundary conditions are adopted
for the inlet, outlet and the boundary of the channel,
respectively. Coupled wall conditions are set for the
interface between the fluid domain and the solid domain.

a

b
Figure 1: Physical model a: structured packed bed channel
b: representative computational domain

Equations
Continuity：

0V 
 (1)

Momentum：

f f t( ) [( )( ( ) )]TV V p V V        
    (2)

Energy：

( ) ( )( )f t
f

p t

k
V T T

c



 
    

  


(3)

Results and Discussion
Firstly, the velocity field in the initial stage with large

fluid-solid temperature of heat transfer process is compared.
From Fig. 2, it can be found that at the edge of the cross
section, the flow velocity when θ = 0° is greater than that
when θ = 180°. When it is close to the center of the channel,
the flow velocity when θ = 180° was gradually higher than
that when θ = 0°. It is found that the flow velocity was
between the value of the two directions when the gravity
was ignored, indicating that near the wall, the fluid was
affected by thrust due to density difference and the flow
was strengthened when θ = 0°, and the fluid flow was
weakened when θ = 180°, which would affect the heat
transfer. The distributions of the local vector lines are
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shown in Fig. 3. The Variations of the heat flow under
different flow conditions are shown in Fig. 4.

Fig. 2 distributions of the fluid velocity

Fig. 3 distributions of the local vector lines

Fig. 4 variations of the heat flow under different flow
conditions

The intensity of the natural convective heat transfer
was affected by the density difference and the viscosity of
the fluids and the diameter of the spheres. The variations of
the Δρ and ΔNu with axial distance are shown in Fig.5. With
the increase of the fluid-solid temperature difference, the
thrust force increased, resulting in the greater heat transfer
intensity when aiding flow occurs and weaker heat transfer
intensity when opposing flow occurs. The variations of the
Nu with fluid-solid temperature difference are shown in
Fig.6. Meanwhile, the intensity of the heat transfer
increased with the decreased of the viscosity which is
determined by the fluid temperature, at lower viscosity, the
convective between the fluids was stronger. The
development scale of convective heat transfer was
determined by the diameter of the spheres, the heat transfer
become stronger with longer characteristics scale length.

Fig. 5 variations of the Δρ and ΔNu with axial distance

Fig. 6 variations of the Nu with fluid-solid temperature
difference

Conclusions
In this study, the behavior of natural convection on

mixed convective heat transfer is carried out by numerical
simulation in detail. The influence of velocity distribution
and heat transfer under different natural convection
conditions is studied. The study indicated that as the
fluid-solid temperature difference or the sphere diameter
increased, or the fluid temperature decreased, the
strengthening or inhibiting effect of natural convective heat
transfer became more significant.
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Abstract
Among the sub-models in the spray model based on

Euler-Lagrangian frame, it has been known that the
collision sub-model (detection and post-collision) is the
weakest one. This paper improves the Nordin model based
on droplet trajectory method for a better collision detection
and simulates the binary spray characteristic by
implementing a composite model in OpenFOAM. The
entire composite model not only includes five outcomes,
coalescence (Ⅰ, Ⅲ), bouncing (Ⅱ), reflexive separation (Ⅳ)
and stretching separation (Ⅴ) , but also the product of
satellite droplets. The results have been validated with
experiments and show that the current composite model is
more accurate compared with O’Rourke model especially
for satellite droplets prediction. Moreover, with increasing
droplet size ratio, SMD will decrease dramatically when the
same number of satellite droplets formed. As droplet size
ratio reduces, the number of satellite droplets generated
under the stretching separation regime will decrease, and
the probability of zero satellite droplet will increase
significantly.

Introduction

Under Euler-Lagrangian framework, the collision model
is the most inaccurate model among spray sub-models. In
general, the collision model is divided into two parts, one is
to determine the occurrence of collision namely collision
detection model, and the other is to characterize the droplets
motion and update the properties of droplets after the
collision occurs that is post-collision model. The classic
collision detection model mainly includes no-time-counter
(NTC) model, O’Rourke Model, Nordin Model (Suo 2021).
Even though Nordin model has improved the collision
process based on trajectory method, it still suffers from the
weakness of capture the collision pair since the three
models are all under the stochastic collision assumption
which is not accurate for a small number of collision
candidates. As for the post-collision model, the widely used
O'Rourke model only considers the two regimes of
bouncing and grazing collision. Therefore, the aim of this
paper is to optimize the Nordin model for collision
detection and then use a composite model to characterize
five regimes for a better understanding of post-collision.

Numerical collision model
For collision detection, this paper retains the judgment

conditions of droplet trajectory in Nordin model, but
replaces the random part of Nordin model with α < β,
otherwise the binary droplets will rarely collide. The
definitions of α and β can be seen in (Suo 2021). For
post-collision, five collision regimes are considered in this
paper: coalescence (C, Ⅰ, Ⅲ), bouncing (B, Ⅱ), reflexive

separation (RS, Ⅳ), stretching separation (SS, Ⅴ) based on
three dimensionless parameters: droplet Weber number
(We), droplet size ratio (Δ) and impact parameter (B)
(Sommerfeld 2019). The physical mechanisms for different
regimes can be found in (Qian 1997). Table 1 shows the
criteria for different regimes and outcomes for SS of binary
droplet collision briefly. Detailed explanations are given in
the literature (Ko 2005, Munnannur 2007, Kim 2009, Zhang
2017). If more than one satellite droplet is generated, the
diameter and velocity of these satellite droplets are
considered to be the same. Note that one parcel representing
one droplet contains only one particle in the following
cases.

Table 1. The criteria / outcomes of binary droplet
collision
Criteria / Outcomes Mathematical models
Criterion between
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Model validation and simulation results
From Fig. 1 we can see that for ethanol alcohol, the

criteria predicted by the composite modelare in great
agreement with the experiment data (Estrade 1999).
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Figure 1: Collision We-B regime map for ethanol alcohol.
Additionally, the experimental verification of four

post-collision regimes is carried out. Fig. 2 illustrates the
outcomes of SS for equal-size propanol-2 droplets for
experiment (Brenn 2001) and different models. It is obvious
that the composite model is more realistic than O’Rourke
model because the former generates more satellite droplets.
(Brenn 2001) also summarized the number of satellite
droplets produced by equal-size propanol-2 droplets under
SS through experiments. It can be seen from Fig. 3 that the
composite model rather than O’Rourke model can obtain
more reliable results.

Figure 2: Test for binary equal-size droplet collision of SS.

Figure 3: Number of generated satellite droplets for
equal-size propanol-2 droplets.

The SMD calculated by the composite model and
O’Rourke model under SS region with different Δ is shown
in Fig. 4 with the initial propanol-2 droplet SMD, We and B
about 105 μm, 51 and 0.56, respectively. The composite
model is more inclined to obtain SMD smaller than
O’Rourke model. Owing to zero satellite droplet formed,
O’Rourke model and the composite model with small Δ
obtain the same SMD as the initial diameter. The results
show that when only one satellite droplet generated, the
SMD after collision decreases by 8.93%, 8.57% and 6.62%
for Δ = 1, 0.9 and 0.8, respectively. In other words, the
larger Δ results in a greater reduction of droplet size for the
composite model even though the same number of satellite
droplets is produced.

Figure 4: Global SMD after binary collision with different
droplet size ratios (Δ).

Fig. 5 shows the results of SS of binary propanol-2
droplets predicted by the composite model with varying Δ.
Combined with Fig. 3, it can be concluded that as Δ
decreases, the probability of generating n satellite droplets
is lower and lower, even 0 when n = 4 and Δ = 0.6, while
colliding without satellite droplets formation becomes more
frequent. This is because when smaller Δ droplets collide,
the ligament separated by the temporarily coalesced droplet
tends to break up into fewer satellite droplets due to
capillary wave instability.

Figure 5: Number distribution of satellite droplets with
variable droplet size ratio.

Conclusions
The improved Nordin model and composite model

including coalescence, bouncing, SS and RS have been
implemented in OpenFOAM and validated well with binary
droplet collision experiment. The outcomes were analyzed
under different droplet size ratios targeted at SS. The results
demonstrated that with increasing droplet size ratio, the
probability of generating more satellite droplets increases,
and the SMD decreases dramatically even though the same
number of satellite droplets are produced.
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Abstract
The double slip effect plays an important role in

transport characteristics at the permeable porous interface
between porous catalytic particle and free fluid. In this work,
a direct pore-scale simulation is carried out via lattice
Boltzmann method to investigate mass, momentum and heat
transfer process inside a porous composite system. The
spatial distribution of velocity under the gas rarefaction
effect is analyzed. The results reveal that the high gas
rarefaction effect can enhance the velocity double slip,
which are greatly influenced by pore structural parameters.

Introduction
Besides the complex and random interior pore structures

of a porous particle, the transfer processes between porous
particle and free fluid are also depended on the permeable
porous interface. Porous catalytic particles are typical
micro-nano porous mediums. In addition to the single slip
effect caused by the gas rarefaction effect, the porous
interface also brings about the velocity slip and temperature
slip, producing a double slip effect. To better understand the
double slip effect at the porous, a direct pore-scale model is
established and implemented to investigate the transfer
process in a composite system composed of micro-nano
pore structure and free fluid.

Numerical Methods
A composite system of porous particle and free fluid can

be simplified to be a partially filled porous channel, which
has been studied by the Poiseuille flow with partially filled
porous media. The skeleton line method and the maximum
circle method are employed to obtain the local pore
diameter(Zhao et al., 2016). Then the distribution of local
Kn of porous medium can be obtained, as shown in Figure 1
(b).

(a) Geometric structure (b) Local Knudsen number
Figure 1: Sketch of a two-dimensional composite system

LBM Equations
In this work, the lattice Boltzmann method is adopted to

implement a pore-scale modelling. The regularization
multiple-relaxation-time (MRT) model to improve the

numerical stability at a high Knudsen number (Suga et al.,
2010).

       -eq 1, , , ,i ii iif t t t f t f t f t      x c x x M SM x
(1)

The combined bounce-back with the specular reflection
boundary condition is applied to describe the velocity:

sr bb( , ) (1 ) ( , ) ( , )i i if t r f t rf t  x x x (2)

Results and Discussion
The velocity distributions along the height under

different Knudsen numbers are elucidated in Figure 2(a).
The results shows that as the Knfree increases, the
impermeable interfacial slip velocity significantly increases
while the rising degree of the permeable porous interfacial
slip velocity is not evident, which implies that the double
slip phenomenon of the permeable interface greatly depends
on the interface permeability. The profiles of the slip
velocity ratio (

slip slip int slip,wall/r u u ) with the Knudsen number
under different porosities are shown in Figure 2(b). It can
be found that As the Knfree increases, the slip velocity ratio
approaches 1.0, which means that the single slip caused by
the gas rarefaction effect is comparable to the double slip
effect of the permeable interface. After that, the velocity
slip under the double slip effect is weaker than that under
the single slip effect. This implies that the permeable
interface restricts the slip caused by the gas rarefaction
effect.

(a) Velocity distribution (b) Slip velocity ratio
Figure 2: Velocity distribution under different Kn

Conclusions
In this work, a direct pore modelling is implemented to

investigate the transfer process inside a composite system
Flow characteristics near the permeable porous interface
under the gas rarefaction effect are evaluated. The results
reveal that the interface permeability is dominated when the
gas rarefaction effect is weak. As the gas rarefaction effect
is enhanced, the gas rarefaction effect and interface
permeability mutually determine the double slip
phenomenon of the permeable interface.
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Abstract
High-temperature gas-solid flows are commonly

encountered in many industrial processes, such as the
particle-based solar receiver (Jiang et al., 2019) and the
fluidized-bed thermochemical reactors (Hu and Liu, 2021).
Computational fluid dynamics-discrete element method
(CFD-DEM) is a popular research tool to investigate these
gas-solid flows. However, for heterogeneous systems
containing particle clusters with obvious interfaces, the
current Nusselt number correlations can result in incorrect
gas-particle heat transfer rates. In the current work,
particle-resolved direct numerical simulation (PR-DNS) is
performed to simulate flows past a particle cluster to study
the effect of heterogeneity. Results show that the heat
transfer rate �� given by the classical Gunn’s correlation
significantly deviates from the actual value �� when the
cluster interface exists in the CFD grid. The deviation
between �� and �� is mainly caused by the
heterogeneous distribution of temperature in the grid. The
effect of temperature heterogeneity on the heat transfer rate
significantly decreases as the flow Reynolds number
increases. Finally, the heat transfer calculation is modified
by dividing the heterogeneous grid into smaller sub-grids,
and the deviation between the sum of the heat transfer
values in each sub-grid and the actual heat transfer rate is
obviously reduced.

Numerical methods
In order to capture the effect of heterogeneity on

gas-solid heat transfer, the PR-DNS is performed in this
work for viscous flow past a particle cluster, as shown in
Fig. 1. The particle surface is represented by Ω� . The
selected CFD-DEM cell with a volume V� is represented
by Ω� . The actual transfer rate �� in the grid can be
calculated as:

�� = − Ω�∩Ω�
��∇�� ⋅ �d�� (1)

with �� and �� being the fluid thermal conductivity and
temperature and � the unit vector normal to the particle
surface (Fu et al., 2021).

The classical Gunn’s correlation (Gunn D.J., 1978) is
selected to obtain the calculated heat transfer rate �� of
the same grid cell, which is further compared with the
actual heat transfer rate. Here, �� is given by:

�� = Nu ∙ ����� ��(�� − ��� �� )/�, (2)
in which the Nusselt number Nu is given by Gunn’s
correlation and � is the particle diameter.

Figure 1: Schematics of (a) the simulation setup and (b) the
grid cell with a heterogenous particle distribution.

Results and Conclusions
We obtain the following novel results:
(1) It is found that ��/�� increases significantly with the

grid heterogeneity (up to ten times), as shown in Fig. 2.
The traditional Nusselt number correlations are not
applicable to the heat transfer calculation in the
heterogeneous region of gas-solid flow.

(2) It is found that the ratio between �� and �� is mainly
caused by the heterogeneous distribution of the
temperature in the cell, which can be quantified by a
dimensionless temperature �∗ (see Fig. 3) given as

�∗ = (�� − ������)/(�� − ��) (3)
It is also found that the effect of temperature
heterogeneity is significantly inhibited as Reynolds
number increases.

(3) The deviation between the predicted and numerical
values of the heat transfer rate is reduced when the
CFD-DEM cell is divided into smaller sub-cells.

Figure 2: (a) Schematic of the calculated grids at different
locations. (b) ��/�� as a function of the dimensionless
y-coordinate of the grid center.

Figure 3: (a) Schematic of the division of dense-phase
temperature and dilute-phase temperature. (b) ��/�� as a
function of the temperature deviation parameter �∗.
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Abstract
A numerical method using transient Reynolds-averaged

Navier–Stokes solution based on the mesh deformation
technique and the multiple-frequency elliptical-orbit rotor
whirling model was proposed to research the rotordynamic
characteristics of scallop damper seal for Supercritical CO2
turbomachinery. An in-house code was developed to take
into account the real gas effect. A look-up real gas table was
implanted into the transient CFD solver. The rotordynamic
coefficients of SDS were analyzed.

Introduction
As the kay equipment of S-CO2 Brayton cycle, the

operating condition of turbomachinery such as compressor
and turbine directly affect the generation efficiency of
Brayton cycle.

The S-CO2 turbomachinery is often challenged by the
rotordynamic instability problem typically resulting from
destabilizing fluid forces in annular gas seals including
labyrinth seal (LABY), a fully partitioned pocket damper
seal (FPDS), and a hole-pattern damper seal (HPS). A new
damper seal that has a scallop pattern and tiny teeth on the
stator face is proposed as shown in Fig.1.

Figure 1: 3D structure of scallop damper seal

Numerical Methods
A numerical method using transient RANS solution

based on the mesh deformation technique and the
multiple-frequency elliptical-orbit rotor whirling model is
proposed to research the rotordynamic characteristics of
scallop damper seal. The multiple-frequency elliptical-orbit
rotor whirling model and force coefficient model are shown
in Eq.(1) to Eq. (8):

1
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Results and Discussion
The Fig. 2 shows that the multiple frequencies whirling

motion orbit of the rotor. The Fig. 3 shows the present
results and experimental results of the average direct
stiffness versus vibration frequency for three annual gas
seals.

Figure 2: Validation of method: Direct stiffness

Figure 3: Validation of method: Direct stiffness
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Abstract
Due to the affected of well deviation, flowrate of each

phase, water cut, etc., the flow patterns in the horizontal
wellbore are complex and diverse. In order to accurately
calculate the holdup, based on the large-diameter flow
simulation loop wellbore, the horizontal well array flow
imager ROSAT (Resistance Optical Fiber Spinner Array
Tool) was used to carry out the oil-water two-phase
experiments under different well deviations, different
flowrates and different water cuts. This paper improved the
oil-water mixing part in holdup imaging, and proposed a
probabilistic reconstruction method for holdup imaging.
Compared with the experimental record photos, it is found
that the mixing interface is more accurate, and the
distribution of bubbles in the mixing interface is better. In
addition, the water holdup calculated has high accuracy, and
the holdup calculated by the algorithm in this paper has
good applicability.

Introduction

In the process of oil-water two-phase flow, the phase
interface has various shapes affected by well deviation and
holdup. At present, array probe instruments are generally
used at China and abroad to measure the entire wellbore of
horizontal wells(Song et al., 2021). However, due to the
limited number of measurement probes, holdup imaging
requires the use of limited probe data to interpolate the
entire wellbore section.

At present, the commonly used interpolation algorithms
mainly include simple distance interpolation, kriging
interpolation, radial basis function interpolation, etc. (Chen
et al., 2019). When the phase interface is smooth, these
interpolation algorithms have better applicability. But when
the phases are mixed, a single interpolation algorithm will
not be able to meet the needs of holdup imaging.

In this paper, the horizontal well array flow imager
ROSAT is used for simulation experiments, and a
probability reconstruction algorithm is proposed to further
optimize the holdup imaging in the oil-water mixing
interface, which can accurately find the oil-water mixing
interface and achieve more accurate bubble imaging.

Water holdup imaging algorithm
ROSAT includes six electrical probes, six optical probes

and five mini spinners. The number of bubbles per second
through the probe can be obtained by using the different
response values and response time of the electrical probe in
the oil phase and the water phase. The bubble counting
parameters can reconstruct the bubble in the wellbore. The

measuring principle of the electrical probe is shown in
Figure 1.

Figure 1: Schematic diagram of measuring principle of
electrical probe.

First determine the oil-water phase mixing range. The
local water holdup of electrical probes is calculated by the
calibration values of each electrical probe in pure oil and
pure water. Then, two thresholds T_o and T_wo are set.
When the water holdup is less than T_o, the phase
corresponding to the water holdup is pure oil, and when the
water holdup is greater than T_wo, the phase corresponding
to the water holdup is pure water. The phase of the probe is
determined according to the local water holdup of each
probe. At this time, gravity will make the oil phase on top,
so the height of the probe in the pure oil phase with the
smallest height on the wellbore section is the minimum
height(h_o) of the pure oil on the wellbore section. The
height of the probe in the pure water phase with the highest
height on the wellbore section is the maximum
height(h_wo)of the pure water on the wellbore section, and
the part with the range height higher than h_wo lower than
h_o is the range of oil-water mixed phase, as shown in Fig.
2.
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Figure 2: Diagram of Mixed Range of Oil and Water.

After determining the range of mixed phase, the part
with height greater than h_o is oil phase, and the part with
height less than h_wo is water phase. In the mixed phase
range, the water holdup of the range is obtained by simple
distance interpolation using height difference.

Then, the water holdup of the mixed phase range are
reconstructed. First, the probability is randomly assigned to
the range through the water holdup of the range. Then
reconstruct the bubbles. By analyzing the relationship
between water holdup and bubble diameter, the relationship
between water holdup and bubble diameter :

� = �. ���� × ��−�.��� (1)
D is the diameter of the bubble,the unit of D is mm.

Yw is water holdup, unit dimensionless.
The bubble counting data measured by the resistance

probe are used to calculate the probability of bubbles, and
Eq. ( 1 ) is used to determine the diameter of bubbles, and
the probability of bubbles is reconstructed.

Practical example analysis
In this study, fixed-point measurement and pull

measurement were designed for the two-phase flow of
oil-water two-phase flow, and a part was selected as an
example for explanation.

By using the method presented in this paper, the
comparison between the holdup obtained from the
fixed-point measurement data and shut-in holdup is shown
in Figure 3.

Figure 3: The comparison between the holdup obtained
from the fixed-point measurement data and shut-in holdup.

Fig. 4 shows the comparison and analysis between the
holdup imaging and the experimental record photos of the
fixed-point measurement data by the proposed method.

Figure 4: The comparison between the holdup imaging and
the experimental record photos of the fixed-point

measurement data.
Fig. 5 shows the comparison and analysis of the

measured data between the holdup imaging and the
experimental recording photos of the pull measurement data
by the proposed method.

Figure 5: The comparison between the holdup imaging and
the experimental record photos of the pull measurement

data..
It can be found that the oil-water interface of the

holdup imaging and the experimental recording photos in
this paper is relatively consistent, and the bubble in the
miscible interface has better presentation effect.

Conclusions

In the case of oil-water two-phase flow in horizontal
wells, the error between the holdup calculated by this
method and the shut-in holdup is small. The two-phase
layered interface is basically consistent with the
experimental record by using the method in this paper, and
the phase distribution in the two-phase mixing interface is
consistent with the existence of bubbles.
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Abstract
The chemiluminescence properties of flames are

fundamental to understanding the flame structure and
reaction mechanism of ammonia as a carbon-free
alternative fuel. In this study, the distribution and formation
characteristics of OH* chemiluminescence in NH3/air
swirling flames with different equivalence ratios and H2

addition ratios were obtained through experiments, and the
effects of OH* layer distribution characteristics and flame
combustion phenomena were compared under different
conditions. The results show that the peak value of OH*
radiation increases with the increase of equivalence ratio,
and the increase of equivalence ratio significantly enhances
the overall chemiluminescence intensity of OH*. In a lean
fuel flame, the equivalence ratio effect is greater than the
NH3 dilution effect, while the two effects are comparable
under equivalence and rich fuel conditions. With the
increase of the hydrogen addition ratio, the OH*
chemiluminescence intensity gradually increased, and the
position of maximum OH* gradually moved from the
downstream flame to the upstream.

Introduction
The process of flame stabilization and extinction

depends to a large extent on the flow structure and
properties of the flame. Optical diagnostic technology is a
rapidly developing method for flame monitoring based on
chemiluminescence. The radiation emission generated by
the de-excitation of excited radicals (such as OH*, CH*)
can not only reflect the changes of the combustion
phenomenon, but also provide characteristic parameters
related to the combustion state of the flame (Gaydon 1957;
Ballester 2010). By detecting and analyzing the emission
information of these radicals, the flame structure and
reaction characteristics can be obtained (Zhao 2018; Kojima
2005).

However, there are few experimental studies on
chemiluminescence of NH3/air swirling flames in the
literature. In this study, the chemiluminescence OH*
distribution of NH3/air premixed swirling combustion
flames with different equivalence ratios and H2 addition
ratios was obtained by using a CCD camera imaging system,
and the distribution and formation characteristics of OH*
chemiluminescence were analyzed. The effects of the
equivalence ratio and H2 addition ratio on the distribution
characteristics of the OH* layer and the combustion
phenomenon were compared.

Experimental Methods

The experimental apparatus used in this study is shown
in Fig. 1. The burner used in this experiment is a NH3/air
swirl flame design, with a diameter of 5cm, a height of 8cm,
10 blades, a swirl angle of 45°, and a swirl number of 0.778.
The premixed gas of fuel and air enters the burner from four
symmetrical inlets.

Figure 1: Schematic diagram of the experimental setup

Results and Discussion
Figure 2 shows the OH* distribution and straight-shot

flame images representing three conditions of lean, rich,
and equivalence. From the straight shot, as the equivalence
ratio increases, the end of the NH3/H2 flame stretches longer,
and a circulation zone is formed in the center of the flame.
The axial momentum force is less than the back pressure
created by the central recirculation. As the equivalence ratio
increases, the OH radiance peak is larger. It can be seen
from the OH* distribution diagram that the OH*
distributions under these three conditions are quite different.
Under the lean fuel condition, the overall flame is relatively
stretched, the flame length of each channel is longer, and
the OH* high concentration area is relatively dispersed. As
the kinetic force increases, the change of the OH*
concentration gradient is also more significant. In the
equivalent condition, the OH* distribution is relatively
concentrated; while in the rich fuel condition, the flame
bottom has a relatively obvious rise, and the two ends of the
flame bottom narrow, forming an "inverted cone" shape.
The angle formed by the outer edge of the flame and the
root of the flame is the smallest at equivalence, and the
largest in fuel-rich conditions.

Figure 2: OH* distribution of XNH3=80%-NH3/H2/air flame,
(a) Φ=0.8, (b) Φ=1, (c) Φ=1.2
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Figure 3: Chemiluminescent peak radiance of OH*
With the increase of NH3 concentration, the OH*

chemiluminescence intensity decreased rapidly, and the
descending gradient gradually became larger, and did not
tend to be stable, which is shown in Fig. 3. Compared with
the equivalent and rich fuel, the radiance peak decreases
with the increase of NH3 concentration in the lean fuel
condition. When φ=0.8 and 0.9, the radiance decreases by
57.5% and 48.2%. The increase in equivalence ratio
enhanced the overall chemiluminescence intensity of OH*
more significantly, but this enhancement was limited by the
rise of NH3 concentration. Due to the thermal effect of NH3,
the flame temperature decreases, resulting in a decrease in
the intensity of the chemical reaction. For lean fuel flames,
the peak intensity increases by 28.3% when φ=0.8 is
increased to 0.9. The peak intensity decreases by 18% when
XNH3 increases from 60% to 70%, which indicates that the
overall equivalence ratio effect is greater than the NH3

dilution effect in a lean flame, while the two effects are
comparable in equivalence and rich fuel conditions.

Conclusions
With the increase of the equivalence ratio, the OH*

radiation peak of the NH3/H2 flame increases, and the center
of the flame forms a circulation zone. Under the same
conditions, the angle formed by the outer edge of the flame
and the root of the flame is the smallest, and the angle is the
largest under the rich fuel condition. The increase of the
equivalence ratio enhanced the overall chemiluminescence
intensity of OH* more significantly, but this enhancement
was limited by the increase of NH3 concentration. In a lean
flame, the equivalence ratio effect is greater than the NH3
dilution effect, and the two effects are comparable in
equivalence and rich fuel conditions. With the increase of
the hydrogen doping ratio, the OH* chemiluminescence
intensity gradually increased, and the OH* peak position
gradually moved from the downstream flame to the
upstream.
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Abstract
In this paper, direct numerical simulations (DNS) were

applied to investigate the effects of relative endwall motion
on the tip clearance vortical structures and flow blockage.
The baseline calculation without relative endwall motion is
given for comparison. The numerical results show that the
moving endwall distorts the circular tip leakage vortex into
an oval one and drags it away from the suction side of the
hydrofoil, however, it hardly affects the tip separation
vortex. The disappearance of the induced vortex with end
wall motion can be owing to the endwall shear effect.
Comparison with that without endwall motion, the endwall
motion hardly affects the blockage effect caused by tip
clearance vortical structures ahead of 0.7 times of chord
length of the hydrofoil but significantly reduces the
blockage effect behind it.

Introduction
Considering the complex geometrical configuration in a

real turbomachinery, the relative endwall motion was
applied to mimic the relative motion between the rotor
blade and casing endwall. It is thus interested to investigate
the influence of the simplifications in order to understand
how they influence the tip clearance vortical structures and
flow blockage. Some researchers observed that the
tip-leakage vortex (TLV) was significantly affected by the
endwall motion but the induced vortex (IV) was hardly
vulnerable to the endwall motion (Wang and Devenport,
2004; You et al., 2007). However, in recent studies, some
distinct phenomena were observed that the endwall motion
eliminated the IV (Jordi et al., 2021). The flow blockage
produced by the tip clearance vortices has also been widely
investigated with relative endwall motion (Yu et al., 2007).
However, quantitative evaluation on the influence of the
endwall motion on the flow blockage is still scarce.

In this paper, the effects of the relative endwall motion on
the tip clearance vortical structures and flow blockage are
investigated by means of direct numerical simulations
(DNS).

Numerical Methods
In this study, the water (regarded as incompressible and

Newtonian) with density 3998kg / mf  and kinematic

viscosity 6 21.005 10 m / s   is considered. The
non-dimensional governing equations can be expressed by

0u = (1)
21= -

in

p+
t Re


   


u u u u f+ (2)

where ( , , )u v wu is the instantaneous fluid velocity
vector, where u , v , w are the streamwise ( x ),
spanwise ( y ) and wall-normal ( z ) velocities, respectively;
p is the fluctuating kinematic pressure. /

in in inRe U  

is the inlet momentum thickness Reynolds number based on
the freestream velocity inU , the inlet momentum thickness

in , and the kinematic viscosity  . f represents the
feedback force exerted by the hydrofoil on the fluid, which
was solved by using an improved moving-least-squares
immersed boundary method (Li et al., 2015). More details
on the numerical solution of the governing equation and
boundary conditions as well as numerical validation can be
found in our previous study (Shang et al., 2021).

Case Setup
A schematic diagram of the computational domain for the

tip clearance flow considering the endwall motion is
illustrated in Fig. 1. The origin of the three-dimensional
Cartesian coordinate system is set to be the leading edge of
the hydrofoil. The domain size, mesh arrangement and
hydrofoil configurations are the same as that in our recent
study (Shang et al., 2021) except for that the leading edge
of the hydrofoil away from the inlet plane is 3 aC , where

aC is the truncated chord length of the hydrofoil.

Figure 1: Schematic of the computational domain.

In the present simulations, the tip clearance flow is
simulated considering the stationary and moving endwall.
Near the inlet of the computational domain, the endwall
remains stationary and a realistic fully developed turbulent
inflow is specified at the inlet, as shown in Fig. 1. In the
case of endwall motion, the endwall slide speed is set to
be 0.72slide inV U , which is consistent with the flow
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configurations in the LES study (You et al., 2007).

Results and Discussion
The transient tip clearance vortical structures are given

in Fig. 2. The tip-leakage vortex (TLV) is clearly observed
in the two cases. It is notable that the induced vortex (IV)
formed next to the TLV can be clearly observed in the case
of moving endwall in Fig. 2(a) but disappears in the case of
the endwall motion in Fig. 2(b). However, in early LES
results of a linear cascade with a moving endwall (You et al.,
2007), the IV was still well captured despite their parameter
configurations were highly similar to that in the present
study. This can be interpreted by the difference of blade
profile and Reynolds number. On the other hand, present
results agree well with the DNS results of in a high-pressure
compressor cascade (Jordi et al., 2021).

Figure 2: Snapshot isosurfaces of tip clearance vortical
structures colored with instantaneous streamwise velocity:
(a) without endwall motion; (b) with endwall motion.

Figure 3 exhibits contour plots of time-averaged
streamwise and streamlines in the y z plane at

/ 0.5ax C  with and without endwall motion. Obviously,
the moving endwall distorts the circular TLV into an oval
one and drags it away from the suction side of the hydrofoil.
Besides, the disappearance of the IV can be owing to the
absence of the near-wall flow with negative spanwise
velocity on the endwall due to the endwall shear effect. In
addition, the tip separation vortex (TSV) can be well
captured in the present study but not the case in recent DNS
study (Jordi et al., 2021).

Figure 3: Contour plots of time-averaged streamwise
velocity field in y z plane at / 0.5ax C  : (a) without
endwall motion; (b) with endwall motion.

To quantitatively evaluate the effect of relative endwall
motion on the flow blockage, variations of the blockage
coefficient along the streamwise direction are shown in Fig.
4. Ahead of / 0.7ax C  , two profiles with and without
endwall motion almost coincide with each other. This
suggests that the endwall motion has a negligible effect on
the flow blockage at / 0.7ax C  . Further downstream, the
blockage coefficient continues to increase without endwall
motion but decreases after / 0.7ax C  with endwall
motion, which implies that the TLV gradually shrinks as it
propagates downstream.

Figure 4: Variations of blockage coefficient with
streamwise locations.

Conclusions
In this work, the effects of relative endwall motion on the

tip clearance vortical structures and blockage effect have
been investigated using direct numerical simulations. The
numerical results reveal that the moving endwall distorts the
circular tip-leakage vortex into an oval one and drags it
away from the suction side of the hydrofoil, however, it
hardly affects the tip separation vortex. The disappearance
of the induced vortex with endwall motion can be owing to
the endwall shear effect. Comparison with that without
endwall motion, the endwall motion hardly affects the
blockage effect caused by tip clearance vortical structures
ahead of 0.7 times of chord length of the hydrofoil but
significantly reduces the blockage effect behind it.
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Abstract
The calculation of pressure drop for two-phase flow in

pipelines is crucial for the design of gas and oil transporting
system. However, experimental data of frictional pressure
drop of gas-liquid two-phase flow in pipeline-riser system
are very limited. In this work, investigation on the frictional
pressure drop of air-water two-phase flows in pipeline-riser
system are carried out. The test loop consists of a horizontal
pipeline with 15 m in length, followed by a 2 m long
downward inclined section, and ended at a vertical riser
with 2 m in height. Experiments are performed with the
downcomer inclination varies from -2° to -5°. A total of 500
data are obtained. Based on our experimental data,
prediction performance of 19 existing frictional pressure
drop correlations are evaluated to assess the applicability of
these correlations to predict the frictional pressure drop of
gas-liquid two-phase flow in pipeline-riser system.

Introduction
The calculation of pressure drop for two-phase flow in

pipes is required by a variety of design practices. In
offshore petroleum production, the oil and gas from
production wells is usually transported through a
long-distance pipeline of tens of kilometers on the seabed,
and then is lifted upward via a riser to the floating platforms
(Li et al 2017). Considering the length of the pipeline,
power consumption costs of pumps usually constitute a
substantial portion of operational costs for the overall
pipeline transportation. Thus, a method for accurate
prediction of pressure drop is required urgently for
optimizing engineering design as well as evaluating
practical performance.

Most of the existing correlations were developed for
flows in straight pipe without a flow direction change. As
the characteristics of two-phase flow in the riser is greatly
affected by the preceding flow in the pipeline, the behavior
of flows in pipeline-riser system is different from those in
vertical tube. Therefore, the effect of pipe layout on the
frictional pressure drop should be taken into consideration.
Guo et al. (2001) studied single-phase and steam-water
two-phase flow frictional pressure drop in helical coiled
tubes. It was found that the two-phase frictional pressure
drop in helical coils is greater than that of a straight tube
due to the effect of secondary flow. Spedding and Benard
(2007) studied the pressure drop for air-water two-phase
flow through a vertical to horizontal 90-degree elbow bend.
As a result of partially choking the inflow by the elbow
bend, it was found that the pressure drop in the vertical inlet
tangent showed significant differences to that found for
straight vertical pipe. Kim et al. (2010) recommended a

frictional pressure drop correlation with flow orientation
changing from the horizontal to the vertical upward through
a 90-degree elbow. The effect of flow restriction on the
frictional pressure drop was taken into consideration by
introducing a new parameter into the correlation developed
by Chisholm (1967).

Results and Discussion
The predicated frictional pressure drop produced by the

selected 30 correlations are compared with the 500
experimental data obtained in the present study. The mean
absolute relative deviation (MARD) and the mean relative
deviation (MRD) are used to evaluated the performance of
the correlations.

Figure 1 Comparison of calculated values and experimental
values of friction pressure drop based on separation model

Conclusions
Generally, it‘s found that with regard to all collected

data, the correlations with the prediction MARD less than
40% and MRD within ±30% are the correlations of
Chisholm (1967) and Sun and Mishima (2009) reasonably
predict the entire database under various conditions.
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Abstract
With the intensification of greenhouse effect, how to

accommodate renewable energy efficiently and decarbonize
the fossil fuel are two key issues to be solved to reduce the
carbon emission. Therein, integrating CO2 compression heat
and liquid natural gas (LNG) cold into the process of LNG
decarbonization is a useful method to improve energy
utilization efficiency. In this paper, the utilization of LNG
cold energy and renewable electricity are integrated with
electrified steam methane reforming. Based on principle of
heat capacity flowrate matching, LNG cold energy is
coupled with CO2 compression heat by direct expand cycle,
CO2 transcritical Rankine cycle, and Brayton cycle. The
processes are simulated by chemical equilibrium and
mass-energy conservation methods and analyzed from
energy level and exergy. Exergy analysis shows that the
exergy efficiency of carbon capture and storage system in
scheme coupled Brayton cycle is up to 53.6%. The
electricity consumption of carbon capture and storage in
this scheme is only 12.6 kWh/tCO2. The application of this
novel system in China can reduce the carbon emission up to
58 million tCO2/year and accommodate renewable
electricity for 359 billion kWh/year. This work may provide
an efficient, large-scale and feasible option for renewable
electricity accommodation and LNG decarbonization.

Introduction
Serious climate problems made it indispensable to

develop the renewable energy. Coastal areas are rich in
solar and wind energy, which also have easy access to liquid
nature gas (LNG) (Bondarenko 2022). However, with the
fluctuation characteristic of renewable energy, its
accommodation technology is disappointing at present.
Hydrogen production by electrified steam methane
reforming (E-SMR) with renewable energy can achieve
efficient renewable energy accommodation and gas
decarbonization (Song 2022). LNG can be decarbonized
according to this scheme while the cold energy of LNG can
be utilized in the carbon capture and storage (CCS) system
of E-SMR process. Brayton cycle (BC), organic Rankine
cycle (ORC), and CO2 transcritical Rankine cycle (TRC)
can be employed to further recover cold energy of LNG (Yu,
2021). However, the study on integrating utilization of LNG
cold energy with electrified hydrogen production system is
still a blank. In this paper, LNG cold energy utilization and
CCS system of E-SMR process are coupled as electrified
LNG reforming system. The efficiency improvement
mechanism of different coupling schemes is analyzed from
the perspective of energy level.

Process configuration and modelling
The processes of electrified LNG reforming system are

shown in Fig.1. Electricity is introduced into the steam

methane reforming by using electrical heating reformer,
high temperature heat pump and steam compressor, which
has been introduced in previous work of our research group
(Song 2022). Three LNG coupling cases are given as
follows: Case 1 is the direct expand cycle（DEC）scheme
and shown in Fig. 1 (a), in which CO2 is stored in the CO2

storage tank after passing through the three-stage
intercooling compressor and the intercooling work fluids is
LNG. LNG is compressed in LNG pump, then gasified in
three intercoolers, and finally expanded in the nature gas
turbine to work. The output work of turbine is fed to CO2

compressor. In Case 2 and Case 3, TRC and BC is added
respectively to further utilize the heat energy of CO2
compression and the cold energy of LNG.

Fig.1 Process of Case 1(a); Case 2(b); Case 3(c)
Ebsilon software is used for built the models, and the

corresponding parameters and assumptions are shown in
Table 1(Song 2022).
Table 1 Main parameters and assumptions for process simulation.

Parameters Value Unit
Reformer pressure 10 bar

Reformer temperature 850 ℃
Steam to carbon (S/C) ratio 3 -

Separation rate of PSA 90.9 %
Feed LNG temperature -162 ℃

Feed LNG pressure 10 bar
CO2 storage pressure 200 bar
Hydrogen production 20 t/h

The following performance indices are considered.
To investigate the exergy recovery level of LNG cold

and compressed CO2 heat, the exergy efficiency of CCS
system is defined as ηEX and shown in Eq. (1).

2

pump
EX

LNG cold CO  

turbin

heat

e

+
  100%

E E
E E
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Electrical efficiency is defined as ηEL and shown in Eq.
(2), which reveals the storage efficiency of renewable
electricity into hydrogen.
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(2)

The energy level is defined as the ratio of the exergy
change to enthalpy change for a given process. For an
energy transfer process, the energy level of heat can be

expressed as Eq. (3).
—
T 1-2 refers to the logarithmic average

temperature of the matter stream with the temperature
variation from T1 to T2.

0

1 2

1 TA
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(3)

Electricity consumption per unit of CO2 can reflect
the energy consumption level of CCS system and is
defined as ECO2, kWh/tCO2. Enet is the net electricity
consumption of CCS coupled LNG system, kWh.
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Q


(4)

Results and Discussion
As shown in Fig. 2, the optimization results of Case

1shows that the net electricity consumption of CCS
reaches the minimum value as the LNG is pressurized to
15 MPa in the LNG pump and the lowest ECO2 is 22
kWh/tCO2.

Fig. 2 Electricity input/output and ECO2 with change of LNG
pressure in Case 1

Fig. 3 shows that the ECO2 of Case 3 is 12.6 kWh/tCO2,
which is 30% lower than that of Case 2. Case 3 have the
maximum exergy efficiency of CCS system (53.6%) and the
ηEL of Case 3 is 89.2%, which is 11 percentage points
higher than that of water electrolysis (Cummins 2021).

Fig. 3 Comparison of electric efficiency and ECO2 in three cases

To clarify the mechanism of efficiency improvement,
Figs. 4-6 illustrate the energy level distribution diagram in
the heat transfer processes of LNG in three cases. As shown
in Fig. 4, there is a large energy level difference between
LNG and CO2, and the exergy loss is as high as 5178 kW in
Case 1. Fig. 5 shows that exergy loss of heat transfer in
TRC process in Case 2 is 4911 kW. The working fluid in
BC in Case 3 has lower energy level difference between

CO2 and LNG than those of Case 1 and Case 2 and the
exergy loss of heat transfer in BC process is 3111 kW,
which is 40 % lower than that of Case 1.

Fig. 4 Energy level distribution diagram of the heat transfer
processes of LNG and CO2 in Case 1

Fig. 5 Energy level distribution diagram of the heat transfer
processes of TRC in Case 2

Fig. 6 Energy level distribution diagram of the heat transfer
processes of BC in Case 3

Conclusions

(1) More LNG cold exergy and CO2 compression heat
exergy can be recovered by adding BC in electrified
LNG reforming system. Efficient renewable energy
accommodation, hydrogen production and LNG
decarbonization can be realized by this scheme and the
maximum exergy efficiency of CCS system is 53.6%.

(2) The principle of efficiency improvement lies in the
reduction of energy level difference of energy donor
and acceptor and exergy loss in heat transfer process.

(3) Taking China's import of 77.63 million tons of LNG in
2021 as an example, the optimized scheme can reduce
the carbon emission up to 58 million tons and
accommodate 359 billion kWh renewable electricity a
year, with excellent energy saving and emission
reduction benefits.
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Abstract
Electrical impedance contains useful flow information

of the gas-liquid two-phase flow, this work investigates the
electrical impedance characteristics of slug flow in small
channels. Experiments were carried out with a new
contactless impedance detection (CID) sensor in two small
channels (2.0mm, 2.5mm i.d.). Based on the experimental
results, the relationships between the electrical impedance,
the slug velocity and the void fraction of the slug flow are
revealed. The experimental results show that in small
channels, there exist monotonic and regular dispersions in
the relationships between the imaginary part and the void
fraction. The slug velocity is the root of the regular
dispersion and has significant influence on the relationship
between the imaginary part and the void fraction.
According to the experimental results, a new void fraction
measurement model which takes the velocity and the
impedance to consider together is proposed. The void
fraction measurement performance of the new void fraction
measurement model is satisfactory, the maximum absolute
error is less than 4.0%.

Introduction
Gas-liquid two-phase flow in small channels has been

widely studied and applied in many fields (Crowe 2005;
Kandlikar 2005; Haase, Murzin and Salmi 2016) and slug
flow is an important and common flow pattern of gas-liquid
two-phase flow (Crowe 2005; Kandlikar 2005; Haase,
Murzin and Salmi 2016; Zhang and Pan 2018). Electrical
impedance information contains useful flow information of
gas-liquid two-phase flow (He, Chen and Bai 2019; Shi,
Tan, Dong, dos Santos and da Silva 2021; Abdulkadir,
Abdulahi and et al. 2020), and using electrical impedance
sensors to investigate gas-liquid two-phase flow has a long
history (Shi, Tan, Dong, dos Santos and da Silva 2021;
Merilo, Dechene and Cichowlas 1977; Bowden, Lessard
and Yang 2018). However, there is lack of knowledge and
experience on using electrical impedance sensor to
investigate the gas-liquid two-phase flow in small channels
(He, Chen and Bai 2019; Shi, Tan, Dong, dos Santos and da
Silva 2021; Abdulkadir, Abdulahi and et al. 2020; Merilo,
Dechene and Cichowlas 1977; Bowden, Lessard and Yang
2018). More efforts should be made.

With a new contactless impedance detection (CID)
sensor, this work aims to investigate the electrical
impedance characteristics of slug flow in small channels.
Experiments were carried out in small channels with
different inner diameters (2.0mm and 2.5mm i.d.), the
relationships between the impedance information (real part,

imaginary part and amplitude), the void fraction and the
slug velocity will be investigated and concluded.

Experimental Rig
The experimental rig includes flow driving section

(generate slug flow) and fluid measurement section (obtain
the flow information and impedance information). In this
work, the determination of void fraction β is the ratio of the
volume of the gas phase to the total volume. The slug
velocity u is obtained by the high-speed camera. A new
contactless impedance detection (CID) sensor is developed
to obtain the impedance information. With the CID sensor
the real part R, the imaginary part I of the impedance can be
obtained. More detailed information about the CID sensor is
available in (Huang, Sheng and et al. 2019; Ye, Wang and
et al. 2019).

Experimental result
Experiments were carried out with the CID sensor in two

small channels (2.0mm, 2.5mm i.d.). The experimental
results show that, the relationships between the impedance
and the void fraction could be obtained. For the
relationships between the real part R and void fraction β
(R-β), no obvious regularity of the relationship has been
observed and the relationship R-β even tends to be
non-monotonic. The relationships between the imaginary
part I and β (I-β) is monotonic and displays an interesting
phenomenon that there exists regular dispersion.

To find the reason why the relationships I-β disperse, the
following two groups of experiments are carried out and the
influence of the velocity u are considered:
1) The relationships between I and u under the same β.
2) The relationships between β and I under the same u.

With the experimental results, the following two
conclusions can be obtained:
1) There exist monotonic and positive relationships between
I and the velocity v. With the increase of v, I increases and
the increase ratio becomes lower.
2) The between β and I under the same u are linear and
change with the increase of the slug velocity v. It also
displays an interesting phenomenon that the linear
relationships under different velocity are almost parallel
with each other, i.e., the slopes of the linear relationships
under different velocity are almost the same.

According to the above experimental results, a void
fraction measurement model which takes the velocity into
consideration is established. The model is expressed as:

(1)
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where a, b and c are the coefficients, which could be
determined by experiments in advance.

Void fraction measurement experiments were carried
out to test the established model. With the model, the
maximum estimation absolute errors of void fraction
measurement in the two small channels are less than 4.0%.

Conclusions
In this work, experiments were carried out to

investigate the electrical impedance characteristics of slug
flow in small channels based on a CID sensor and the
relationships between the impedance information, the void
fraction and the velocity are revealed. The following
conclusions are obtained.
1) Real part R has no obvious regularity with the void
fraction β and the relationship R-β is non-monotonic. The
relationships between β and I are monotonic and the
relationships I-β exist dispersion. The corresponding
experimental results indicated that the regularly dispersion
attributes to the influence of the slug velocity.
2) Under the same void fraction β, with the increase of the
slug velocity u, the imaginary part I increases and the
increase ratio become lower.
3) Under the same slug velocity u, the relationships between
α and I are linear.

Meanwhile, based on the above conclusion, a new void
fraction measurement model is proposed and the void
fraction measurement experiments verified that the
proposed model is effective.
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Abstract
In this work, the flow boiling in the plate-fin heat

exchanger is studied based on twin-core optical fibers.
Experiments were carried out to measure and analyze the
intensity of the outgoing light of the laser passing through
the heat exchanger. According to the experimental results,
the spatial intensity of the flow boiling in the heat
exchanger is obtained and the state of flow boiling is
analyzed. Research results show that the development of
flow boiling in a plate-fin heat exchanger can be roughly
divided into the initial stage, the development stage and the
stable stage.

Introduction
Plate-fin heat exchanger is a kind of heat exchange

equipment with compact structure and high heat transfer
efficiency. It is suitable for applications with large
difference in heat transfer coefficients on both sides, and it
is widely used in petrochemical engineering, aerospace,
power generation and other fields (Zhang 2015; Mutumba
2022; Zargoushi 2020). In the last few years, flow boiling in
plate-fin heat exchangers has attracted much attention, due
to its high heat removal capacity.

The research and visualization of flow boiling in heat
exchangers is important, but it is also challenging. In the
past decades, the single-phase flow in plate-fin heat
exchangers and the boiling of refrigerants in shell-and-tube
heat exchangers have been well studied (Khan 2009), but
the multiphase flow and flow boiling in the plate-fin heat
exchanger have been insufficiently studied (Jin 2017;
Haider 2021). There is still a lack of effective experimental
methods to study flow boiling in heat exchangers (Jin
2017).

In this work, a light measurement system is developed
to obtain the outgoing light through the heat exchanger with
numerous twin-core fibers. By analyzing the intensity of the
outgoing light, the intensity and development of flow
boiling inside the heat exchanger are investigated.

Experimental Rig and Methods
Figure 1 shows the construction of the experimental

setup. The experimental setup includes a water tank, a
flowmeter, a heat exchanger, a copper heating plate, and a
light measurement system.

Figure 1: Construction of experimental setup.

In the setup, the water tank is used to pre-heat the
water to ensure the flow boiling, the copper heating plate is
used as a heat source to provide different heat flux for the
plate-fin heat exchanger. The heat exchanger is placed
vertically, and water flows through it from the bottom and
to the top.

With flow boiling inside the heat exchanger, the light
measurement system uses a twin-core fiber to introduce the
incident light and measures the corresponding outgoing
light. Due to the fluctuation of the interface of the flow, the
outgoing light carries the information of the boiling. There
are 56 fibers distributed on the surface of the heat
exchanger regularly, which can reflect the spatial
distribution of the flow boiling.

Results and Discussion
Figure 2 shows the measurement signals and

processing results of different fibers at 110 degrees Celsius
(the output of 6 optical fibers in the same vertical direction
are listed in Figure 2(a) with the reference light signal).

(a) Measurement data of different channels at 110 degrees
Celsius.
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(b) Processing results.
Figure 2: Measurement data of different channels at 110
degrees Celsius and the corresponding processing results.

During flow boiling, the heat absorbed by the water
from bottom to top gradually increased, and the boiling
became more and more intense. The signals reflect the
development of the flow boiling. As shown in Figure 2(a),
the signals fluctuate due to the rapid deformation of the
two-phase interface. The signal of channel 1 fluctuates
rapidly due to the intensive boiling, while the signal of
other channels is relatively stable. In the time domain, it is
difficult to distinguish the boiling intensity of different
channels. In the frequency domain, it can be clearly found
that the channel with intensive boiling has a higher curve.

According to this feature, we calculate the area
between the power spectrum curve and the -110dB curve in
a specific frequency range to characterize the boiling
intensity in this region, which is defined as boiling intensity
coefficient:

α =
0

140
� � + 110 ��� # 1

For the convenience of description, α of different
fibers is normalized. Figure 3 shows the intensity
coefficient of different heating conditions in the heat
exchanger.

When the heating plate is below 95℃ (including
empty heat exchanger), the flow stays single-phase and the
α of the whole surface is nearly 0.4. When the temperature
of the heating plate increases, the heat exchanger begins to
boil from the top two corners, which can be seen is Figure 3
(e), (f) and (g). As the temperature continues to rise, the
boiling area gradually expands to the bottom and the middle
area of the heat exchanger, which can be found in Figure
3(h) and (i). As shown in Figure 3 (k), (l), (m) and (n).
When the temperature is above 120℃, the boiling area
stops to expand, and the α is between 0.6-0.8. When the
temperature is 130℃, the flow starts to boil at 10 cm from
the inlet, and in most areas, the α is above 0.8.

Figure 3: Boiling distributions at different working
conditions.

Conclusions
In this work, the flow boiling in the plate-fin heat

exchanger is studied experimentally, and development of
flow boiling is obtained and visualized by optical fibers.
Based on the experimental results, the following
conclusions are obtained.
1) The light intensity signal can reflect the boiling

intensity.
2) The development of flow boiling can be roughly

divided into the initial stage, the development stage
and the stable stage.

3) The flow boiling first appeared in the two corners of
the top of the heat exchanger. As the temperature of
the heat source increased, the boiling area gradually
expanded to the bottom and the middle.

4) Among all the boiling conditions, , the boiling area
will stays 10 cm away from the inlet.
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Abstract
Based on density peaks clustering (DPC), this work

aims to propose a new flow pattern identification method of
gas-liquid two-phase flow with a capacitively coupled
electrical resistance tomography (CCERT) system. Firstly, a
12-electrode CCERT system is used to obtain the resistance
measurements reflecting the fluid flow information.
Secondly, two features, the mean value and the standard
deviation of the resistance measurements, are extracted to
form the feature vector for flow pattern identification.
Finally, DPC is used to identify the flow pattern of the
gas-liquid two-phase flow. Experiments are carried out
under three typical flow patterns (bubble flow, stratified
flow and annular flow). Experimental results indicate that
the proposed flow pattern identification method is effective,
and the identification performance is satisfactory. The
identification accuracies of the three typical flow patterns
are all above 90%.

Introduction
Reliable identification of the flow patterns of gas–liquid

two-phase flow is very important for two-phase flow
systems. Due to the complexity of gas–liquid two-phase
flow, the existing flow pattern identification methods cannot
fulfill the growing requirements of industrial applications
and mechanism studies (Li, 1991; Crowe, 2006). As a
classic method for the parameter measurement of gas-liquid
two-phase flow, electrical resistance tomography (ERT) has
the advantages of simple structure and low cost, and has
broad application prospect. However, the conventional ERT
systems are on the basis of contact measurement, which will
affect the measurement results and has limitations in
practical applications. Capacitively coupled electrical
resistance tomography (CCERT) is an improvement of ERT,
which can avoid the disadvantages of contact measurement,
such as electrochemical corrosion, polarization effects
(Wang, Hu, Ji, Huang and Li, 2013). The resistance
measurements obtained by the CCERT system can be used
for flow pattern identification of gas–liquid two phase, by
introducing an effective signal processing approach.
Density Peaks Clustering (DPC) is a clustering method
proposed in Science in 2014 (Rodriguez and Laio, 2014). It
does not require iteration process and can be applied to
non-convex data sets, which could be beneficial for flow
pattern identification. By introducing DPC, it is possible to
seek a new effective flow pattern identification method.

In this work, a new method for flow pattern
identification of gas–liquid two-phase flow based on a
CCERT system is proposed with DPC. Experiments will be
carried out to evaluate the performance of the proposed
method.

Proposed Method
Figure 1 shows the flowchart of the flow pattern

identification method, which includes the training process
and the actual identification process.

In the training process, the training dataset with the
training samples (the resistance measurements) are used to
build a flow pattern identification model. The establishment
of the model includes two steps. The first step is to extract
the features. Here, the mean value and standard deviation of
the resistance measurements are used as the features to form
the feature vector. The second step is to cluster by DPC.
With the feature vector, DPC is used to obtain the cluster
centers and their respective clusters, which are used to
realize the flow pattern identification. The clustering steps
are as follows: 1) Calculate the density and the nearest
neighbor distance. 2) Form a decision graph and select the
cluster centers. 3) Search and assign to get the clusters.

In the actual flow pattern identification process, after
obtaining the resistance measurements based on the CCERT
system, the feature vector is extracted and input into the
flow pattern identification model, and finally the flow
pattern identification result is obtained.

Training samples

Feature
extraction

Cluster

Density peaks clustering

Training
process

Resistance
measurements
obtained by
CCERT system

Feature
extraction

Flow pattern
classification

Flow
patter

n

Figure 1: The flowchart of the flow pattern identification
method.

Experimental Setup and Results
Figure 2 shows a photo of the CCERT system, which

includes a 12-electrode resistance measurement unit, a
signal processing unit, a computer, and a power supply unit.
With the CCERT system, the measurement signals can be
obtained and the resistance measurements can be calculated.
More detailed information about the CCERT is available in
(Wang, Hu, Ji, Huang and Li, 2013; Wang, Wang, Huang, Ji
and Li, 2018).
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Figure 2: A photo of the CCERT system.
Three typical flow patterns are investigated in this work,

i.e., bubble flow, stratified flow and annular flow, as shown
in Figure 3. Tap water and plastic rods with different
diameters are used to simulate the three different two-phase
distributions. 1) Put some small rods into the optional area
of the water in the pipe vertically to simulate bubble flow. 2)
Place the pipe horizontally and adjust the volume of the
water in the pipe to simulate stratified flow. 3) Put one large
plastic rod into the water to simulate annular flow.

(1) (2) (3)
Figure 3: Three cross-sectional phase distributions. (1)
Bubble flow. (2) Stratified flow. (3) Annular flow.

Based on the above experimental setup, flow pattern
identification experiment was carried out. The experiment
results show that the proposed method can basically identify
the actual flow patterns of the flow. The identification
accuracies for the three typical flow patterns (bubble flow,
stratified flow and annular flow) are all above 90%.

Conclusions
This work presents a new flow pattern identification

method for gas-liquid two-phase flow based on a CCERT
system and DPC. The experimental results indicate the
effectiveness of the proposed method. The identification
accuracies are satisfactory, which have an identification
accuracy above 90% for each typical flow pattern. This
work verifies that DPC is a promising method for the flow
pattern identification of gas-liquid two-phase flow, and it
may have a broad application potential in the related
industrial fields.
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Abstract
Based on capacitively coupled contactless conductivity

detection (C4D) and Ho-Kashyap (H-K) algorithm, a new
method for online monitoring of flow boiling in
microchannel is proposed. By the introduction of an LC
circuit, a new C4D sensor which can work at low working
frequency, is developed to obtain the equivalent
conductance information of the fluid. H-K algorithm is
adopted to implement the real-time flow pattern
identification. The final monitoring result is determined by
three consecutive groups of real-time flow pattern
identification results. With a microchannel (5.0mm×0.5mm),
experiments were carried out to verify the effectiveness of
the proposed method. The research results show that the
development of the new C4D sensor is successful. The
equivalent conductance information can reflect the
characteristics of flow boiling in microchannel. The H-K
algorithm is an effective way to implement real-time flow
pattern identification. The monitoring results are in accord
with the reality and the accuracy of flow pattern
identification is greater than 98%.

.

Introduction
Flow boiling in microchannel has attracted a lot of

attention of researchers (Crowe 2005; Kandlikar 2005).
Because its heat transfer performance is strongly related to
its flow pattern (Crowe 2005; Kandlikar 2005; Kim and
Mudawar 2013), it is necessary to realize online monitoring
of flow boiling in microchannel. However, the existing
monitoring methods cannot meet the requirement (Crowe
2005; Gerardi, Buongiorno, Hu and McKrell 2015). The
emergency of capacitively coupled contactless conductivity
detection (C4D) provides a new approach, but the high
working frequency of conventional C4D sensor will affect
the measurement accuracy and is not suitable for online
monitoring of flow boiling in microchannel (Kuban and
Hauser 2020).

This work aims to propose a new C4D method for online
monitoring of flow boiling in microchannel. A new C4D
sensor, which can work at low working frequency and is
suitable for online monitoring of flow boiling in
microchannel, will be developed. The characteristics of the
equivalent conductance information of the new C4D sensor
under different flow patterns of flow boiling in
microchannel (5.0 mm × 0.5 mm) will be investigated and
analyzed. With the investigated characteristics of equivalent
conductance information, a classic pattern recognition
algorithm (H-K algorithm) will be introduced to develop the
classifiers and realize the real-time flow pattern
identification. With consecutive groups of real-time flow
pattern identification results, the final monitoring result will
be obtained by comprehensive decision. Finally, online

monitoring experiments will be carried out to verify the
effectiveness of the proposed method.

Experimental Rig
Figure 1 shows the schematic diagram of the

experimental rig. Degassed tap water is pumped into the test
loop by the syringe pump and heated in the microchannel
test section (5.0 mm wide, 0.5 mm height and 100.0 mm
length). The high-speed camera is used to capture and
record the photos of flow boiling in microchannel test
section. A new C4D sensor which can work at low working
frequency is used to obtain the equivalent conductance
information of two-phase flow in microchannel and
transmits it to a computer.

Figure 1: The schematic diagram of the experimental
facility

Results and Discussion

Figure 2-6 show the equivalent conductance
information obtained (the output Uout of the new C4D sensor)
under different flow patterns and the corresponding photos.

Figure 2: The equivalent conductance information obtained
under single-phase flow.
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Figure 4: The equivalent conductance information obtained
under bubbly flow and the corresponding photos.

Figure 5: The equivalent conductance information obtained
under slug flow and the corresponding photos.

Figure 6: The equivalent conductance information obtained
under annular flow and the corresponding photos.

It can be known from Figure2-6 that the mean values
and the standard deviations (which reflect the fluctuation of
the equivalent conductance information) show obvious
difference under different flow patterns. They could act as
the features for online monitoring of flow boiling.

Figure 7: The online monitoring method of flow boiling in
microchannel.

Based on the above results, the online monitoring
method of flow boiling in microchannel is proposed, as
shown in Figure 7. The new C4D sensor is used to obtain
the equivalent conductance information of the fluid. The
sampling data of equivalent conductance information in 80
ms are used to extract the mean value and the standard
deviation to form the feature vector. The classifiers trained
by Ho-Kashyap (H-K) algorithm use the feature vector to
obtain the real-time flow pattern identification result. The
result is the transmitted into a data base module and
inputted to a comprehensive decision module. Finally, with
three consecutive groups of results, the final monitoring
result (the flow pattern in the current condition) is
determined by a comprehensive decision.

To verify the effectiveness of the proposed method for

online monitoring of flow boiling in microchannel,
experiments were carried out. In the experiments, the range
of mass flux is from 53.3 kg/m2s to 93.3 kg/ m2s (the
velocity is from 0.0533 m/s to 0.0933 m/s). The heat flux is
from 128.4 kW/ m2s to 315.6 kW/ m2s (the heat flux for
single-phase flow is less than 70 kW/ m2s). The inlet
temperature of water is approximately 25 ℃.

Experimental result shows that the accuracies of the
flow pattern identification of the proposed method under all
the flow patterns are greater than 98%.

Conclusions
This work proposes a new method for online

monitoring of flow boiling in microchannel. A new C4D
sensor which can work at low working frequency is
developed to obtain the equivalent conductance information
of gas-liquid two-phase flow in microchannel. With the
obtained equivalent conductance information, H-K
algorithm is used to realize real-time flow pattern
identification. With three adjacent real-time flow pattern
identification results and a comprehensive decision, the
final monitoring result will be obtained. Experimental
results show that the mean values and the standard
deviations of equivalent conductance information are
different under different flow patterns. The accuracy of flow
pattern identification by the proposed method is greater than
98%.
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Abstract
Bubble control is an important problem in gas evolution

reactions especially at high current density. In this work,
bubble-less hydrogen evolution with high current density
was successfully achieved through a rose-petal mimetic
triple-phase electrode design. The rose-petal wetting state
was achieved by the micro-nano dual-scaled surface
structure of the electrode, which was built by micro-scale
hydrophobic SiO2 spheres and nano-scale hydrophilic
carbon/CNT. A triple-phase interface enabled by the
hydrophobic SiO2 ensured the fast release of gaseous
hydrogen before the forming of bubbles, while a large water
adhesion force of hydrophilic carbon/CNT guaranteed good
contact between electrolyte and catalyst. Taking advantage
of this electrode design, operation current density of 2 A
cm-2 was achieved without formation of obvious bubbles.
Bubble-less operation has important advantages in reducing
the bubble resistance and showed a promising possibility
for higher catalyst utilization efficiency.

Introduction
Bubbles generated under high current in gas evolution

reactions will introduce huge bubble internal resistance, and
will cover the catalyst surface, reducing the performance
and stability of the electrode (Liu 2021).

In this work, a rose-petal mimetic triple-phase electrode
was successfully prepared. A rose petal surface has a strong
adhesive force for water while maintaining hydrophobicity
(Feng 2008). This unique wetting state perfectly satisfies
the hydrophilicity requirement for highly active HER, and
at the same time, the hydrophobic surface is also beneficial
to inhibiting the formation of bubbles.

Results and Discussion
We performed the linear scanning voltammetry (LSV)

to examine the ability to inhibit hydrogen bubbles formation
of the rose-petal mimetic electrode. A hydrophilic planar
graphite electrode and a commercial hydrophobic GDL
(SGL 39BB) electrode were chosen as substrate for
reference electrodes. As shown in figure 1a-c, no visible
hydrogen bubble was observed on the as-prepared
rose-petal electrode. The commercial GDL electrode could
inhibit the bubble formation before the current density
increased to 600 mA cm-2 (figure 1d-f) and the hydrogen
bubbles continue to form from the very beginning for the
hydrophilic planar electrode (figure 1g-j).

Figure 1k shows the LSV curves of the 3 electrodes
without iR correction. Rose-petal electrode(blue) showed
similar performance with hydrophilic planar electrodes
(black) at lower current density, which revealed that the
electrode affinity to electrolyte and conductivity was not
influenced by none conductive SiO2. The slower slope for
commercial GDL electrode(red) might result from the
inefficient contact of electrolyte with electrode surface. At

high current density greater than 1 A cm-2, planar electrodes
started to fluctuate because of surface coverage of hydrogen
bubbles, blocking the contact between electrolyte and
catalyst, and introduced huge energy loss at high current
density because of increased bubble resistance.

The superior ability to suppress bubble formation was
attributed to the stable gas-liquid interface of the electrode
and higher porosity of stack packed micro-scale SiO2 layer
compared to the nanosized carbon powder layer on the
commercial GDL electrodes. Hydrogen molecules that were
generated on the surface of the catalyst were transported
through the gas-liquid interface and released from the
gaseous channel inside the electrode, decreasing the
supersaturation of the electrolyte and inhibiting the
formation of hydrogen bubbles. The hydrophilic
carbon/CNT/Pt composite ensured the good contact
between electrolyte and catalyst, so that the catalytic
performance was not influenced.

Figure 1: digital image of electrode surface at different
current densities. a-c. rose-petal mimetic electrode; d-f.
commercial GDL electrode; g-j. planar graphite electrode.
The diameter of the catalytic area was 4.5mm; J. LSV
curves of the three different electrodes (no iR correction).

Conclusions
In conclusion, we successfully prepared a rose-petal

mimetic triple-phase electrode for bubble-less hydrogen
production. The electrode could inhibit the formation of
hydrogen bubbles at a high current density of 2 A cm-2. Our
electrode could avoid the bubble related problem in gas
evolution reactions and showed possibility for other
applications such as membrane-less electrolyzer.

Acknowledgments
This work was supported by the National Natural

Science Foundation of China (Grant No. 51888103,
52006101, 52006103 and 51976090), and the Natural
Science Foundation of Jiangsu Province (No. BK20200072,
BK20200491 and BK20200500).

References
Liu G.Y., Wong W.S.Y., Kraft M., et al. Wetting-regulated
gas-involving (photo)electrocatalysis: Biomimetics in
energy conversion. Chem Soc Rev, Vol. 50 pp.
10674-10699(2021)

mailto:liqiang@njust.edu.cn


MTCUE-2022

386

Feng L, Zhang Y, Xi J, et al. Petal effect: A
superhydrophobic state with high adhesive force, Langmuir,
Vol. 24 pp. 4114-4119(2008)
Bhushan B., Her E.K., Fabrication of superhydrophobic surfaces
with high and low adhesion inspired from rose petal, Langmuir,
Vol. 26 pp. 8207-8217(2010)

Presenter biography

Kai Deng obtained his B.S. degree in 2018 at School of
Energy and Power Engineering, Nanjing University of
Science and Technology. He is currently a Ph.D. student
under the supervision of Prof. Qiang Li and Dong Liu at
Nanjing University of Science and Technology. His
research interest focuses on the ordered energy
transformation and electroreduction of CO2.



MTCUE-2022

387

No.220190
Cascade photothermal conversion of CO2 to ethylene by ZnO/Cu2O@Cu

foam
Shengjie Bai, Ya Liu, Liejin Guo

State Key Laboratory of Multiphase Flow in Power Engineering, Xi’an Jiaotong University, Shaanxi 710049, China
Corresponding E-mail: shjbai@stu.xjtu.edu.cn

Abstract
Solar-driven conversion CO2 and H2O to fuels is

essential to alleviating the energy crisis and climate change
issues. However, the CO2 activation and C–C coupling in
common-used photocatalysis system are still facing the
challenge of light utilization, poor multielectron
transformation, and low selectivity. Here, we found a
cascade conversion involving CO2–CO–C2H4 process on
the hybrid ZnO/Cu2O@CF photocatalysts under
thermal-assisted illumination. As a critical intermediate for
C–C coupling, CO was selectively generated on the ZnO
and subsequently migrate to adjacent Cu2O sites due to the
spillover effect. Afterward, the CO could be efficiently
converted to ethylene in situ on the Cu2O, which hold an
outstanding conversion efficiency of CO to C2H4. The
operando experiments results demonstrated that the variable
valence between Cu(I)/Cu(II) could harvest the in situ
generated CO from ZnO site and participate in the further
C–C coupling to evolute the C2H4. Finally, a 0.44 μmol/h
C2H4 yield with 78% selectivity is obtained by a 180 °C
thermal-assisted photocatalytic CO2R without any sacrifice
agent. This work put forward a viable reaction path for
photothermal converting CO2 and H2O to C2+ products by
a non-precious catalyst.

Introduction
Combustion of fossil fuels results in a massive CO2

emission is regarded as a major threat to the global
sustainability issues1. Solar-powered CO2 conversion offers
a promising strategy for developing an alternative energy
and CO2 utilization technologies2. Traditional
photocatalytic CO2 reduction based on the wide bandgap
semiconductors is still far away from the scale-up
production3. Indeed, the ignorance of the thermal energy
from the infrared band resulted in a low utilization of solar
energy4. Also, only the band gap energy from shortwave
can hardly drive the activation of the inherent stability of
CO2 molecular5. Moreover, the conversion of CO2 to fuels,
especially C2+ products, is a kinetically sluggish process
involved multiple e-/H+ transfer processes and
bond-breaking and bond making reactions6.

Recently, photothermal catalysis, which combines the
traditional photocatalysis and thermal-Infrared assisted
effect, can theoretically extend the optical absorption and
facility the CO2 activation for CO2 reduce reaction7.
However, the products of photothermal catalytic CO2 are
limited to C1 products, such as CO and CH48. This is due to
the formation of C1 usually have kinetic and
thermodynamic advantage. In detail, CH4 formation is
thermodynamically favorable because of its lower reduction
potential. For kinetic reason, CO formation is a
two-electrons transfer reaction, which is the simplest
reduction in CO2 reduction from a kinetic point of view9.

Besides, multi-carbon products, such as C2H4, were
considered as the most promising ones, possessing both
high energy densities and market prices. However, it is
difficult to produce with high selectivity due to the
multi-electron coupling protons transfer process and kinetic
barriers of ethylene production10. Thus, it is urgently to find
a workable way to efficient convert CO2 to C2+.

Here, we fabricated a 3D hierarchical ZnO/CuOx@CF
nano-structure photothermal catalyst for photothermal CO2

reduction, where CuOx nano-rods were grown on the copper
foam by a wet chemical process and the ZnO were in-situ
grown on the surface of CuOx nano-rods via hydrothermal
oxidation. In the 180 °C thermal-assisted photocatalytic
reactions, ZnO/CuOx@CF presented a 78% selectivity of
C2H4. By comparison, pure ZnO nano-particles provided a
single CO production and CuOx@CF showed little CO2R
activity, while the CO would be converted by CuOx@CF in
thermally-assisted photocatalysis. Thus, we suggested a
cascade conversion process that the CO is generated from
ZnO and then in-situ harvested by CuOx to further
participate in the *CO dimerization.

Experimental.
Synthesis of 3D hierarchical ZnO/CuOx@CF. The Cu2O

nano-rods on copper foam were fabricated by a typical
method. Then the ZnO nano-needles were grown based on
the as-prepared Cu2O@CF. First, a ZnO seed layer was
impregnated onto Cu2O@CF by immersing into 0.01 M
Zn(CH3COO)2·solution (H2O/ethenal=1/1) for each 10 s
several times and then dried under Ar atmosphere.
Afterward, 150 mL of 0.01 M Zn(CH3COO)2 and 0.01 M
C6H12N4 solution was prepared at room temperature with
magnetic stirring for 30 min and then transferred into a 200
mL Teflon-lined stainless-steel autoclave. The as-prepared
Cu2O@CF was immersed in the mixture, sealed, and heated
in an oven at 90 ◦C for 5 h. After the hydrothermal process,
the samples were taken out and rinsed with water and
ethanol several times, and then dried at 90 ◦C under Ar
atmosphere.

Thermal–assisted photocatalytic measurements. A
homemade dedicated transparent quartz photocatalytic
reactor with a 20 mm2 reaction area and an aluminum alloys
column heater sleeve over-covered the illumination area.
The 1 × 0.5 cm2 as-prepared ZnO/CuOx@CF was placed at
the illumination area. Then the reactor was placed upon the
central area of the IKA hotplate. A syringe pump was used
for injecting the water into the reactor and the CO2 gas was
ventilated in the reactor by a mass flowmeter. A solar
simulator with a 300 W Xe lamp (Perfectlight) was used as
the irradiation source. Before irradiation, CO2 was inflated
for 30 min to evacuate the air and then injected the CO2 and
H2O mixture to fill in the whole system.
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Results and Discussion
The 3D hierarchical ZnO/CuOx@CF was prepared by a

three-step fabrication procedure (Figure 1a). The as-cleaned
Cu foam (CF) (Figure 1c) is immersed in the alkaline
solution etchant for 20 min for growing the Cu(OH)2

nanowires on it. After annealing under Ar atmosphere,
Cu2O@CF nanorods (Figure 1d) are formed. Then, a thin
ZnO seed layer (Figure 1e) for growing ZnO is deposited on
the Cu2O nano-rods by a hot-dip method. Subsequently,
ZnO is grown around the Cu2O nano-rods (Figure 1e-g)
through hydrothermal progress.

Figure 1. The synthesis schematic diagram and
morphological and microstructural characterization of
ZnO/CuOx@CF.

Figure 1h-i show the high-resolution TEM images and
the lattice fringes of 2.49 Å and 2.45 Å are corresponding to
ZnO (101) and Cu2O (111), respectively. XRD analysis
(Figure 1j) is conducted to further confirm the crystal
phases. All characteristic diffraction peaks of Cu2O have
appeared in both ZnO/CuOx@CF and CuOx@CF samples
(Figure 1j). Besides, the peaks that appeared at 2θ = 38.69°
belong to the (111) of Monoclinic CuO (COD: 96-901-6327)
from over-oxidizing the Cu2O.

Afterward, we conducted the thermal-assisted
photocatalytic humified CO2 reduction under illumination
from 25 °C to 240 °C without any sacrificed agents (Figure
2). Almost only CO was generated at 25 °C. The C2H4

formation has occurred at 120 °C and the selectivity was up
to 72.8% at 180 °C, which indicated the Thermo would
promote both the activity and selectivity of CO2R.
Therefore, we tested the time-dependent thermally-assisted
CO2R under 180 °C and found that the production rate of
C2H4 was consistently above 0.3 μmol/h during an 8 h test
(Figure 2b), as well as the selectivity of C2H4 was over 70%
(Figure 2c). No H2 was detected in this system, which was
ascribed to the gas phase H2O in photocatalytic CO2R
remarkably suppressed the HER. The O2 was detected in
both pure ZnO and ZnO/CuOx@CF samples, which means
H2O gas served as the hole scavenger during the
photocatalytic reactions. For comparison, CO2R on the
CuOx@CF was tested, small amounts of products were
obtained at the range from 25 °C to 75 °C. As the
temperature increased from 75 °C to 240 °C, the CH4 and
CO dominated the products. Obviously, the selectivity of
CH4 and the total yields were improved by the
thermally-assisting.

Figure 2. Thermally-assisted photocatalytic CO2R
performance of ZnO/CuOx@CF.

For further exploring the role of the ZnO and Cu2O
components in the thermally-assisted photocatalytic CO2R,
we firstly carried out the CO2R on the pure ZnO and
Cu2O@CF under identical conditions (Figure 3a). For
CO2R on the pure ZnO under 180 °C, CO with c.a. 80%
selectivity and a little amount H2 was detected, which
indicated that CO2 could be selectively reduced to generate
CO on the ZnO site. However, CO2R on the Cu2O@CF had
low activity and poor selectivity of the individual products.

Given that, we proposed that CO generated from the
ZnO sites was in-situ adsorbed and further reduced by the
CuOx sites. Thus, we conducted the COR on Cu2O@CF
under identical conditions, as shown in Figure 3b, the yields
of C2H4 were beyond 1 μmol/h and the selectivity was over
70% consistently (Figure 3c) during an 8 h photocatalytic
under 180 °C. Therefore, CO could be effectively reduced
to format C2H4, and the stability was also proved. Also,
COR was tested on the pure ZnO catalyst, a very small
amount of CH4 and H2 appeared to prove the poor COR
activity. This implied that CO was the dead-end product on
the ZnO and would not participate the further evolution.
The poor activity also indicated the CO on the ZnO site was
easily detached and released.

Figure 3. Thermally-assisted two-step conversion progress.

Conclusions
In summary, we have fabricated a 3D nano-structure

photocatalyst, hierarchical ZnO/CuOx@CF, to obtain more
than 0.44 μmol/h C2H4 yield with 78% selectivity under a
180 °C thermally-assisted photocatalytic CO2R without any
sacrifice agent. We find a cascade conversion involving
CO2–CO–C2H4, which sequentially occurs on the ZnO sites
and Cu2O@CF sites under thermal-assisted illumination.
Under thermally–assisted illumination, the pure ZnO
presented a high CO production rate, as well as the CO
would be reduced on the CuOx@CF and participant the
C–C coupling by a COR investigation. The contribution of
the photothermal effect on the CO2R was be enclosed to
trigger the CO2 reduction to format CO on the ZnO sites
and facility the overall CO2R progress. The highest CO2

reduction efficiency was obtained under 180 °C
thermally-assisted illumination.
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Abstract
During microchannel flow boiling, the evaporation of

the micro liquid film plays an important role in heat transfer.
Compared with circular microchannels, the rectangular
microchannels were more common in microchannel heat
sinks. However, the studies on the heat transfer mechanism
of rectangular microchannels were still incomplete, because
the liquid film distribution and liquid film variation during
flow boiling in rectangular microchannels were complex. In
the present study, the variation of liquid film thickness was
deduced using the method of theoretical derivation. A heat
transfer model of rectangular microchannel flow boiling
was constructed according to the variation of liquid film.
This model divided the flow boiling process of rectangular
microchannels into five zones: liquid-slug zone, elongated
bubble zone, long side wall dry out zone, corner liquid
evaporation zone, and completely dry out zone. the heat
transfer coefficients at different positions in the perimeter
direction were quantitatively calculated and the variation of
local heat coefficient with time were also showed. Through
constructing the rectangular microchannel flow boiling heat
transfer model, the heat transfer coefficient was predicted to
guide the design of microchannel heat exchanger.

Introduction
The shape of the microchannel had a great influence on

flow boiling heat transfer. The three-zone model proposed
by Thome et al. (2004) was not suitable for predicting heat
transfer performance of rectangular microchannels. Then,
Wang et al. (2010) proposed the four-zone model for flow
boiling in rectangular microchannels. They assumed that all
walls dried out at the same time. However, there was still a
liquid film on the short-side wall, when the long-side wall
dried out. In the present study, the rectangular microchannel
flow boiling model was proposed based on the liquid film
variation.

Model and Results

Figure 1: Diagram of microchannel flow boiling model.
A uniform heat flux was applied to the microchannel

walls. The mass flow rate was constant. The bubbles
nucleated at and its period was . The length, width,
and height of the rectangular microchannel were , , and

, respectively.
The heat transfer mechanism of the liquid slug zone and

completely dry out zone was convective heat transfer. The

heat transfer coefficient was calculated according to the
Nusselt number, so that:

(1)

Figure 2: Diagram of elongated bubble zone
Due to symmetry, a quarter of the microchannel cross

section was taken for the study. In the elongated bubble
zone, the thinning rate of the liquid film was obtained by
considering the effects of evaporation, shear force, and
draining flow.

(2)
The temperature of the vapor-liquid interface was obtained
by the Wayner model, which was:

(3)
The inner wall temperature was obtained from the following
equation:

(4)
The heat transfer coefficient was obtained from the heat
flux and the corresponding temperature difference.

Figure 3: Diagram of long-side wall dry out zone
In the long-side wall dry out zone, the thinning rate of

the liquid film thickness at the center of the short-side wall
was:

(5)
The heat transfer coefficient was also obtained according to
the Wayner model.
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Figure 4: Diagram of corner liquid evaporation zone
In the corner liquid evaporation zone, the meniscus

radius decreased at a rate of:

(6)
Since the convection made little contribution to the heat
transfer, the calculation of the heat transfer coefficient only
considered the heat conduction.

The variation of heat transfer coefficient in different
zones was calculated by MATLAB.

Figure 5: Variation of liquid film, temperature, and heat
trasnfer coefficient in the elongated bubble zone

Figure 6: Variation of liquid film, temperature, and heat
trasnfer coefficient in the long-side wall dry out zone

Figure 7: Variation of liquid film, temperature, and heat
trasnfer coefficient in the corner liquid evaporation zone

Figure 8: Variation of local heat trasnfer coefficient with
time
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Abstract
Gas venting will be triggered during the thermal

runaway process. The vented gases include several kinds of
species with high pressure, high velocity and high
temperature. The vented gases will induce further thermal
runaway in the battery module. Hence, the gas venting
analysis is important for preventing the propagation of
thermal runaway. In this paper, the key parameters
(temperature, velocity and pressure) distribution in a limited
battery module was numerically investigated, which is
meaningful for analyzing the heat transfer performance
during the propagation process of thermal runaway. This
work can provide a valuable reference for the thermal safety
of the lithium-ion battery.

Introduction
The thermal runaway of lithium-ion batteries is the key

issue for maintaining thermal safety[1]. During the thermal
runaway process, gas venting is an important process for
heat transfer and propagation of thermal runaway. Hence, it
is necessary to investigate the heat transfer performance
during the gas venting process[2]. This paper used a
Spalart-Allmaras (SA) equation based on the Reynolds
Average Navier–Stokes (RANS) method to calculate the
turbulent high-speed venting process. The key parameters
(temperature, velocity and pressure) distribution in the
limited battery pack was investigated.

Numerical Methods
A Spalart-Allmaras equation was used based on RANS

method to calculate the gas venting during the thermal
runaway process[3]. A two-dimensional geometrical model
was built (shown in Figure 1) to describe the gas venting
(turbulent high-speed flow) in a limited battery pack. The
gas venting on the side or the central battery pack was
calculated. The heat transfer performance was investigated.

Figure 1: 2D geometrical model for gas venting

Equations
The Spalart-Allmaras model was designed specifically

for applications involving wall-bounded flows and has been
shown to give good results for boundary layers subjected to
adverse pressure gradients[3].

(1)

The transported variable is identical to the turbulent
kinematic viscosity except in the near-wall
(viscosity-affected) region.

Results and Discussion
The key parameters (temperature, velocity and pressure)

distribution when gas venting occurred at the side (cell 1) of
the battery pack (Figure 2). The result shows that the
temperature in the gap between cell 11 and the wall is
higher than in other gaps because of the high-speed venting
flow and the velocity. While near the venting inlet, there are
dramatic changes in velocity and pressure, which influence
the temperature change. The venting process in the centre of
the battery pack is shown in Figure 3. There is a similar
heat transfer performance, showing a higher temperature
rise on the boundary of a battery module. And there is also a
dramatic temperature, velocity and pressure gradient near
the venting inlet.

Figure 2: Gas venting at the side of battery pack
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Figure 3: Gas venting at the central of battery pack

Conclusions
In this paper, a 2D geomatical structure was built to

calculate gas venting performance during the thermal
runaway process. The results showed that there would be a
faster temperature response of cells far away from the
venting inlet because of the higher gradient of pressure and
velocity near the venting inlet. And the venting process at
the side of the battery pack will cause a local extreme
temperature rise near the venting inlet.
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Abstract
The concentration, temperature and velocity of fluid

distributed on the surface of reactive particles are usually
nonuniform in turbulence, resulting in irregular shrinking
processes outside the particle and non-unidirectional fluid
diffusion processes inside the particle. This phenomenon
significantly affects the motion and the reaction of particles
in fluids, the corresponding theoretical models are urgently
to be established. In the present work, a three-dimensional
non-isothermal transient mathematical model based on
grain model is developed to capture the morphological
evolution characteristics of the solid particle and the
concentration diffusion law of fluid components during the
fluid-solid reaction. The non-equimolar counter diffusion of
fluid phase and the homogeneous reaction between fluid
components are considered in the model as well. The model
was used to simulate the supercritical water gasification
(SCWG) process of a coal particle. The simulations
reproduce the temporal evolution of the solid particle
structure and the fluid components distribution during
reaction (Fig. 1).

Figure 2: Gasification efficiency and porosity of particle
during the reaction under 4 typical surface fluid
distributions. C is the nonuniform coefficient. (Subscript:
con. for concentration, vel. for velocity). Temperature
distribution is uniform, Cvel = 0.255 for all distributions.

 2
C X X ds S X  , where X is velocity, concentration or
temperature of the fluid on the particle surface and X is the
surface average value. S is the particle surface area.

Figure 1: Typical evolution processes of 3-D morphology
outside the particle, fluid component distribution and
porosity distribution inside the particle (in the x-o-z plane)
during the reaction. The black curve represents the
boundary of the particle in this plane. Figure 1 corresponds
to the line whose Ccon = 0.053 in Figure 2.
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Abstract
The supercritical water technique has advantages in

treating low-grade coal to produce high purity hydrogen. In
this paper, the reaction of Tiebei lignite particles in statical
supercritical water was investigated in experiments. The
temporal evolutions of particle’s geometry and mass were
measured under a wide range of fluid temperature
(550~750°C), initial particle size (1~2mm), and reaction
time (0~70min). The experimental results show that coal
particle becomes looser in supercritical water which
indicates that the reaction in pores is significant. The mass
of particle decreases most rapidly during the first 5 minutes
of reaction and further reduces only for the conditions that
the fluid temperature is higher than 650°C.

Introduction
In the research of supercritical water gasification of

solid substances, most scholars focus on the chemical
transformations during the reaction to conduct kinetic or
chemical mechanistic research. Bai et al. analyzed the gas
production, liquid phase composition, and scanning electron
microscope data of solid substances polypropylene plastics
in supercritical water (SCW) for a reaction mechanism
study. However, there has been little discussion about the
morphology evolution of solids in supercritical water.
Sugiyama, Masakazu et al. constructed a supercritical water
oxidation reaction system at 400~600°C, 23~30MPa, and
observed the size changes of the single spherical activated
carbon particle during the reaction. However, these results
are based upon data from nearly 20 years ago and they are
limited to describe the solid chemical kinetics clearly.

Experimental Methods
In this paper, 1~2mm Tiebei lignite was investigated.

This experiment was carried out using a quartz tube batch
reactor (3mm i.d.×5mm o.d.×200mm length). Firstly, the
sample and ultrapure water measured by a precise balance
were sealed into the reactor by a hydrogen flame device.
And the reactor was moved into the furnace with a stable
temperature. After reaction, the particle was collected from
the reactor and dried in an oven for 24h. After measuring
the particle mass and other morphological parameters, this
particle was sealed into the reactor to react and the process
is repeated until the end of the reaction. In this work, the
temperature used was 550~750℃, the pressure was 25MPa,
and the reaction time was 0~70min.

Results and Discussion
The variation of particle volume and mass with reaction

time is shown in Figure.1 and the vertical coordinate is the
ratio of the particle parameters to the initial parameters and
V is volume while M is mass. As the reaction proceeds, the
decrease in volume is greater than the decrease in mass,
which indicated that a large number of pores are formed
inside the particles and reactions take place in pores.

According to the Figure.2, there seems to be a turning point
of 650℃ and the curves were divided into two stages
roughly: 0~5min, 5~70min. In the first 5 min of the reaction,
the particle mass decreased rapidly by about 40%, and after
5 min, the mass decrease is gentler and almost unchanged.
In addition, when the temperature is higher than 650℃, the
curve shows a significant decrease, and the mass is reduced
by 78.76% at 750℃ for 70min.

Figure 1: Temporal evolution of particle mass (M/M0) and
volume (V/V0) during reaction, temperature and pressure of

the fluid are constant at 700°C and 25MPa, respectively.

Figure 2: Temporal evolution of particle mass (M/M0) at
different fluid temperature, the constant pressure is 25MPa.

Conclusions
This paper was designed to investigate the morphology

evolution of lignite particles in supercritical water. The
experiment has found that the reaction takes place
simultaneously on the surface and inside of the particles,
and the internal reaction leads to the formation of pores in
the particle. In addition, the mass levels off as decreases due
to the precipitation of volatile in the first 5min and the
inertness of carbon residue in the next time. And the
temperature significantly effects the efficient conversion of
lignite particles and leads to a sharp mass decrease when
higher than 650°C.
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Abstract

In this work, we purposed a new algorithm for
anisotropic interparticles potential with standard Molecular
Dynamics (MD) simulations to investigate the effects of
uniaxial and biaxial ac electric fields on the phase
transitions of Yukawa liquids (complex dusty plasmas). The
phase transitions are analyzed using two diagnostic methods
with MD simulations, one is lattice correlation function ψ(t)
and the second is pair correlation function g(r) under the
influence of both uniaxial and biaxial ac electric field. The
effects of various electric field strengths and different
plasma states on the phase transitions have been calculated.
In the limit of the constant and varying electric field, phase
transitions of Yukawa liquids are accounted by an
appropriate range of plasma coupling (Γ) and screening
strength (κ) parameters with different simulation system
sizes. It is revealed that the phase transition of Yukawa
liquids significantly depends on the strength of the external
electric field and plasma parameters (κ, Γ). Yukawa liquid
changes its state from liquid to solid with the electric field
variations. The novel regimes observed where Yukawa
liquids quickly respond to the external electric field. MD
simulation outcomes are outstanding in the combined
effects of Yukawa and anisotropic wake potential. It is
concluded that Yukawa liquids have electrorheological
behavior. Due to these unique properties, Yukawa liquids
may be used as a platform to study the electrorheological
characteristics of soft matter. There is a possibility that
Yukawa liquids can be used in the future as smart materials
in numerous industries.
Keywords: Molecular dynamics simulations, Yukawa
liquid, Lattice correlation function, the Pair correlation
function
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Abstract
Ordered mesoporous SBA-15 is a good dehumidification

material due to its large specific surface area, large pore
volume and regular structure. The desorption temperature
and desorption activation energy are important factors
affecting the desiccant application. The pore structure can
influence the SBA-15 desorption performance through the
resistance of diffusion process. The nanopore channel
structures of SBA-15 are adjusted to enhance the desorption
performance. The method of controlling the pore size by
changing the mixing temperature of template and silicon
source was proposed. The pore properties and desorption
performances of two kinds of short channel SBA-15 with
different pore diameters and long channel SBA-15 were
compared. Shortening the SBA-15 rod channels and
enlarging the pore size can significantly reduce the
desorption activation energy and desorption temperature.

Introduction
Ordered mesoporous SBA-15 is a good dehumidification

material due to its large specific surface area, large pore
volume and regular structure. Controlling the channel
length or pore size were proposed to enhance the SBA-15
performance [1-2]. The desorption temperature and
desorption activation energy are important factors affecting
the desiccant application. The short channel SBA-15
materials with different pore dimeters were proposed. The
effects of pore structures on desorption performances were
investigated in this paper.

Experimental
Triblock co-polymer poly (ethylene oxide)-poly

(propylene oxide)-poly (ethylene oxide) Pluronic P123
(PEO20PPO70PEO20, Mav=5800) (Sigma-Aldrich, USA),
Tetraethyl Orthosilicate (TEOS) (Aladdin, Shanghai), HCl
(37wt%) (Guangzhou Chemical Reagent Factory,
Guanghzou), anhydrous ethanol (Baishi, Tianjin) and
SBA-15-3 (JCNANO, Nanjing), were purchased.

The mesoporous SBA-15 was synthesized using template
method, P123 as the template and TEOS as the silicate
source at different stirring temperature during mixing
procedure. TEOS was added to the solution of P123 and
HCl at different mixing temperature of 288K and 298K
under stirring speed of 2400r/min for 24h, repectively, and
aged at 373K for 48h in reactors. The template was
removed by calcination of 823K for 6h. The obtained
materials were named as SBA-15-1 and SBA-15-2 under
the mixing temperatures of 288K and 298K, respectively.

The desorption temperature of SBA-15 is obtained by
Temperature Programmed Desorption (TPD). The
activation energy equation is shown in equation 1.

(1)

Results and Discussion
Figure 1 shows the SEM images of three samples. The

rod channel lengths of the samples of SBA-15-1, SBA-15-2
and SBA-15-3 were 0.5-0.7 μm, 0.5-0.7 μm and 1.5-1.7 μm
respectively. Figure 2 shows the nitrogen adsorption
isotherms of three samples. The pore diameter of SBA-15-1
was the smallest, 5.193nm with the mixing temperature of
288K. Decreasing the mixing temperature can reduce the
pore diameter of SBA-15. Desorption temperatures
obtained by analysis of TPD with different heating rates are
summarized in Table 2. The desorption temperature and
desorption activation energy of SBA-15-2 were obviously
lower than that of other samples, because short channel
length and large pore diameter can reduce the diffusion
resistance of mass transfer and the desorption temperature.

(a) (b) (c)
Figure 1: SEM images of SBA-15 samples (a:SBA-15-1,

b:SBA-15-2, c:SBA-15-3)

Figure 2: Nitrogen adsorption isotherms (77K)
Table1 Pore structure properties of three samples

Samples
Pore

diameter
(nm)

Specific
surface

area(m2/g)

Pore
volume
(cc/g)
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SBA-15-1 5.193 640.586 0.746

SBA-15-2 6.683 644.617 0.957

SBA-15-3 5.837 934.346 1.031

Table 2 Desorption performances of three samples

Samples
Desorption temperature K

Ed kJ/mol
2K/min 3K/min 4K/min 5K/min

SBA-15-1 323.3 331.6 333.9 337.2 55.88
SBA-15-2 322.8 330.0 332.2 337.2 53.59
SBA-15-3 323.3 331.1 333.0 337.2 55.01

Conclusions
The ordered mesopores SBA-15 with different pore

diameters of short channel were prepared and the effect of
the pore structures of three samples on the desorption
performances were investigated. Shortening the SBA-15
rod channels and enlarging the pore size can significantly
reduce the desorption activation energy and desorption
temperature.
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Abstract
Cone flowmeter has attracted more and more attention

due to its advantages of high measurement accuracy, good
repeatability, large turn-down ratio and short straight pipe
section. The pressure loss coefficient (ζ) and discharge
coeffificient (Cd) are two important parameters to
characterize the performance of the cone flowmeter.
Although the pressure loss of the cone flowmeter is lower
than that of the standard orifice flowmeter, it is still higher
than that of the Venturi flowmeter. How to improve Cd and
reduce ζ is an important problem to be solved. The cone
structure of cone flowmeter directly affects its measurement
performance. The measurement characteristics of cone
flowmeter have been improved by increasing the length of
cone throat (Tan et al., 2013), optimizing the shape of cone
(Sheikh et al., 2019) and designing an “olive” cone (Feng et
al., 2022). Therefore, the optimization design of the cone
structure of cone flowmeter is of great significance to
further improve its measurement performance.

In recent years, bionic drag reduction has been well
applied in many industries to reduce the flow loss. Based on
the concept of bionic drag reduction, this paper aims to
investigate the measurement performance of bionic cone
flowmeter by designing three types of bionic non-smooth
structures, i.e., the convex hull, the dimple and the riblet on
the cone surface. The results show that the ζ of the cone
flowmeters decreased with the increase of Renolds number
(Re), and finally tended to be constant (Figure 1). The Cd
increased with Re and finally tended to be stable (Figure 2).
The bionic structure on the cone surface have a great impact
on ζ and Cd. The dimple structure on the cone surface lead
to the increase of ζ and the decrease of Cd, and the
measurement performance of the cone flowmeter
deteriorated. The convex hull structure on cone surface has
a positive effect on the measurement performance of cone
flowmeter. The riblet structure on the cone surface can
significanlty improve the measurement performance of the
cone flowmeter. when the Re was no less than 1.0×105, the
average ζ of the cone flowmeter with riblet-3 structure
decreased from 30.3 to 20.2, which was reduced by 33.3%,
and the average Cd increased from 0.776 to 0.895, which
was increased by 15.3%. The results provide a reference for
structure optimization and performance improvement of
cone flowmeters.
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Figure 1:Pressure loss coefficient of cone flowmeter with
different structures.

Figure 2:Discharge coeffificient of cone flowmeter with
different structures.
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Abstract
Carbonate eutectic salt is a kind of promising phase change
material (PCM) for high-temperature thermal storage
application, which unfortunately constrained by its
significant corrosiveness and low thermal conductivity. In
this work, a novel double shell strategy was proposed to
macroencapsulate the salt with inner expanded graphite (EG)
layer and outer kaolin layer. The double shells coated
macrocapsules showed good stability and durability for
long-term use, as confirmed by a cycling test over 300
cycles. The macrocapsules showed a high heat storage
capability of 390 J/g in a temperature range of 400 to
600 °C.
Introduction
In past few decades, Molten salts and metals/alloys have
been investigated as high temperature PCMs for the
applications in next generation concentrating solar power
plant, iron and cement industries etc. However, the intrinsic
problems such as easy leakage after melting, strong
corrosiveness and low thermal conductivity of molten salts
have significantly restricted their large-scale application. [1]

In this study, a binary Na2CO3-Li2CO3 (57:43 in weight)
eutectic salt was selected as the molten salt PCM, which has
a melting point of around 500 °C and a large latent heat of
phase transformation. A double-shell coating strategy was
proposed to fabricate the high temperature molten salt
macrocapsules.

Materials and experiment method
The raw materials used in this study were Lithium
carbonate (Li2CO3), sodium carbonate (Na2CO3), kaolin
(KL) and expanded graphite (EG) powders.
Polyvinylpyrrolidone (PVP), carboxymethyl cellulose
(CMC) was used as the binder.

The preparation process of the NaLi@EG@KL
macrocapsules is shown in Figure 1. Firstly, Na2CO3 (57
wt%) and Li2CO3 (43 wt%) were well mixed and heated at
550 °C for 90 mins to obtain the Na2CO3-Li2CO3 eutectic
salt (abbreviated as NaLi), which was grinded for further
use. Then PVP powder was dissolved in ethanol to form the
binder solution, and NaLi powders were mixed in the PVP
solution to form dough-like mixture, which were then
shaped into balls of 5 mm and dried (named as core).
Dough-like EG/PVP was prepared in the same procedure,
which was coated on the NaLi cores with controlled
thickness of 1.5 mm (named as core@EG). After drying, the
core@EG precursor capsules were isostatically pressed and
presintered at 450 °C for 2 h under air. Next, the core@EG
capsules were coated by a thin hydrophobic paraffin layer.
Subsequently, the samples were coated by KL-CMC
doughy mixture with water, dried, isostatically pressed at
150 MPa, presintered at 405 °C for 2 h under air and finally
sintered at 600 °C for 2 h under N2 flow. The

NaLi-10EG@EG@KL and NaLi@EG@KL macrocapsules
were prepared. Additionally, salt macrocapsules without EG
layer (NaLi-10EG@KL and NaLi@KL) and NaLi-EG
composite spheres were also prepared as the control
samples.
Results and Discussion

The NaLi-10EG@EG@KL and NaLi@EG@KL
macrocapsules were prepared successfully without leakage
and break (Figure 1). However, obvious leakage of the salt
was observed for NaLi-EG composite spheres. And
NaLi-10EG@KL and NaLi@KL macrocapsules would
break or leak after high temperature sintering. It certificates
that the EG layer could solve the problem of leakage and
break. The core NaLi PCM of the macrocapsule can present
a high latent enthalpy > 313 J/g and melting point of around
490 °C. Surprisingly, the macrocapsules showed very good
cycling stability and durability up to 300 cycles even under
N2 atmosphere (Figure 2).

Fig 1 Pictures of the NaLi-10EG@EG@KL and NaLi@EG
@KL macrocapsules.

Fig 2 Pictures of the capsules cycled under N2.
Conclusions

The macroencapulated carbonate eutectic salt with
high heat storage capability and good thermal cycling
durability can be extensively used for high-temperature heat
storage applications in solar thermal power plant and
industrial waste heat recovery.
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Abstract
Due to the high value of GWP which could cause

greenhouse effect, R134a is no longer suitable for vehicle
use. While R152a and R1234yf with lower GWP are
considered as alternative refrigerants. The cooling
performance of vehicle air conditioning with alternative
refrigerants R152a and R1234yf are compared through
exergy analysis in this paper. It is concluded that the use of
R152a increases the total exergy loss of air conditioning
system, while R1234yf reduces the total exergy loss by at
least 10%.

Introduction
R134a has been widely used as refrigerant of electric

vehicle air conditioning system since its excellent cooling
performance. However, the Global Warming Potential
(GWP) of R134a is 1300 which contributes to a great threat
of greenhouse effect. The European Union declared that the
use of refrigerant with GWP higher than 150 for vehicles
will be gradually forbidden after 2017 which limited the
utilization of R134a. More environmentally friendly
refrigerant R152a and R1234yf with lower GWP have the
potential to replace R134a. Most studies evaluated the
cooling performance of air conditioning with alternative
refrigerants in terms of COP (Coefficient of Performance)
based on the first law of thermodynamics (Sánchez et al.,
2022). However, compared with evaluation method based
on the second law, COP is unable to analyze the exergy loss
of each component. Hence, the exergy analysis for air
conditioning with refrigerants R134a, R152a and R1234yf
are performed in this paper.

Exergy analysis method
A simulation model of an air conditioning for vehicle

use is built in KULI software. The following assumptions
are made in simulations: compression process in
compressor and throttling process in expansion valve are
considered to be adiabatic. The exergy loss of compressor,
condenser, expansion valve and evaporator are respectively
calculated as followings (Zhang et al., 2020):

com 0 com,i com,o( )I T s s   (1)

   con con,i con,o 0 com,i com,o con 0 con,m+ 1I h h T s s q T T     (2)

exp 0 exp,i exp,o( )I T s s   (3)

   eva eva,i eva,o 0 eva,i eva,o eva 0 eva,m+ 1I h h T s s q T T     (4)
in which I refers to the exergy loss of each component,
kJ/kg; T0 represents the ambient thermodynamic
temperature, K; h and s denote the specific enthalpy and
specific entropy of refrigerant, respectively; q is the heat
exchange quantity of its component, kJ/kg; subscripts com,

con, exp and eva are short for compressor, condenser,
expansion valve and evaporator, respectively; subscripts i
and o refer to the inlet and outlet of its component;
subscript m represents the mean temperature of refrigerant
in its component.

Results and Discussion
The total exergy loss of air conditioning system with

refrigerants R134a, R152a and R1234yf in terms of
compressor speed are demonstrated in Fig. 1. The results
indicate that the total exergy loss raises almost linearly with
the increase of compressor speed. This is because that with
higher compressor speed, the higher temperature of the
refrigerant in compressor is obtained which enlarges the
temperature difference between refrigerant and ambient. On
the other hand, the results show that the total exergy loss of
air conditioning with R152a is the highest while that with
R1234yf is the lowest among the three refrigerants.
Substituting R1234yf for R134a reduces air conditioning
exergy loss by 16.7%, 13.7%, 11.3% and 10.6% under
compressor speed at 2000r/min, 3000r/min, 4000r/min and
5000r/min, correspondingly.

Figure 1: The total exergy loss of air conditioning system
with respect to compressor speed

Conclusions
The exergy analysis of air conditioning system with

refrigerants R134a, R152a and R1234yf are conducted in
this paper. It is found that in comparison with R134a, air
conditioning with R1234yf lowers total exergy loss by
16.7%, 13.7%, 11.3% and 10.6% under compressor speed at
2000r/min, 3000r/min, 4000r/min and 5000r/min,
correspondingly.
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Abstract
In the present work, the process of three-dimensional

turbulent pulverized coal ignition and combustion was
investigated by performing a direct numerical simulation
(DNS). An Eulerian-Lagrangian point particle approach was
employed for the solid phase. A postulated substance
(CaHbOc) was used to represent the volatile matter and a
two-step global mechanism of the volatile matter was
adapted. The char oxidation mechanism at the particle
surface accounts for the process of oxygen diffusion and
reaction. The volatile matter combustion and char oxidation
mechanisms have been validated by comparing the
simulation results with those reported in the literature.
Three cases were considered with different particle
diameters. It was found particles are thrown out of the
original trajectory due to particle preferential concentration
and tend to accumulate in low-vorticity regions. During the
devolatilization process, the low-vorticity regions are filled
with the volatile, which facilitates the occurrence of
ignition.

1 Introduction
Coal has been broadly utilized using pulverized coal

combustion technology in the majority of thermal power
plants. Flame stabilization and burner performance strongly
depend on the ignition process of pulverized coal. Ignition
delay and flame structure of pulverized coal combustion
have been the subject of many experimental (Khatami 2008)
and numerical (Farazi 2019) studies, and insights were
gained into the physics involved. However, existing
understanding of effects of particle preferential
concentration on the ignition and combustion process is
insufficient, which motivates the present work.

Numerous studies have widely reported the
phenomenon of preferential concentration in particle-laden
turbulence (Squires 1991, Fessler 1994, Miller 1999). In a
study of particles in isotropic turbulence, Squires & Eaton
(1991) found that heavier-than-fluid particles preferentially
concentrate outside the vortical structure. Fessler (1994)
found the strongest preferential concentration for particles
with Stokes number St≈1. Miller (1999) showed that liquid
particles are preferentially concentrated in high-strain
regions of the flow and have a larger size than those
remaining within the vortical structures. Reveillon (2007)
showed the evaporation of liquid particles is controlled by
the preferential concentration effect. The above studies
focused on the turbulence preferential concentration in
non-reacting particle-laden flows. Considering the ignition
and combustion processes are vital in practical combustors,
it is of significance to explore the effect of the preferential
concentration in pulverized coal combustion.

In this work, the ignition and combustion of turbulent
pulverized coal are explored. The remainders of this article
are as follows. In section 2, the numerical methods and
DNS configuration are shortly introduced. Results and
discussion are briefly presented in section 3. Finally, the
conclusions are summarized in section 4.

2 Numerical methods
2.1 Governing equations for the gas phase.

The DNS code solves the compressible conservation
equations for continuity, momentum, species mass
fractions and total energy:
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2.2 Governing equations for the solid phase.
The Eulerian-Lagrangian point particle method is

employed for the pulverized coal. The governing
equations can be expressed as:
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Two-way coupling between the gas and solid phases
is considered. The source terms for the momentum,
species mass fraction and total energy are written as:
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The variables in these equations are explained in detail in
the presentation and full-length paper.
2.3 Devolatilization models and reaction mechanisms

A postulated substance (CaHbOc) is used to represent
the volatile matter of Newlands coal (Hara 2015). The
two-step mechanism for volatile matter are as follows:

2 2C H O (0.5 0.25 0.5 )O CO+0.5 H Oa b c a b c a b    , (12)

2 2CO 0.5O CO  . (13)
The processes of char-oxidation are assumed to be

related to oxygen diffusion through a boundary layer
surrounding the particle and the oxidation reaction at the
particle surface.
2.4 DNS configuration.

Turbulent pulverized coal combustion in a 3-D
configuration is considered. The computational domain
is Lx×Ly×Lz=16×4×4 mm3 in the streamwise direction x
and lateral directions y and z, respectively. The grid
resolution is chosen to resolve all the flame and
turbulence scales. Uniform grids were used in all
directions and the total grid number is
Nx×Ny×Nz=600×160×160. The mean inflow velocity of
the carrier air is uin= 3.2 m/s. The temperature of the
carrier air is Tg=1100 K, the same as the initial particle
temperature. Homogeneous turbulence velocity was
superimposed on the mean inflow velocity using Taylor’s
hypothesis to provide inflow turbulence. Three cases are
considered with different particle diameters. The
simulation parameters are listed in Table 1.

Table 1: Simulation parameters.

Case pd (μm) p (μs) St m

1 6 59 1.0 0.06
2 8 106 1.8 0.06
3 12 238 4.0 0.06

3 Results and Discussion

Figure 1: Comparisons of (a) laminar flame speed sL and (b)
burnt gas temperature Tb of volatile matter against
equivalence ratio  between the detailed reaction and the
two-step reaction. (c) Comparisons of burn-off fraction B
against different initial temperature Tg between the char
oxidation mechanism and the experiment by Field (1969).

Figure 2: Instantaneous distribution of (a) vorticity
magnitude, (b) volatile matter mass fraction of fluid, (c)
heat release rate and (d) fluid temperature in a typical x-y
plane. The white points denote the particle location and the
arrows in (a) indicate vectors of particle velocity.

Figure 1 shows that the results of volatile matter and
char oxidation mechanisms agree well with those of the
detailed mechanism and the experiment, respectively.

The instantaneous distribution of volatile matter mass
fraction, gas-phase heat release rate, vorticity magnitude
and the particle distributions for Case 2 are shown in Fig.
2. Several observations can be made: (i) coal particles
tend to accumulate in low-vorticity regions; (ii) volatile
matter accumulates in the regions with low-vorticity
during the devolatilization process; (iii) the values of the
heat release rate and temperature are higher in the
regions where particles accumulated.

4 Conclusions
A DNS study of turbulent pulverized coal ignition and

combustion has been presented. Three cases with different
particle diameters are considered. The main finds are
summarized as follows. First, the volatile matter and char
oxidation mechanisms are validated by comparing the
predicted results with those in previous studies. Second,
coal particles tend to accumulate in the low-vorticity
regions. Finally, ignition of volatile matter takes place
earlier in the low-vorticity regions with coal particles
accumulated.
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Abstract: Fluidized adsorption technology is considered as
a promising way for carbon capture due to its low
regeneration energy and high reaction efficiency. However,
its mechanism of internal solid-gas reaction is still a
challenge to further realize its potential. This work aims to
extend kinetic models for CO2 adsorption which contains
heat and mass transfer between particles and fluids based on
well-resolved computational fluid dynamics-discrete
element model (CFD-DEM). Combined with Langmuir
model and linear driving force model, a mathematical
model of adsorption bed related to solid-solid heat
conduction, solid-gas heat conduction, and solid-gas
convection heat transfer is constructed for
3D numerical simulation of adsorption fluidized bed.
Langmuir-type kinetic models with parameters expressed as
functions of CO2 partial pressure, N2 partial pressure, and
temperature on the adsorbent surface could successfully
represent the selective adsorption of CO2 and N2

in fluidized bed. Effects of fluidization velocity on macro
gas-solid characteristics and particle transport
characteristics (particle flow, temperature and composition
changes) in the single and two-component fluidized bed are

revealed. Results show that increasing superficial gas
velocity can better mix the adsorbents and obtain larger
adsorption capacity as gas velocity increases. With gas
velocity increases from 1.3m/s to 1.5m/s, the mean diameter
and concentration of particles at the bottom of the bed will
be weakened, saturated adsorption time is shortened by
17%, and the saturated adsorption capacity is increased by
1.4%.
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Abstract

In refrigeration, the Hydrofluoroolefins are considered the
best substitute for the Hydrofluorocarbons because of
environmental problems. The hydrofluoroolefins and their
mixtures are considered as the 4th generation due to zero
ozone depletion potential and very low global warming
potential. In this study, the molecular dynamics simulation
was used to investigate the condensation process and
thermophysical properties of the new refrigerant, namely
R514A, which is a mixture of 74.7% R1336mzz(Z) and
25.3% R1130(E). The effect of different parameters such as
simulation time step, force fields, and system size, along
with condensation temperatures and condensation pressures
on these properties, were computed. The thermophysical
properties of R514A, such as internal potential energy,
nucleation process, density, isobaric heat capacity and
volume of the system unit during the condensation process
used to calculate the condensation rate. The radial
distribution function is the structural property used to
examine the bonding and nonbonding interaction of R514A
in both vapor and liquid phases. Mean square displacement
for dynamical analysis at different temperature were
simulated. The simulated values of isobaric heat capacity
and the liquid densities after condensation compared with
commercial software (NIST REFPROP 10.0) data presented
a good agreement. The R514A has nearly similar
thermophysical properties to R1130(E) and R1336mzz(Z).

Keywords: Condensation, Refrigerants, Molecular

Dynamics Simulations, Thermophysical properties
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Abstract
Gas produced by the pyrolysis of organic solid waste

cannot be combusted in some burners due to its low
calorific value. Therefore, this study adopts the combustion
methods of swirling and admixing carbon-free fuel
ammonia to enhance the combustion of pyrolysis gas
stability and reduce carbon emissions. The flame structure
was experimentally studied by chemiluminescence method.
Based on the CCD camera system, the chemiluminescence
distribution of OH* in the pyrolysis gas/ammonia/air
premixed swirl flame under different equivalence ratios and
ammonia doping ratios was obtained. The results show that
the swirl flame morphology and structure of different types
of pyrolysis gas are quite different; when the equivalence
ratio increases to φ≥1, the OH* radiation intensity increases;
the addition of ammonia makes the combustion limit range
of the pyrolysis gas narrower, and the addition of ammonia
not only It will inhibit the generation of OH* radicals and
have an impact on the flame structure.

Introduction
Pyrolysis as a way for the current treatment of solid

waste, is to the thermal decomposition process of organic
matter in anaerobic environment,the pyrolysis gas
containing H2, CH4 and CO combustible
components.However, such gases have lower calorific
values and their use in existing combustion systems can be
complicated due to flame instability, vibration, or flame
extinction .The combustion conditions can be improved by
using swirl combustion. OH* chemiluminescence can
describe flame structure, tensile rate and fuel
composition.He et al. studied OH* chemiluminescence in
methane/oxygen co-flow diffusion flame, and the results
showed that the OH* intensity was proportional to the OH*
concentration, so the intensity distribution of OH*
chemiluminescence could be qualitatively determined by
the OH* concentration distribution. For flames with
different equivalent ratio, the variation trend of flame
characteristics may be different or even opposite with the
change of dilution level and other operating conditions.
Therefore,the influence of equivalent ratio must be
considered when studying flame characteristics.

In this paper, the OH* chemiluminescence distributions
under different equivalence ratios and ammonia doping
ratios were obtained by a CCD camera imaging system, and
the effects of equivalence ratios and ammonia doping ratios
on the distribution characteristics of the OH* layer were
analyzed.

Experimental Methods.

The experimental process is shown in schematically in
Figure 1.

Figure 1: Schematic view of the test rig.
The structure of swirl burner used in this study is

shown in Figure 2. The specific parameters are shown in
Table 1:
Table 1: Characteristic parameters of the impeller

Parameters
Di / mm 20
Do /mm 40
θ/(˚) 61

Number of vanes 10
swirl number S 1.4

Figure 2: 3D model images of the impeller.
The composition of the pyrolysis gas used for

combustion is shown in Table 2.
Table 2: Component content of pyrolysis gas(vol.%).

CO2 CO CH4 H2 C2H4 C2H6 N2 LHV
MJ/Nm3

Type1 40.6 13.4 13.5 26.9 1.6 2.2 1.7 14.0
Type2 13.5 14.9 3.3 34.4 0.3 0.2 33.3 9.9

Results and Discussion
As shown in Figure 3, two groups of flame images

were selected to analyze the effects of equivalent ratio
and ammonia ratio on swirl flames of different types of
pyrolysis gas combustion.

XNH3=0%

XNH3=20%

(a) Type1.from left to right, the equivalent ratio: 0.8, 1.0, 1.1
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XNH3=0%

XNH3=20%

(b) Type2.from left to right, the equivalent ratio: 0.8, 1.0, 1.2
Figure 3: Swirl flame configurations.

As can be seen from Figure 3, compared with Type1 ,
the height of swirl flame burned by Type2 decreases, and
the phenomenon of attachment to the impeller surface is
more obvious. Type1 has a low hydrogen content, under
the same ammonia ratio (XNH3=10%, 20%) Type1
flameout at equivalent ratio 1.2, Type2 can be stable
combustion, therefore, Type1 has a narrow flammability
range.

XNH3=0%

XNH3=20%
Figure 4: Type1 swirl flame OH* chemiluminescence
distribution ,from left to right, equivalent ratio: 0.8, 1.0, 1.1.

Figure 5: Peak OH* radiation intensity.
Figure 5 depicts the peak OH* radiation intensity as a

function of equivalence ratio and ammonia doping ratio.
The combustion process of the pyrolysis gas is more

intense in the rich combustion state. With the increase of
ammonia doping ratio, the maximum value of OH*
radiation intensity at the same equivalence ratio showed
a decreasing trend. . When no ammonia was added, the
equivalence ratio increased from 0.8 to 1.2, and the OH*
peak increased by 25%; after adding 10% ammonia, it
increased by 132.3%; after adding 20% ammonia, it
increased by 201.1%; adding 30% After ammonia, it
increased by 323.2%. It shows that the addition of a
certain amount of ammonia obviously enhances the
effect of the equivalence ratio on the OH* peak value,
and this enhancement becomes more obvious with the
increase of the ammonia content.

Conclusions
The swirl flame shape and combustion limit range of

different types of organic solid waste pyrolysis gas are
different, so the design of swirl burner should have
adaptability to different types of organic solid waste
pyrolysis gas. Under stoichiometric and rich conditions, the
OH* radiation intensity in the flame is greater, and the
combustion reaction is more intense. In addition to
inhibiting the generation of OH* free radicals, mixing
ammonia gas has a great influence on flame structure and
flame combustion speed.
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Abstract
Inhalation therapy is one of the most common and

effective treatment for respiratory diseases. Recently, the
number of vibrating mesh nebulizer (VMN) user is
increasing due to its portability and low noise.
Deposition experiments of fluorescent droplets were
carried out in a simplified mouth-throat airway model to
analyze the effects of the pore number and pore size of
the vibrating plate of the VMN on the deposition
efficiency (DE) of the droplets.

The results suggested that the DE of fluorescent
droplets firstly decreased with the increase of the
inhalation flow rate from 15 L/min to 30 L/min. Then the
DE gradually increased with the increase of the
inhalation flow rate from 30 L/min to 60 L/min in
general. The main deposition pattern changed from the
mouth to the throat accordingly from 15 L/min to 60
L/min.
Keywords: airway, vibrating mesh nebulizer, deposition
efficiency, droplet, deposition pattern

Introduction
Aerosol inhalation therapy is one of the most effective

treatment for respiratory diseases. It is also an important
approach treating the Corona Virus Disease 2019
(COVID-19) (Guan et al., 2020). The objective of this study
was to investigate the effects of the pore number and pore
size of the vibrating plate of the VMN on the deposition
efficiency (DE) of the droplets.

Experimental Methods
Droplet deposition experiment was carried out in a

simplified mouth-throat (MT) airway model. Three
vibrating plates were examined: 1) Plate A, a commercial
VMN vibrating plate for inhalation therapy; 2) Plate B, a
commercial vibrating plate for humidifier; and 3) Plate C,
adjusted Plate A with more pores. For each vibrating
plate, the DE of the droplets in the MT airway were
obtained at various inhalation flow rates, i.e., Qin = 15,
22.5, 30, 45 and 60 L/min. The fluorescent droplets flow
into MT airway model with the air powered by a vacuum
pump. The nebulized droplets were deposited in the MT
airway or captured by the bubble absorber or the prefilter
or the filter unit. At the end of the experiment, each
component was rinsed to determine the deposition
efficiency (DE) of the droplets.

Results and Discussion
Plate A、B and C have the mass median diameters of

4.41 μm and 6.64μm and 3.50 μm, respectively. The
deposition efficiency of the three vibrating plates are
plotted in Figure 1. The DE of the droplets of the plate C
were 16.2% to 42.9% lower than plate A at various
inhalation flow rates. These values were 5% to 19%
lower than those of plate B. The hot spot of droplet
deposition gradually moved from the mouth to the throat
from 15 L/min to 60 L/min.

Conclusions
The experimental results show that the smaller pore

size (Zhang et al., 2002) and higher pore number could
reduce the DE of nebulized droplets in the MT airway,
and therefore, enhance the drug delivery efficiency in the
deeper lung region.

Figure 1: The deposition efficiencies of different vibrating
plates.
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Abstract
Recently, ammonia has been gaining more and more

attention which is consider as a potential alternative fuel.
This study focuses on the combustion characteristics of
ammonia/hydrogen mixtures in porous media. We predict
the premixed combustion by using the thermal non
equilibrium model and the detailed chemical reaction.

In order to have a deep insight into the combustion
characteristics, this research studies the influence of
equivalence ratio, inlet velocity and the fuel composition.
The results show that increase inlet velocity and high
hydrogen content have positive effects on flame
temperature. While the equivalence ratio has negative effect
under fuel lean and fuel rich conditions. For pollution
emission, adding hydrogen can increase NOx emission
when the NH3 concentration is high. However, the NOx
emission decreases when the equivalence ratio more than 1.

Introduction
Currently, fossil fuels such as coal, petroleum and

natural gas meet most of the energy demand in China.
However, they are being depleted fast, which results in
energy shortage. On the other hand, too much use of fossil
fuels also causes some environmental problems like
greenhouse effect, air pollution and water resources
pollution. Ammonia has advantages of high hydrogen
density, cheap and convenient storage and transportation.
Therefore, it is considered as a substitute for H2. For pure
ammonia, its combustion characteristic is poor when
compared with some conventional fuels. So mixing
ammonia with hydrogen is a promising way to improve the
shortage of pure ammonia.

Numerical Methods
The numerical simulation is performed by Fluent. The

inlet boundary is velocity inlet and the outlet boundary is
pressure outlet. For turbulence, this study used the k-ε
turbulence model with standard wall functions. The
turbulence level of the incoming gas is assumed to be 5%.

Equations
The governing equations:
Gas energy equation:
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Here, εis porosity of porous media; is thermal
diffusivity due to dispersion; u and v are the velocities

along x and y directions; T is temperature; hv is
volumetric heat transfer coefficient; is generation
rate of the ith component.

Solid energy equation:
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(2)

Here, is effective thermal conductivity of
solid.

Interfacial area density (Yang, 2009)
�� = 169.4��� �2

�3 = 430.3PPI �2

�3 (3)
Heat Transfer coefficient h (Liu, 2015;

Duynslaegher, 2012)
h = ℎ�

��
= 1−� ���

215.15��
2���

(4)

Results and Discussion
In this study, the thermal non-equilibrium model is

used for the simulation, which performed better than the
results calculated by using the thermal equilibrium
model, shown in Figure 1.

Figure 1: Model validation
Furthermore, when the velocity increases from 3m/s

to 9 m/s, the temperature increases. Figure 2 shows that
the maximum temperature of 80%H2/20%NH3 mixtures
increases around 276.98K, when the inlet velocity varies
from 3m/s to 6m/s. When the velocity increase from
6m/s to 9m/s, the temperature increases around 42.69K,
which is less than the former.
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(a)v=3m/s (b)v=6m/s (c)v=9m/s
Figure 2: Effect of inlet velocity on combustion temperature

For different components, when the hydrogen
concentration increase also can rise the temperature. And
the influence of equivalence ratio is shown as Figure 3.
The maximum temperature occurs at equivalence ratio of
1.

Figure 3: Maximum flame temperature at different
equivalence ratios at speeds of 3, 6 and 9m/s

For the NOx emission, the addition of H2 lead to the
NOx emission increases when the hydrogen content in
the mixed fuel is less than 60%, shown as Figure 4. This
is mainly because the increase of hydrogen content leads
to the increase of thermal NOx. However, with the
further increase of hydrogen content in
ammonia/hydrogen mixture, the NOx emission will
decrease.

Figure 4: Maximum mole fraction of NO at different
equivalence ratios at speeds of 3 m/s

Conclusions
This paper uses CFD model so as to gain a better

insight into the influence of inlet velocity, the fuel
composition and equivalence ratio. The simulation results
indicate that the flame temperature increases with
increasing inlet velocity and hydrogen concentration.
What’s more, the maximum temperature occurs under
stoichiometric condition. For pollution emission, the NOx

emission increases with increasing adding hydrogen when
hydrogen concentration less than 60%, while the pollution
will decrease when hydrogen concentration increases
further. Besides, the production of NOx is low at rich
equivalence ratios.
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Abstract
Drying technologies are crucial for improving the shelf

life of shiitake mushroom. Variable-temperature convective
drying (VTCD) is a promising technology to obtain
high-quality dried shiitake mushroom. However, accurate
numerical simulation models are rare for VTCD. This study
establishes a model with thermo-hydro and mechanical
bidirectional coupling for simulating VTCD of shiitake
mushroom. Based on this model, drying characteristics of
shiitake mushroom and drying load characteristics during
VTCD are investigated. Three drying characteristics
(temperature, shrinkage rate and mass of evaporation) are
taken into account. It is found that, VTCD has a less
variation in temperature at the initial stage of drying than
constant-temperature convective. It also has a moderate
shrinkage rate and a less variation in evaporation rate. As
for the drying load characteristics, the results show that,
compared with constant-temperature convective drying,
VTCD has moderate total drying time and better enthalpy
stability at the beginning of drying.

Introduction
As the second most cultivated edible mushroom

worldwide, shiitake mushroom accounts for about 25% of
global mushroom production (Shishir 2019). However, the
wet basis moisture content of fresh shiitake mushroom is
usually very high (87%-95%) (Arumuganathan 2008). It is
crucial to dry them in time for improving their shelf life.

Variable-temperature convective drying (VTCD) is one
of the most effective technologies for obtaining high-quality
dried shiitake mushroom (Yao 2015). However, accurate
numerical simulation models are lacking for this technology,
since it is a very complex problem involving multiphysics,
i.e., heat transfer, mass transfer, fluid flow and shrinkage.
Due to the lack of such models, the drying characteristics of
shiitake mushroom and the drying load characteristics are
still unclear for VTCD.

To address the above issues, this study develops a
VTCD model for shiitake mushroom. It considers heat
transfer, mass transfer, fluid flow and shrinkage. Based on
this model, drying characteristics of shiitake mushroom and
drying load characteristics during VTCD are investigated.
Three drying characteristics are considered, i.e.,
temperature, shrinkage rate and mass of evaporation. And
the air enthalpy difference between the inlet and outlet of a
drying chamber is analyzed to reveal the patterns of drying
loads of VTCD. This study provides useful guidance for
optimizing VTCD strategies of shiitake mushroom in
practice.

Physical and mathematical model
The shiitake mushroom drying is carried out in a drying

oven whose size is 0.5 m (L) × 0.5 m (H) × 0.4 m (W). Hot

air enters from the bottom and flows out from the top and
the shiitake mushroom is placed on a mesh tray 0.2 m from
the bottom. The drying process is simplified to a
two-dimensional problem. Free quadrilateral mesh is
applied to discretize computational domain and is refined at
the boundaries as shown in Fig. 1.

Figure 1: Geometry and grid settings.
According to the different flow regions, the physical

model is divided into shiitake porous medium domain and
air free flow domain. The effect of shrinkage stress on heat
and mass transfer is considered (Zhu 2021). The following
equations are temperature field energy equation in porous
domain, liquid water concentration field equation, water
vapor concentration field equation and elastic mechanics
equilibrium differential equation, respectively.
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The constant parameters involved in drying are listed in

table 1.
Table 1: Constant parameters (Oikonomopoulou 2012;
Datta 2006).

Parameter Value
Ambient pressure, p0 101325 Pa

Ambient temperature, T0 293.15 K
Ambient relative humidity, RH0 0.8

Freestream velocity, u0 0.5 m/s
Irreductible liquid phase saturation, Sil 0.1

Initial water saturation, Sl0 0.5
drying relative humidity, RHin 0.2

Porosity on dry basis, ϕideal 0.95
Permeability, κ 1e-14 m2

Porous matrix density, s 1528 kg/m3

Dirichlet boundary condition is adopted at the inlet
of drying chamber, and the drying temperature varying
with drying time is defined by piecewise function, as
shown in Fig. 2. The stop condition of the transient
solver is that the average wet base moisture content in
the porous media domain is reduced to 13%.
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To compare the changes of heat and moisture load in
drying chamber at different drying temperatures, the
enthalpy of humid air was integrated on the inlet and outlet
boundary of drying chamber, and the enthalpy flow curve
changing with drying time was obtained.

Figure 2: Drying temperature setting of VTCD, drying at
30 °C, 40 °C, 50 °C for 2 h, 4 h, 6 h, respectively, and then
drying at 60 °C until the moisture content reaches 13%.

Results and Discussion

Comparison of temperature distribution in shiitake
mushroom at different drying temperatures is shown in Fig.
3. The shrinkage rate of shiitake dried by VTCD process is
moderate, and the temperature change at the initial stage of
drying is the smallest. The temperature gradually increased
with time.
60
mi
n

120
mi
n

240
mi
n

480
mi
n

40 °C 60 °C VTCD

Figure 3: Comparison of temperature distribution in
shiitake mushroom at different drying temperatures.

Comparison of mass of evaporation distribution in
shiitake mushroom at different drying temperatures is
shown in Fig.4. During the whole drying process, the
variation of evaporation rate under VTCD condition is the
smallest.
60

min

120
min

240
min

480
min

40 °C 60 °C VTCD

Figure 4: Comparison of mass of evaporation distribution
in shiitake mushroom at different drying temperatures.

Comparison of the air enthalpy difference between the
inlet and outlet of the drying chamber at different drying
temperatures is shown in Fig.5. The total drying time of
VTCD is between that of drying at 40 °C and drying at
60 °C. VTCD has the best enthalpy stability at the
beginning of drying.

Figure 5: Comparison of the air enthalpy difference
between the inlet and outlet of the drying chamber at
different drying temperatures.

Conclusions
This study establishes a model with thermo-hydro and

mechanical bidirectional coupling for simulating VTCD of
shiitake mushroom. This model is utilized to investigate
drying characteristics of shiitake mushroom and drying load
characteristics.

Three drying characteristics of shiitake mushroom, i.e.,
temperature, shrinkage rate and mass of evaporation, under
VTCD and constant-temperature convective drying are
investigated. The results show that, compared with
constant-temperature convective drying, VTCD has a less
variation in temperature at the initial stage of drying.
Moreover, it has a moderate shrinkage rate and a less
variation in evaporation rate. As for the drying load
characteristics, it is discovered that VTCD has moderate
total drying time and better enthalpy stability at the
beginning of drying, compared to constant-temperature
convective drying.
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Abstract
Plasmonic metal/semiconductor nanostructures have

shown promising photocatalytic hydrogen evolution
reaction (HER) efficiencies. The impact of plasmonic
effects on HER behaviors needs to be elucidated, especially
concerning the electron transfer and phonons characteristics.
Plasmonic metals (i.e., Au, Ni, and bimetallic AuNi) were
deposited on TiO2 P25 and the HER performances were
evaluated. Via a fine Raman analysis, the individual effects
from hot-electron transfer and local phonons from
plasmonic metals to the semiconductor. It has been clarified
that the synergistic coupling of electrons in the conduction
band (CB) of TiO2 and local phonons dominates the HER
photoactivity. The local temperature of Au-TiO2 was
largely promoted by the strong plasmonic photothermal
effect, while the contribution of electron transfer from Ni to
TiO2 was more pronounced in Ni-TiO2. Furthermore,
AuNi-TiO2 takes advantage of both the high electron
concentration on CB of TiO2 and the strong local phonon
effect, accordingly achieving even superior HER
performance. This work provides a deep insight into the
mechanism of plasmonic photoreduction and points out the
direction for the rational design for highly-efficient
photocatalysts systems.

Introduction
Solar-light-driven production of useful chemical energy

like hydrogen has been a promising way to solve energy
and environmental problems (Yang 2013). Plasmonic
metal/semiconductor heterostructures can utilize broadband
UV and visible light and enable highly-efficient hydrogen
evolution reaction (HER) activities (Boerigter 2016). The
plasmon-induced HER activity in the visible region of
plasmonic metal/semiconductors has been proven a
synergetic result of photoelectrons and phonon heating at
the active TiO2 surface. The plasmonic effects of metal
nanoparticles need to be clarified for further exploration of
rational design strategies. To this end, we used a novel
Raman analysis method to decipher the localized surface
plasmon resonance (LSPR) induced charge transfer and
local heating effect. The influences of these plasmonic
effects on the photocatalytic HER performance need
clarification as well.

Experimental Methods
The Au, Ni, or bimetallic AuNi nanoparticles were

decorated on commercial TiO2 P25 by deposition
precipitation method. Then the morphology and structure of
the synthesized photocatalysts were characterized by TEM,
XRD, UV-vis spectrophotometry, and Raman spectroscopy.
The photocatalytic hydrogen production reaction was
carried out in methanol aqueous solution (10% volume

fraction) under 100 mW/cm2 illumination. The Raman
spectra were detected with laser excitations at 532 nm with
various power. The photothermal effect and carrier
migration of metal plasmons were studied based on a novel
fine Raman analysis approach, introduced in detail below.

Results and Discussion
Before the fine Raman measurements, empirical

simulations of the Raman changes with temperature and
electronic structures were calibrated for the TiO2-related
systems. Raman spectroscopy is a powerful technique not
only to serve as a thermometer on a sub-micrometer scale
but also to reveal the chemical structures (Liu 2018). It was
found that the frequency of the Eg(3) vibrational mode at 638
cm-1 decreases linear with temperature, with a slope of 58.8
cm−1  K−1, yet does not change as electronic structure
changes. While the blue shift of Eg(1) mode at 143 cm-1 is
affected by both the temperature and electrical reduction
(from Ti4+ to Ti3+). Accordingly, the local temperature rise
(ΔTlocal) can be calculated directly from the Raman
frequency shift Eg(3) band at 638 cm-1. While the excess
shift in the Eg(1) band donates more Ti3+ sites, suggesting a
charge transfer from plasmonic metals to the conduction
band (CB) of semiconductors.

Figure 1: (a) Raman spectra and (b) band positions of
Au-TiO2 powder upon 532 nm excitation with increasing
power. (c) The calculated temperature rises and the charge
carrier contribution. (d) Schematic diagram of the
mechanism in plasmon-enhanced photocatalytic reactions.
The LSPR-induced hot electrons of AuNPs were detected to
flow into TiO2 and formed Ti3+ sites, and the LSPR phonons
are crucial for the thermal pumping to high-energy
substrates.
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Upon 532-nm illumination, the LSPR bands of the
plasmonic metals were excited. With increased laser power,
Eg(1) band is blue-shifted and Eg(3) band red-shifted, as
shown in Figures 1a and b. Applying the above Raman
analysis criteria, local temperature rises of the hybrid
system and the charge transfer character were obtained, see
Figure 1c. With the laser power of 3.8 mW, the local
temperature significantly increases by 143 K. Meanwhile,
the Raman shifts owing to electron transfer (Ncharge) into the
CB of TiO2 were calculated, whose contribution with an
average of 33.2%.

Analogous experiments were performed for the
Ni-TiO2, and AuNi-TiO2 systems and the results are
summarized in Table 1. In comparison, the local
temperature of Ni-TiO2 is mildly enhanced by 88 K with
3.8 mW illumination, while the charge transfer
proportion of 44.0% is larger than that for Au-TiO2
systems. AuNi-TiO2 exhibits the strongest photothermal
heating effect among the three, reaching 466 K, and the
charge transfer ability is also comparably high as 41.3%.

Table 1. The plasmonic photothermal local heating and
electron transfer characteristic under 532-nm excitation.
the HER performance

Catalysts Laser power
/ mW Δ Tlocal / K <Ncharge>

P25(TiO2) 3 n.d. -

Au-TiO2

0.4 53
33.2±6.3 %3 80

3.8 143

Ni-TiO2

0.4 47
44.0±4.5 %3 65

3.8 88

AuNi-
TiO2

0.4 91
41.3±5.0 %3 142

3.8 168

The photocatalytic HER performances were
evaluated for these hybrid plasmonic
metal/semiconductor nanostructures towards the TiO2
P25 precursor. The commercial TiO2 P25 exhibited a
photocatalytic reaction rate of only 17.9 μmol∙g-1∙h-1.
While after the decoration of plasmonic metals, Au-TiO2,
Ni-TiO2, and AuNi-TiO2 the photocatalytic reaction rates
have been significantly enhanced to 2737, 5707, and
6122 μmol∙g-1∙h-1, respectively. As illumined in Figure 1d,
both the local heating effect and the hot electron transfer
from the metals to CB of TiO2 are beneficial for the
overall HER activity, AuNi-TiO2 takes both advantages
of the bi-metals, and thus performs the highest HER
activity.

Conclusions
In this contribution, we investigated the plasmonic

effects on three hybrid plasmonic metal/semiconductor
nanostructures. The individual promotion effects from
hot-electron transfer and local phonons were systematically
revealed and their influences on the photocatalytic HER
performance were clarified. It was found that the bimetallic
AuNi-TiO2 exhibits a combined intense local heating and
strong hot charge transfer, and thereby a superior HER
performance. The advantage of rational bimetal strategy has
been clearly shown.
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Abstract
Lead-cooled fast reactors (LFRs) are the most promising

technology for application in Generation IV nuclear
reactors, which are currently under development, due to
LFRs’ excellent sustainability, thermal hydraulics and
security features(Li et al., 2020). The primary heat
exchanger (HE) is the critical piece of equipment linking
the primary and secondary circuits in LFRs. In recent years,
one of the most popular topics in nuclear engineering has
been the exploration of methods to enhance heat transfer to
improve the heat exchange efficiency of the HE(Ryu et al.,
2018).

Figure 1: Schematic diagram of LFRs and primary heat
exchanger

In order to improve the heat transfer efficiency of the
primary and secondary circuits of LFR and optimize the
temperature distribution between the coolants, the
application and optimization design of helical cruciform
tube in primary heat exchanger of lead-cooled fast reactor
were studied.

Figure 2: Sketch of the special-shaped tubes
The similarity model is established by the similarity

principle. The velocity distribution, temperature distribution
and pressure drop of liquid lead-bismuth eutectic (LBE) and

supercritical carbon dioxide (SCO2) in helical cruciform
tube heat exchanger were studied by CFD numerical
simulation, and compared with that of straight tube heat
exchanger.

Figure 3: Periodic unit model of the heat exchanger
The results show that the overall performance of

helical cruciform tube is better than that of straight
cruciform tube and straight round tube. The
special-shaped tube strengthens the fluid heat transfer on
the tube side and the shell side at the same time. The
temperature distribution in the helical cruciform tube is
more uniform than that in the straight tube.

Figure 4: Temperature distribution of SCO2 along the flow
direction in the helical cruciform tubes

According to the results of CFD numerical simulation,
the special-shaped tube in the primary heat exchanger of
lead cooled fast reactor is optimized, and the shape of the
special-shaped tube with the best overall performance of
the heat exchanger is determined. The theoretical and
numerical studies are helpful to the design of the primary
heat exchanger in LFRs.
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Abstract
The long-term power supply of the wireless network has

been regarded as an important problem due to the high
replacement cost, limited lifecycle and limited power
capacity of the battery etc. The flow induced kinetic energy
has been demonstrated to be one of the most effective and
stable energy sources. A novel flow induced vibration
energy harvesting system with muti-cylinder cellular
configuration as the bluff body utilizing the vibration
resulting from the fluid to generate power was proposed in
the present study. In this study, the multiple bluff bodies
configuration with six cylinders were used for generating
more intense vortex shedding in the fluid field. The
characteristics of vortex street behind the designed bluff
body configuration were studied by CFD modelling and
experiments verification. The experiments shows that the
maximum open-circuit voltage output could reach 8.7 V
which is around 45% higher than that which used two
cylinders configuration and the maximum power output
could reach 3.57 µW across a 7 MΩ load for this system.
The voltage output would increase with the flow speed and
varied with the gap ratio.

Introduction
There would be a pattern of vortex shedding after a bluff

body at a frequency when the fluid flows over it for certain
Reynolds numbers (Bearman,1984). The system includes
two parts: the fluid system and the piezoelectric energy
harvesting system. The vortex shedding is utilized as the
excitation source which is the key part of the system. It has
been demonstrated that the excitation intensity of the vortex
shedding is related not only with the interaction between
fluid flow and bluff bodies, but also with the flow condition
of the upstream fluid. Wake galloping would be introduced
in the muti-cylinder system due to the action of the
upstream flow on the downstream cylinders (William,2012).
The muti-cylinder cellular configuration could better
develop this phenomenon to generate excitation for the
energy harvesting system in this research. The schematic
diagram of the whole system is shown as Figure1.

Figure 1: Schematic diagram of the flow-induced energy
harvester

Numerical Method

CFD modelling and experiments were taken at the same
time to cross verify the effectiveness of the structure and the
impact of several parameters on the characteristics of the
vortex shedding behind the bluff body. FLUENT was used
to perform the simulation calculations in this study. In the
basic 2-D CFD model, the left wall and the right wall was
set as the inlet and outlet separately. Water was set as the
fluid medium. The diameter of the cylinders was 20mm.
The arrangement of six the cylinders is shown in Figure 2.
The gap ratio G was defined as the ratio between the
vertical center distance between adjacent cylinders d and
the horizontal center distance L as shown in Figure 2.

Figure 2: The schematic diagram of the configuration of
cylinders.

The mesh used hybrid mesh, which included triangles
elements in the free stream region and quadrilateral
elements around every cylinder. It especially was refined by
10 layers of inflation around every cylinder as in Figure 3.
The time step used was 0.001 s, which is around 100 times
of the vortex shedding period.

Figure 3: The mesh around the cylinders
The piezoelectric energy harvesting cantilever beam

is shown in Figure 4. The length of L1, L2, L3, L4 and L5
is 100, 400, 800, 300 and 200 mm, respectively, while
the thickness is 0.3mm. It is a T-type copper cantilever
beam with the piezoelectric patch attached at its end,
which is used for converting the kinetic energy to the
electric energy.
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Figure 4: The schematic diagram of the piezoelectric
cantilever beam.

Experimental method
To validate the fluid-structural interaction characteristics

of the system, it is of significance to provide a steady fluid
environment for the system. An open water cycle set was
designed as the experimental workbench, which is based on
the test rig built by Zhang (Zhang, 2018), as shown in
Figure 5. Appropriate amount of water was introduced to
the water tanks for the experiment, and the water would
start to cycle when the pump began to run. Water flowed
from the right water tank to the left water tank by the pipes
which is connected to the pumps and water tanks, and then
flowed to the open flow channel. A steady fluid
environment was created in the open flow channel at last.
The voltage output signal from the piezoelectric patch was
collected using the data acquisition system, while the flow
rate was obtained from the flow meters where 0.325 m/s
was the maximum velocity used in this case study.

Figure 5: The full view of the test rig.

Results and Discussion
The voltage output signal of the system is shown in

Figure 6. The maximum voltage output for system with
muti-cylinder cellular configuration could reach 8.7 V,
which is around 45% higher than that obtained using the
two-cylinder configuration (Zhang,2018).

Figure 6: The voltage output signal versus the flow time.
The simulation results depicted in Figure 7 show

that there would be vortex shedding from the cylinders
array with different gap ratios. The vortex shedding
happened at the wake once the flow through the first line
of the cylinders and the vortex would strike on the
second line of the cylinders and collided with each other
to form a larger vortex repeatedly. It is of significance to
induce the vortex shedding on the cylinders located at
the second line due to the superposition of vortices. The
vortex shedding from the cylinders of front two lines
would strike on the last cylinder as well and form larger
vortices with larger amplitudes and intensity.

It was found that the voltage output would increase
with the flow speed and slightly varied with the gap ratio
which is shown in Figures 8 and 9. The voltage output
would reach maximum when the gap ratio was equal to 3.
It could be seen that the amplitude of vortex shedding
from the cylinders when G=3 is the largest as shown in
Figure 3, which cross verifies the experiment result.

Figure 7: The flow contour when (a) G=1, (b) G=1.5, (c)
G=2, (d) G=2.5, (e) G=3, (f) G=3.5

Figure 8: The relationship between the voltage output
and the flow speed.

Figure 9: The relationship between the voltage output
and the gap ratio.

Conclusions
This numerical and experimental research has studied

the responses and characteristics of a muti-cylinder cellular
energy harvesting system under different flow velocity and
gap ratios. The voltage output would increase with the flow

pumps
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speed and reach maximum when the gap ratio equals to 3.
The maximum voltage output could reach 8.7 V which is
around 45% higher than that which used two cylinders
configuration. In addition, the impact of multiple
parameters on the power output would be further studied.
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Abstract
The main content of this work is to propose a novel

bionic solution to overcome the nonuniformity of flow
and temperature distribution, which is an inherent
problem and restriction for conventional latent heat
storage devices. By learning from animal circulatory
systems, the inner space and flow channel network are
distributed hierarchically as arteries, veins, capillaries
and ventricles. A conceptual configuration of the bionic
system is presented, and its numerical model is
established in order to demonstrate the flow and heat
transfer phenomena. The encapsulated PCM that used in
this study was fabricated and parameters related have
been measured by experiments. A numerical model of
3D continuous PCM bed is established to help research
the flow of HTF through the surfaces of PCM particles
and the heat transfer between them. Then, a model of
simplified bionic device is developed where the PCM
region is set as porous domain. The results show the flow
and temperature fields are distributed uniformly, along
with a much smaller global pressure drop.

Introduction
Under the pressure of energy deficiency and the

greenhouse effect, the economical utilization of thermal
energy is of the essence not only in the development of
industries but also in the construction of an
environmental-friendly society. Latent heat storage using
PCM provides a high energy density and has the
capability of storing a large amount of thermal energy
with small volume and temperature change, and hence it
is regarded as a promising solution to energy storage in
practices (Zhou, Zhao and Tian, 2012). The high pressure
drops caused by single input and output flow pattern is
detrimental to energy storage performance and even
safety of devices. Meanwhile, the temperature difference
of thermal fluid and PCM gradually decreases along with
the fluid path, and the heat exchange performance can be
adversely affected because temperature difference is the
driving force in heat transfer. Therefore, settling the
nonuniformity of flow/temperature distribution and large
pressure drop is essential to a wider utilization of latent
heat storage technique in future.

Experimental or Numerical Methods, etc.
In this work, we attempt to solve the intrinsic restrictions
of PCM heat storage system in a bionic approach by not
only imitating the creature structures but also
assimilating the intelligence from nature. Since transport
systems and media are crucial for animals to survive,

unicellular organisms rely on simple diffusion for
transport of nutrients and removal of waste, while
multicellular organisms have developed more complex
circulatory systems (Boron and Boulpaep, 2016). For
instance, blood acts as an important transport media in
human bodies. In pulmonary circulatory system, blood
vessels can transport deoxygenated blood from the heart
to the lungs and returning oxygenated blood from the
lungs to the heart. Based on the bionic idea, a rough
configuration of latent heat storage system is proposed as
shown in Figure 1. The input and output channels are
alternatively configured, and encapsulated PCM are
packed in the interstices between adjacent channels. The
latent heat storage system adopts the distributed flow
pattern of circulatory system, and the trunk stream is
separated into several levels of branch streams. For an
elementary PCM unit, the distributed HTF flow
vertically into the close-ended input channels, penetrate
the adjacent PCM bed horizontally, and leave through
the nearest output channels. The branch streams of HTF
are forced to radial flow in PCM beds due, which can
decrease the pathways and thus remarkably reducing the
pressure drop. A coupled model of flow and temperature
fields is established, which is then applied to a simplified
design (2-layers PCM) of the bionic configuration.

Figure 1: Bionic concepts of device components in HTF
and energy circulation.

Results and Conclusions
The temperature variation during phase change

process is shown in Figure 2. It can be seen from the
figure that PCM is heated by HTF at the beginning and
its temperature rises with a steady rate. Due to the
configuration, a rather lower pressure drop is achieved,
accompanied by a relatively uniform flow and heat
transfer distribution.
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Figure 2: The average temperature and liquid phase
fraction of PCM, straight line represents the temperature
variation, dash line represents the PCM liquid phase
fraction.
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Abstract
High-resolution direct numerical simulation (DNS) is

conducted for under-expanded cryogenic hydrogen gas jets
to characterize the near-field flow physics via an in-house
computational fluid mechanics (CFD) code. A sixth-order
hybrid WENO scheme is applied to predict the complex
wave structures in the near-field from the nozzle, and the
thermodynamic properties at cryogenic temperatures are
calculated using the NIST equation of state (EOS). The jet
expansion can lead to conditions for local liquefaction from
the pressurized cryogenic hydrogen gas release. A series of
simulations are conducted with systematically varied
convective velocities. It is found that the liquefaction
regime decreases as the velocity of the coflow increases.

Introduction
Hydrogen is being increasingly used as an alternative

fuel for vehicles and aircraft propulsion. To facilitate
large-scale applications, hydrogen is likely to be delivered
and stored in the liquid state (LH2) at a cryogenic
temperature under pressurized conditions. In the event of
potential LH2 leaks, choked conditions will develop at the
leaks, resulting in the formation of under-expanded
hydrogen jets. The choked jets will typically experience
flash evaporation, cryogenic boiling, and
condensation/freezing of surrounding gases, accompanied
by intense heat and mass transfer. The low temperature
brings challenges to characterizing cryogenic hydrogen jets
due to the complex underlying physics.

In the present study, the detailed nearfield flow
structures and transient physics of the under-expanded
cryogenic hydrogen jets are analyzed using high-resolution
direct numerical simulations (DNS). The numerical setup
mimics the experimental conditions (Hecht and Panda
2019). The influences of convective velocities will be
analyzed. The predicted local liquefaction due to the
complex wave interactions during jet evolution will also be
discussed. The present study is focused on the near-field
under-expanded region to gain insight into the complex
underlying physics.

Numerical Methods
Two-dimensional multi-component compressible

Navier-Stokes equations are directly solved to model the
under-expanded jet dynamics. The governing equations of
the multi-phase jet flow are solved by utilizing our in-house
code. The sixth-order numerical schemes are applied.
Thermodynamic properties are calculated using the NIST
equation of state (Giannissi and Venetsanos 2021) based on
explicit modeling of the Helmholtz free energy and
considered the current standard for cryogenic hydrogen.
The transport properties including the viscosity, the heat

conductivity, and the binary diffusion coefficient, of each
chemical species, are obtained based on the kinetic theory.

The inflow conditions are specified from the test
conditions (Hecht and Panda 2019). The nozzle pressure is
5.0 bar and the nozzle temperature is 50 K. The nozzle has a
1.0 mm diameter. The static pressure, Pa, and static
temperature, Ta, of ambient air are 1 bar and 297 K,
respectively. The coflow air is considered as the mixture of
nitrogen and oxygen with the mass fraction of 0.77 and 0.23,
respectively. The coflow velocities increase from 0.3 m/s, 3
m/s, 30 m/s to 100 m/s to study the effects. The grid is
chosen as 20 μm after an independence study.

Results and Discussion
There are four stages during early jet development,

namely (a) initial penetration, (b) establishment of
near-nozzle expansion, (c) formation of downstream
compression, and (d) wave propagation, as shown in Figure
1. The complex pressure wave formed in the cryogenic jet
result in some regions where the partial pressure of
hydrogen (PH2) is higher than its saturated vapor pressure
(Pvap), creating the conditions for localized hydrogen
liquefaction. The hydrogen liquefaction potentiality (HLP)
is calculated to analyze the possibility of local liquefaction
as follows,

(1)
If HLP is higher than zero, the occurrence of hydrogen
liquefaction is expected to occur theoretically. The red
dashed lines in Fig. 6 denotes the regions where HLP > 0,
indicating that localized liquefaction can occur in the
under-expanded jets of cold hydrogen gas.

Figure 1: The density gradients from t = 10 to 80μs are
shown in time interval of 10 μs (coflow velocity of 0.3 m/s).
The red dashed lines denote the regions with HLP > 0.
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Figure 2: The density gradients for the coflow velocities: 3
m/s (left), 30 m/s (middle), and 100 m/s (right). The red
dashed lines denote the regions with HLP > 0.

As the coflow velocities increase, the regime of
liquefaction decreases obviously, which is mainly due to
the shearing process of the jet, and the coflow and the
expansion effects become weak. More details will be
shown in the full-length paper.

Conclusions
High-resolution multi-component direct numerical

simulations have been conducted for under-expanded
cryogenic hydrogen jets to characterize the near-field flow
physics. The DNS results also shade light on the influences

of the coflow shearing on the near-field jet dynamics. The
potential of liquefaction in the cryogenic hydrogen gas jet is
analyzed through the dynamics of pressure evolution during
the complex expansion-compression processes.
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Abstract
Exploiting the waste thermal energy in molten slag

provides new possibility for iron and steel industry to cut
its carbon footprint. centrifugal-granulation-assisted
thermal energy recovery (CGATER) is long sought but
challenged by the formidably high temperature of 1723
Kelvin or above. Since the advent of CGATER, global
efforts have been dedicated to the proof-of-concept
demonstration of centrifugal granulation of molten BF
slag. Yet, it remains unknown about granulation
characteristics of molten slag with different chemical
compositions especially at high throughput; nor has the
global slag adaptivity of CGATER been explored. We are
thus motivated to provide an experimental study on the
composition-specific granulation molten slag at high
temperature. The stage-specific centrifugal granulation
was recorded and analyzed at first. Effects of atomizer
configuration and chemical compositions on granulation
were discussed in detail and further exhaustively
compared with previous attempts. The cup-type atomizer
was found with larger possibility of film-mode
disintegration and possessed better anti-adhesion
capacity. The centrifugal granulation has been
demonstrated with appreciable adaptability to
composition-specific BF slag with a binary basicity of
0.9-1.3. Our study not only sheds light on the modest
effect of chemical composition on centrifugal
granulation characteristics, but also gains credits for the
adaptivity of CGATER.

Introduction

The metallurgical industry is one of the major
contributors to the global greenhouse gas (GHG)
emissions and is now struggling to lower its carbon
footprint [1]. A recent report by International Resource
Panel highlighted that the metallurgical industry holds
around 10% of the global GHG emission [2]. Of concern
is the iron and steel industry (ISI) for its tremendous
GHG emissions of approximately 80% of the
metallurgical industry [3]. Therefore, the ISI is motivated
to undertake new measures to lowers its carbon footprint.
One viable pathway is to exploit the waste energy in
molten slags and further recycle the slag residue [4].

Blast furnace (BF) slag is one of the major
high-temperature slags in iron and steel industry. It has
been prevalently treated by water quenching method

with huge amount of thermal energy untapped. To
address this issue, the CGATER has been developed and
regarded as one of the most promising methods to treat
the molten BF slag. Further promotion of CGATER for
industrialization necessitates a thorough knowledge of
centrifugal granulation characteristics of molten BF slag.
The lack of composition-specific centrifugal granulation
impedes the generalization of CGATER for worldwide
BF slag. We thus embarked on a new effort to provide
composition-specific information of the centrifugal
granulation. The present work also tackles the centrifugal
granulation process experimentally, but it improves on
the previous experimental trials in three ways.

First, we implement the centrifugal granulation tests
of molten BF slag at improved throughput. Second, we
compare the centrifugal granulation characteristics by
disk-type and cup-type atomizer. Such comparison is
often available in cold experiments but remains scarce in
high-temperature experiments. Finally, we examine the
composition-specific centrifugal granulation
characteristics of molten BF slag. This is very helpful to
gain new insight into the centrifugal granulation physics,
which stems from the physical properties of BF slag. We
will compare the centrifugal granulation process of
different slag compositions which to our knowledge has
not been considered before.

Experimental System
Figure 1 shows the schematic diagram of the

centrifugal granulation system mainly consisting of
graphene crucible, rotary atomizer and slag granule
collector. The crucible is placed in the Joule-heating
furnace (BLMT-1600 °C) with the furnace temperature
monitored. Before the centrifugal granulation experiment,
the as-received BF slag (water-quenching) was fed into
the graphene crucible and heated at a given rate. In this
work, we adopted two disk-type (normal-edge and sharp
edge) and a cup-type atomizer. Herein, we call them as
NEDA (normal-edge disc atomizer), SEDA (sharp-edge
disc atomizer) and CA (cup atomizer). The outer
diameters of these atomizers are uniformly 126 mm.
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Figure 1: Schematic diagram of the in-house CGATER.

Results and Discussion
Figure 2 shows the evolution of the centrifugal

granulation process of the molten BF slag by the rotary
disc atomizer, i.e. NEDA. It is seen that the initial slag
input is relatively unstable and some of the bulk liquid
falls onto the atomizer non-uniformly (Figure 4a). Note
that some of the hot slag gets solidification quickly due
to the large temperature difference (~1000 K) between
the atomizer and the slag in the initial state. As a result,
the slag suffers from significant temperature drop and
thus presents too viscous to flow smoothly. This is partly
the reason for the uneven deposition of slag film on the
atomizer; another possible cause is the limited wetting
between the slag and the atomizer.

Figure 2: Stage-specific granulation characteristics of
molten blast furnace slag at 1723 K.

Figure 3 plots the box chart of the slag granule sizes
out from CA, SEDA and NECE; effects of operational
conditions are also included. It is seen that the particle
sizes of the slag granule products are not varied
significantly, although the different disintegration mode
on CA, SEDA and NEDA. In detail, the mean particle
size ranges from 1.5 mm to 2.5 mm (see in Figure 4a) at
higher rotary speed of 2400 rpm, while it falls into the
ranges of 2.0-3.0 mm at lower rotary speed of 1800 rpm
for all the three atomizer configurations. Therefore, we
concluded that the atomizer configuration does not play a
significant role in the final granule diameter, given the
same atomizer diameter and operational conditions. Note
that the slag particles large than 5 mm (Figure 4b) were
excluded.

Figure 3: Particle size of blast furnace slag granulates.

Figure 4: Morphology of centrifugal granulation
products.

Conclusions

In this study, we carried out centrifugal granulation
experiments of molten BF slag at high temperature of
1723 K and at high throughput. Both effects of the
atomizer configuration and chemical composition on
centrifugal granulation characteristics were revealed. The
cup-type atomizer favors film disintegration mode and
possesses better anti-adhesion capability of molten BF
slag granules. Another finding is that the chemical
compositions of BF slag also have a nontrivial effect on
the adhesion portions. This study justified the good
adaptability of centrifugal granulation to the global BF
slags. Therefore, extending the current laboratory-scale
CGATER trials to large-scale implementation is
promising in the foreseeable future.
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Abstract
A novel online, non-separation, nearly non-intrusive,

non-radiation method based on thermal diffusion is
proposed to measure the oil-gas-water three-phase flow
in this paper. First, the wall temperature fluctuations
caused by Taylor bubbles and liquid slugs were analyzed
and used to capture their velocity and length. Then the
effect of gas and liquid superficial velocities on flow
characteristics was investigated, and the gas-liquid ratio
was found to be linearly related to the length ratio of
Taylor bubble and liquid slug. Finally, the gas and liquid
flow rates were predicted based on the measured flow
characteristics and obtained quantitative correlations.
Experimental results indicate that the proposed method is
effective and accurate with root-mean-square errors of
0.03, and 0.04 m3/h for the calculated flow rate of gas
and liquid, respectively. This study presents a potential
solution for the flow rate measurement of oil-gas-water
three-phase flow.

Introduction
Oil-gas-water three-phase flow is frequently

encountered in the fields of petroleum and chemical
industry, and the non-separation measurement of the
flow rate of individual phases is of great significance in
both science and engineering. In the case of the
petroleum industry, traditionally, the three-phase mixture
is measured by the single-phase flowmeter after being
separated into single phases through separators (Pan et
al., 2019). However, the facility is bulky and expensive,
and the metering process is time-consuming (Hu et al.,
2020). Therefore, a multiphase flowmeter with the
characteristics of online, non-separation, cheap, and high
precision must be urgently developed for efficiency
improvement in industrial production.

However, the shape and distribution of the phase
interface in the oil-gas-water mixture are randomly
variable in time and space because of the different
physical properties and immiscibility of the individual
phase, and the corresponding flow structure (named flow
regimes) is complex, making the parameter measurement
extremely challenging (Wang et al., 2018). Many
techniques have been developed to measure them,
including the methods based on conductive sensor,
capacitive sensor, optical fiber probe, ultrasonic wave,
gamma-ray, and X-ray. However, these techniques may
encounter limitations in practical applications (Guo et al.,
2020, 2021).

We proposed a new method (thermal diffusion
measurement, TDM) to measure the vertical

oil-gas-water slug flow based on the head transfer
difference between the gas phase (Taylor bubble, TB)
and liquid phase (liquid slug, LS) with the pipe wall
heated at a constant heat flux. The slug flow is a
common and typical flow pattern over a wide range of
gas-liquid flow conditions, and the oil-gas-water flow
can be designed to be measured in the upward slug flow
state which is easily constructed in the vertical pipe with
a proper diameter. The thermal diffusion response of the
heated pipe to the oil-gas-water slug flow was
investigated, thereby acquiring the flow characteristics.
Meanwhile, the length distribution of TBs and LSs was
also investigated, and its relationship with superficial
velocities of gas and liquid phases was used to correlate
the obtained flow characteristics with the volumetric
flow rate of individual phases.

Experiments and Methods
The thermocouple is used as the temperature sensor

because of its rapid response to temperature changes.
Figure 1 illustrates the schematic of the structure and
measurement principle of the TDM method. Each
thermocouple is 5mm upstream of the heater, and the
detection point of the thermocouple bare wire (diameter
= 0.08mm) is welded in the wall. The temperature of the
pipe wall heated at 7.80 W/cm2 respectively rises and
falls with the passage of TB and LS because of their
different heat transfer capability.
(1) Flow characteristics

Temperature fluctuations T1(t) and T2(t) in the pipe
wall are monitored by the thermocouple, and the length
and velocity of TBs/LSs can be obtained as follows (Guo
et al., 2020).

Figure 1: Structure and measurement principle of the
TDM method

The cross-correlation algorithm is used to acquire
the i-th TB velocity.

( )
' ( ) ( )

TC
TB

L L

L
U i

t i t i



, (1)

where tL(i) and t'L(i) represent the time when the i-th
temperature fluctuation begins to rise in temperature
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curves T1(t) and T2(t), respectively, as shown in Figure 1;
LTC (LTC = 8D) is the distance between the
thermocouples.

The i-th LS velocity ULS(i) is derived according to
the drift-flux model.

ULS(i) = [UTB(i) – U0] / C0, (2)
where C0 is the distribution coefficient estimated to be
1.2 (Nicklin, 1962) for the turbulent and fully developed
slug flow; U0 is the drift velocity and equals to
0.35 gD for the air-water slug flow ( Nicklin, 1962).

The actual TB/LS length (LTB/LLS) cannot be
directly acquired from the temperature fluctuations, but it
can be obtained by using Eq. (3)/Eq. (4) (Guo et al.,
2020).

LTB = L*TB+3.33D·ln (L*TB /D) – 6.787D,
(3)

LLS = L*LS – (ULS /UTB) (L*TB – LTB). (4)
where L*TB/L*LS is the apparent TB/LS length defined as
follows:

L*TB (i) = UTB (i)·[tH (i) – tL (i)], (5)
L*LS (i) = ULS (i)·[tL (i+1) – tH (i)], (6)

where tH(i) and t'H(i) represent the time when the i-th
temperature fluctuation begins to fall in temperature
curves T1(t) and T2(t), respectively (Figure 1).

The slug flow is always intermittent and irregular.
Accordingly, the corresponding average velocities and
lengths are used to characterize the slug flow.
(2) Flow rates of gas and liquid phases

The actual lengths of TBs and LSs (LTB, LLS) were
also monitored by the high-speed camera, and the
gas-liquid ratio (the superficial velocity ratio of gas Usg
and liquid Usl) was found to be linearly related to the
length ratio LTB/LLS, shown in Figure 2.

LTB/LLS = 0.7273Usg/Usl + 0.1203. (7)

Figure 2: Relationship between the length ratio and the
gas-liquid ratio.

The mixture superficial velocity (Um) and LS velocity
(ULS) are equal [Eq. (8)] (Guo et al., 2020):

Um= ULS, (8)
Um= Usg + Usl. (9)

Thus,

0.7273
0.607

LS LS
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, (10)

( 0.1203 )
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sl

TB LS

L L UU
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. (11)

Meanwhile, the gas (qg) and liquid (qsl) flow rates
[the product of the corresponding superficial velocity

(Usg or Usl) and the inner cross-sectional area of the pipe
S] can also be easily acquired.

Results and Discussion
As shown in Figure 3, the wall temperature

alternately rises and drops when TBs and LSs passed by,
thus, the thermal diffusion response to the oil-gas-water
slug flow is evident.

The gas and liquid flow rates were calculated
according to Eqs. (1)~(11). As presented in Figure 4, the
TDM method is accurate with root-mean-square errors of
0.03, and 0.04 m3/h for the calculated flow rates of gas
and liquid, respectively, under the conditions of
0.29–1.13 m3/h of gas flow rate, 0.40–0.85 m3/h of liquid
flow rate, and 4.4%–34.2% of oil content in the liquid
phase.

Conclusions
Monitoring flow characteristics (velocity and length)

and flow rates of gas and liquid phase in a vertical
oil-gas-water slug flow by detecting and analyzing the
wall temperature fluctuations (TDM method) is feasible.
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Figure 3: (a) Original temperature signal; (b) temperature
curve after filtering; (c) a temperature fluctuation
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oil-gas-water slug flow at five different moments (qg =
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Figure 4: Results of the volume flowrate calculation for
the (a) gas and (b) liquid.
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Abstract

A circulating fluidized bed(CFB) for excess sludge
disintegration has been developed. The particles and
sludge are conveyed into the rotating chamber through
the CFB riser, and finally return to the water tank from
the outlet pipe. The particles and sludge are respectively
recycled in CFB to realize circulating fluidized bed and
circulating disintegration. The results showed that SCOD
and DDSCOD increased by 1.4 and 1.44 times
respectively after 60 min treatment compared with the
condition without adding particles when the inlet
pressure of CFB was 0.25 MPa. The sludge temperature
after CFB treatment increased significantly by about
33.3 ° C. This study concluded that the CFB method can
effectively the excess sludge disintegration.

Introduction

The excess sludge (WAS) produced by the activated
sludge system is due to the overgrowth of
microorganisms, which contains organic carbon and
nitrogen compounds dissolved in the inflow wastewater.
A large number of studies show that the investment and
operation cost of excess sludge treatment and disposal is
as high as 25% to 65% of the investment and operation
cost of the whole sewage treatment plant (Egemen,E et
al.,2001). A system requirement to reduce the amount of
excess activated sludge was developed. In this case,
sludge cracking is considered as a promising and
sustainable method, which has been deeply studied in the
laboratory and pilot scale system (Yingying, Y et
al.,2021).

Sludge cracking can lead to activated sludge floc
fragmentation and cell wall destruction, resulting in
microbial cell dissolution. Several technologies based on
mechanical, pyrolysis, chemical and biological methods
have been developed to reduce the production of excess
activated sludge (A.V. Ebenezer, P et al.,2015). Among
all the cracking methods, mechanical treatment can
produce no harmful residues in the sludge better than
chemical treatment. At the same time, mechanical
method and other methods have more advantages. A new
method of excess sludge disintegration is proposed in
this paper. Therefore, the purpose of this study is to
explore the possibility of sludge cracking in CFB.

Experimental

Figure 1 shows a schematic diagram of a fluidized bed
for performing sludge cracking. It consists of a feed box,
a water pump and a variable-speed motor, an inverter for
controlling the pump flow, a sampling port (outlet), a
thermometer, a control valve system in place, a pressure
transmitter and a flowmeter.

The sludge used in the experiment was the activated
sludge from the secondary sedimentation tank of a
sewage treatment plant in Xi'an, using AA/O process.
First, remove the large particles in the sludge with a 40
mesh sieve during sampling, and then store them in a
4 ℃ freezer for precipitation for 24 h so that the sludge
under each working condition is finally concentrated to
28 L. The moisture content of sludge after thickening is
98.94%，total solid content (TS)=21 g/L，volatile solids
(VS) =12 g/L，SS =15 g/L，VSS =13 g/L，pH=6.69，
total chemical oxygen demand (TCOD)=17940 mg/L。
The inlet pressure of the fluidized bed was 0.25 Mpa
(2.47 m3/h). During the experiment, the particle addition
concentrations were 0% (RUN-1) and 1.7% (RUN-2),
respectively. TS, VS, TSS, TCOD, SCOD of WAS were
measured according to standard methods (APHA 2005).

The degree of disintegration refers to the ratio of the
COD increased by mechanical disintegration in the
sludge supernatant to the COD increased by CFB
treatment. The degree of sludge disintegration
(DDSCOD) is calculated according to the following
formula:

DDSCOD=(SCOD1－SCOD0)/(TCOD0－SCOD0)

where SCOD1 is the soluble COD concentration of the
decomposed sludge, SCOD0 is the soluble chemical
oxygen demand (SCOD) concentration of the original
sludge, and TCOD0 is the total COD (mg/L) of the
original sludge.

Figure 1: Schematic diagram of circulating fluidized bed

Results and Discussion
The effectiveness of CFB to disintegrating excess
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sludge can be expressed by SCOD yield and DDSCOD.
Figure 2 shows SCOD concentration and DDSCOD
with different mechanical disintegration times and
particle concentrations. The results showed that the
concentration of SCOD and DDDSCOD increased
with increasing particle concentration. The increase in
SCOD was due to floc structure rupture, EPS
fragmentation, cell lysis, and microbial metabolic
disturbances. SCOD and DDSCOD were increased by
1.4 and 1.44 times respectively at inlet pressure of
0.25 Mpa and after treatment for 60 min. The higher
SCOD can be explained by more frequent contacts
between cells and particles.

Figure 1:（a）The changing trend of SCOD，（b）The

changing trend of DDSCOD

Conclusions
This study proposes CFB as a novel method for

WAS disintegrating to decompose excess sludge and
generate soluble organic matter. Compared with the
untreated condition, the SCOD and DDSCOD were
increased by 1.4 and 1.44 times respectively at the inlet
pressure of 0.25 Mpa and after 60 min of treatment. The
sludge temperature after CFB treatment was
significantly increased by about 33.3°C.The conclusion
of this study shows that the circulating fluidized bed
method can effectively disintegration excess sludge.
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Abstract
In the present paper, the self-propelled motion of a

Janus particle is investigated in the free molecular
regime. The Janus particle consists of two hemispheres
with different surface momentum accommodation factors;
and the particle and the surrounding gas are held at
different constant temperatures. Based on the gas kinetic
theory, we obtained the expressions for the
self-propellant force and drag force on Janus particles. It
is found that self-propulsion occurs only under the
condition that the particle is hotter/colder than the gas
media, and the resulting self-propellant force is linearly
proportional to the difference of the momentum
accommodation factors and directed along the symmetry
axis. Under the self-propelled motion, the drag force on
the Janus particle can be estimated by the averaged
momentum accommodation factor of the whole particle
surface. Our analytical results are confirmed by direct
simulations Monte Carlo method.

Introduction
Janus particles are named after the two-faced Roman

deity, Janus. In the present paper, we consider on a
spherical Janus particle suspended in a uniform gas at
large Kn, which consists of two hemispheres with
different surface momentum accommodation factors. The
force exerted on the Janus particle is studied based on the
gas kinetic theory in the free molecular regime.

Self-propulsion force on a Janus particle at rest
We assume that the Janus particle has “faces” with

different but uniform momentum accommodation factors
(MACs). The Janus particle consists of two hemispheres
with different MACs, σ1 and σ2, respectively. It is
assumed that the particle is maintained at a higher or
lower temperature, Tp, than the surrounding gas, T
(necessary condition for its self-propulsion).

Based on the gas kinetic theory, we obtained the
particle’s self-propellant force on a Janus particle at rest.

2
pB

S ( 1)
2
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(1)
The self-propulsion effect investigated here depends on
the temperature ratio, Tp/T, and the MAC difference, Δσ
= σ1 - σ2. Note that in the limit σ1 = σ2, the particle is just
an isotropic sphere, and the self-propulsion force
vanishes, as it should be. Upon heating (cooling) the
particle to a constant temperature Tp, thermal energy
from the external source is converted into kinetic energy
of the particle.
Self-propulsion force on a moving Janus particle

In a gaseous medium, a drag force is expected to
exert on a suspended particle undergoes random motion.
Therefore, we extend the approach of mentioned above
to the case of a moving Janus particle. The total drag
force acting on the moving Janus particle given by
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This result shows that the contribution of diffuse
scattering to the drag force is proportional to the average
MAC, <σ> = (σ1 - σ2)/2.

DSMC Simulations
We developed a direct simulation Monte Carlo

(DSMC) model to numerically evaluate the
self-propulsion force on a Janus particle.

In Figure 1, we plotted the reduced self-propulsion
force, FS*=FS/πR2nkBT, versus Tp/T, at constant gas
temperature, T=300 K, and for several values of the
MAC pairs, σ1 and σ2. It is found that the DSMC
simulation data agree quite well with the analytical
results, thus verifying the theoretical analysis

Figure 1: Reduced self-propulsion force (see legend):
DSMC simulation (filled symbols) vs. analytical
estimate of Eq. (1) (empty symbols).

Results and Discussion
We have derived an approximate expression of the

self-propellant force and drag force exerted on a
spherical Janus particle suspended in a dilute gas. The
ensuing self-propellant force is proportional to the MAC
difference, Δσ=σ1-σ2, between the particle “faces” and
vanishes for Tp=T. While the drag force on Janus
particles is proportional to the average MAC of the
particle surface.
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Abstract
Particle methods have great potential for simulating

droplet flows. However, the accurate and stable
implementation of the free-surface boundary condition in
particle methods is a challenging problem. A novel
free-surface-detection method and a new surface-normal
particle-shifting technology were proposed in this study.
The stability and accuracy improvement due to these
techniques were demonstrated by numerical examples.

Introduction
Droplet dynamics in the air can be simplified to a

free-surface flow. The Lagrangian mesh-free particle
method can simulate the droplet flows only considering
the liquid phases, thus greatly saving the computational
cost. The moving particle semi-implicit (MPS) method
[1] is employed in this study. The low accuracy is a
major problem of the MPS method. Recently, the least
square method can be employed to improve the accuracy
of MPS method [2]. Nevertheless, the incomplete
neighbor support at free surfaces can easily trigger
numerical instability, which is a long-standing problem
in the particle methods [3]. In this study, two strategies
will be proposed to enhance the stability of the
high-order particle method: a novel free-surface
detection method and a new surface-normal particle
shifting method. It is found that these strategies can
effectively improve the stability and accuracy of the
high-order MPS method for free surface flows.

Numerical Methods
In MPS method, the fluid is discretized into particles,

which track and simulate the flow in the Lagrangian
framework. The free surface is the most important
boundary condition in particle methods because particle
methods are mainly designed for free surface flows.
There are no particles outside free surface, and the free
surface particle must be carefully detected to implement
the particle methods. When the consistent schemes based
on the least square method are adopted, the free surface
detection can easily trigger unexpected instability [3],
which has not been thoroughly clarified.

First, a novel free-surface-detection method is
proposed via clarifying the instability mechanism based
on the error accumulation analysis. When the neighbor
support of an internal particle is seriously biased or
incomplete, the error is found to increase continuously,
until triggering instability. Error decomposition analysis
is performed to clarify the reason why the error
accumulates quickly. It is found the coefficients of center
particle i in the discretization models are the main

reasons for the error accumulation and instability. When
the particle suffering from instability is detected as free
surface particle, the imposition of the free-surface
boundary condition can suppress the numerical
instability. Therefore, we proposed to use the normalized
coefficients of discretization models for the free-surface
detection. The performance of this new detection method
will be investigated later.

Second, a new surface-normal particle shifting
method is proposed to reduce the fluctuations at free
surfaces and further improve the accuracy. After the
free-surface particles are detected, some fluctuations of
the free-surface boundary may take place. Such
fluctuations will further produce unphysical pressure and
velocity fluctuations, deteriorating the simulation results.
In this view, we proposed to use a curve fitting technique
to slightly shift the free-surface particles in the surface
normal direction. After this shifting, the free-surface
boundary become rather smooth. Thus, the accuracy is
significantly improved.

Results and Discussion
Two groups of numerical simulations are performed

to investigate the stability and accuracy improvement of
the proposed techniques.

First, the drop deformation problem, dam-break flow
and inflow impact problem are simulated to investigate
the stability performance. It is found the new
free-surface detection technique can effectively
guarantee stability for the high-order MPS method.

The droplet oscillation, contact angle problem,
droplet coalescence and breakup problems are performed
for the accuracy performance. It is found the
surface-normal particle-shifting technique can greatly
improve the simulation accuracy.

Conclusions
The error accumulation mechanism due to

incomplete neighbor support was revealed. Based on the
error analysis, a novel free-surface-detection method and
a new surface-normal particle shifting technology were
proposed in this study. Numerical examples
demonstrated that the proposed technologies can
significantly enhance the stability and accuracy of
particle methods.

Acknowledgments
This research was partially supported by the MEXT

Quantum Leap Flagship Program (MEXT Q-LEAP)
under Grant No. JPMXS0118067246.

References

mailto:guangtao_duan@dem.t.u-tokyo.ac.jp


MTCUE-2022

441

[1] Koshizuka, S., Oka, Y., Moving-particle
semi-implicit method for fragmentation of
incompressible fluid. Nucl. Sci. Eng., Vol. 123, pp.
421–434 (1996).
[2] Duan, G., Yamaji, A., Koshizuka, S., Chen, B., The
truncation and stabilization error in multiphase moving
particle semi-implicit method based on corrective matrix:

Which is dominant? Comput. Fluids, Vol. 190, pp.
254–273 (2019).
[3] Duan, G. et al. An accurate and stable multiphase
moving particle semi-implicit method based on a
corrective matrix for all particle interaction models. Int. J.
Numer. Methods Eng., Vol. 115, pp. 1287–1314 (2018).



MTCUE-2022

442

No.220218
Combined Particle Size and Density Segregation in a Horizontal Rotating

Drum: ACFDAnalysis
Rezwana Rahman1, Haiping Zhu1 and Aibing Yu2

1School of Engineering, Design and Built Environment, Western Sydney University, Locked bag 1797, Penrith, NSW 2751,
Australia

2Faculty of Engineering, Monash University,14 Alliance Lane (Engineering 72), Clayton Victoria 3168, Australia
Email: R.Rahman3@westernsydney.edu.au, H.Zhu@westernsydney.edu.au, Aibing.Yu@monash.edu.au

Abstract
The segregation of granular materials composed

of particles with different density or size is a common
phenomenon in the industrial sector. In this work, CFD
simulations are conducted to study the gas-solid flow in
a horizontal rotating drum to understand the combined
effect of size (percolation) and density (buoyancy) on the
segregation. Six combinations of three different sizes and
two different densities of particles are considered. The
Eulerian–Eulerian multiphase model with the kinetic
theory of granular flow is used in the simulations. The
results indicates that the combined effect is obvious in
the formation of segregation pattern. When the particle
size ratio is low, no matter the percolation and buoyancy
reinforce or oppose each other, a conventional size
segregation pattern can be formed. That is, the smaller
particles prefer to move into the particle bed to form a
core while the larger particles create a band near the
drum wall. However, for a higher size ratio, particle
density would affect the generation of segregation
patterm. For such cases, the separation pattern is less
prominent. The result also reveals that the differences in
the active layer thickness and the angle of repose of the
flow arising from the combined effect of particle size and
density play an important role in the segregation process
in the horizontal rotating drum.

Introduction
Granular flows in industry and nature often involve

particles that differ in both size and density. However, a
difference in particle size or density leads to segregation
instead of mixing (Zhu et al., 2008). Examples of
flow-driven segregation of granular materials range from
industrial applications such as rotating kilns and
industrial tumblers to natural phenomena such as
avalanches and transport in riverbeds. Extensive
investigations have been carried out to understand the
mechanisms of segregation in the paticle flow in rotating
drums in the past (Zhu et al., 2008). In these studies,
particle segregation is normally assumed to be mainly
caused by the difference in only one property – either
size or density. The mechanisms for the two types of
conditions differ: percolation deminates for size
segregration and buoyancy for density segragation
(Khakhar et al., 1999). In a real case, the combination of
these two effects can reinforce or oppose one another to
create a segregation pattern. It is very important to
understand the combined particle size and density effect

on segregation.
The purpose of this CFD study is to specify how the

segregation pattern depends on particle properties. Six
cases with different combinations of particle sizes
densities are considered. The segregation patterns for
these cases are examined.

Simulation Method and Conditions
The gas-solid flow in a rotating drum is simulated

using the KTGF (Kinetic theory of granular
flows)-Eulerian approach. The method consists of the
continuity and momentum equations for the mass and
force balances for both the gas and solids particle phases.
In each simulation, a binary mixture consisting of
particles with different size and density is considered.
The continuity equations for the gas and solids phases
are respectively given by respectively,

(1)

(2)

where ρ, α and v are the density, the volume fraction and the
velocity of each phase, respectively. The subscripts si and g
denote the ith (i = 1, 2) component of the solids phase and
gas phase, respectively. The sum of the volume fractions of
each phase equals to unity:

�� + �=�
� ���� = �

(3)
The equations of momentum balance for the gas and the
solids phases are respectively,

(4)

(5)
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where p and psi are the gas phase pressure and the solid
phase pressure of the ith component, respectively; g
represents the gravitational acceleration; Ksig, Kgis, and Ksjsi

are the inter-phase interaction terms.

The no-slip boundary condition has been used for the gas
phase and solid phases. For the no-slip condition, it is
assumed that the slip velocities between gas and particles or
between particles at the wall are zero.

The horizontal rotating drum considered has a
diameter of 50 mm and a length of 50 mm. The drum
rotated anticlockwise with a speed of 20 rpm. Under this
condition, the flow of the drum is in the rolling mode.
Two particle densities, 2500 kg/m3 and 7500 kg/m3, and
three sizes, 0.385mm, 0.585mm and 0.775mm, have
been considered. In total, six cases with different size
and density (Table 1) are simulated.
Table 1: Six cases considered in the simulations

Cases Particle A: size
(density)

Particle B: size
(density)

Case 1 0.385 (7500) 0.385 (2500)
Case 2 0.775 (2500) 0.385 (2500)
Case 3 0.775 (2500) 0.585 (7500)
Case 4 0.775 (2500) 0.385 (7500)
Case 5 0.775 (7500) 0.585 (2500)
Case 6 0.775 (7500) 0.385 (2500)
Units of sizes and densities are mm and kg/m3, respectively

Results and Discussion
Fig. 1 shows the six combinations of percolation and

buoyancy effect performed in the horizontal rotating
drum. A difference in particle density induces buoyancy
which causes the lesser density particle to move up and
remain in the periphery of the drum and the heavier
particle segregate in the semicircular core and form the
classic pattern, as shown in Fig. 1(a). However, the size
difference in particles leads to percolation, causing the
smaller particle to form a segregation core and larger
particle to create a band near the drum wall as shown in
Fig. 1(b). For the cases in which the percolation and
buoyancy reinforce each other (i.e., larger particles with
smaller density), the segregation pattern changes when
the size ratio of smaller to larger particles changes and
the density ratio does not vary (Figs. 1(c) and 1(d)). In
particular, when the size ratio is 0.75, the conventional
particle segregation pattern cannot be formed as shown
in Fig. 1(c). However, when the size ratio is reduced the
particle segregation pattern becomes prominent as the
percolation becomes stronger for smaller particles with
greater fluidity. When the percolation and density
compete each other (Figs. 1(e) and 1(f)), similar
phenomenon is observed. At a larger size ratio, the
particle form streak segregation pattern as shown in Fig.
1(e). When the size ratio is reduced to 0.5, the
segregation pattern become prominent. These results
indicate that the percolation plays more important role in
the formation of the conventional segregation pattern. In
both cases where the percolation and buoyancy compete
and reinforce, the small size particles form segregation in

the core and larger particles in the periphery when the
particle size ratio is high. The mechanisms of percolation
and buoyancy operate in the active layer which is
responsible for the segregation phenomena. The angle of
repose and the active layer thickness are reduced when
the percolation and buoyancy override or reinforce each
other to cause a less prominent segregation pattern.

Fig. 1: Effect of particle density and size on
segregation (left: Particle A; right: Particle B).

Conclusions

The combined size and density effect on the particle
segregation in a horizontal rotating drum has been
examined by using CFD simulations. It is found that the
size ratio of smaller to larger particles, the percolation
mechanism, is more critical to the segregation pattern
formation compared with the particle density ratio. For a
high or low particle density ratio, when the size ratio is
relatively low, the conventional segregation pattern can be
formed. Otherwise, the segregation pattern becomes less
prominent. For these cases, active layer and angle of repose
are low.
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Abstract
Oxygen blast furnace (OBF) is regarded as a

promising low-carbon ironmaking process but suffers
from ‘‘overheating’’ in the lower furnace and ‘‘thermal
shortage’’ in the upper furnace. Shaft gas injection
operation is an effective means to supplement sensible
heat in the upper OBF. This work presents a systematic
study of the inner states and overall performance of the
OBF shaft gas injection operation using a recently
developed multi-fluid computational fluid dynamics
(CFD) process model. The influences of the shaft gas
injection are studied at 35%, 50%, and 100% oxygen
contents, with fixed hot metal (HM) temperature, bosh
gas volume, and theoretical flam temperature. The flow
and thermochemical behaviors results show that the
increase in shaft gas injection rate brought in additional
sensible heat and reducing gas at the same time, which
plays a role in supplementing sensible heat in the upper

furnace and promoting iron ore reduction. In general,
under the current simulation conditions, increasing shaft
gas injection rate has a significant effect on reducing the
fuel rate, but it will increase the gas pressure in BF and
top gas temperature, and the gas displacement ratio also
gradually decreases.
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Abstract
Non-Newtonian fluid suspension flows are common in
nature and many industries. Our knowledge about such a
flow system is very limited. This situation hinders the
development of a general method for the reliable
scale-up, design, control, and optimization of such flow
systems. To fill this gap, we have developed and
validated discrete element method (DEM) based models
to study non-Newtonian fluid suspension flows, with the
support of physical laboratory experiments. In this
modeling, the particle motion is described by the DEM,
and the non-Newtonian fluid flow is solved using either

the Lattice Boltzmann method or finite volume method
equipped with different rheology models. The
particle-fluid interactions are modeled by a resolved or
unresolved method. The resolved method solves the
particle-fluid interactions directly, whereas the
unresolved one is based on certain correlations. Via the
developed models, non-Newtonian fluid suspension
flows have been studied in various aspects, such as fluid
drag force, non-Newtonian fluid turbulence, and specific
engineering applications like pipe conveying,
fluidization, and sand screen.
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Abstract
In this paper, study and application of the thermal

bubble driving process in two-phase flow are reviewed.
Bubble driving devices have been widely used in
different industries, including MEMS, biochemistry, and
medicine. For sizes of these devices, most of them are
micro scale systems. Studies on these devices majorly
focus on structure, manufacture, experimental and
simulation results of the system performance, rather than
mechanisms of the driving processes.

Studies on the phenomena associated with the
thermal bubble driving process are also reviewed,
including heat transfer, bubble dynamics in vaporization
and collapse in condensation, and some advances in
study of this field. Major part of these studies are
performed for phenomena in macro scale.

Sizes of the bubble driving devices and the
phenomena associated are summarized and analyzed.

The gap between application and studies on bubble
driving process in micro scale is pointed out. Based on
advantages of the thermal bubble driving devices and
requirements of some special conditions, such as the
unattended operation in accident conditions, the potential
application of the bubble driving process in macro scale
systems is proposed.
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Abstract

In order to clarify the migration mechanism and
wake behavior of the non-spherical bubble rising near
the vertical wall, three-dimensional numerical
simulations of the near-wall bubble with three different
types of migration paths: linear, zigzag and spiral are
implemented based on the CFD software Basilisk. The
VOF method is used to capture the bubble interface at a
small scale, and the gas-liquid interface and the
high-velocity-gradient region in the flow field are
encrypted with the adaptive mesh refinement technology.
The results show that the vertical wall has an obstructive
effect on the diffusion of the vortex boundary layer on
the surface of the bubble migrating in a straight line, and
the resulting reaction force pushes the bubbles to move
away from the wall surface. In addition, when the wall
surface is perpendicular to the x-y plane, the wall is an
unstable factor for the bubble with the zigzag or spiral
movement in the x-y plane. On the contrary, the wall has
a stabilizing effect on the bubble motion in the z-y plane
currently.

Introduction
Single bubbles rising in the close vicinity of a vertical

wall is one of the focuses in the field of gas-liquid
two-phase flow (Hosokawa 2002). Due to the combined
action of gravity, inertial force, viscous force and surface
tension, the migration law of near-wall bubbles is very
complicated with the influence of wall effect (Sugioka
and Tsukada, 2015). Further study is needed in the
coupling effect between the migration trajectory of the
bubble, the wake structure and the vertical wall surface.

Numerical Methods
In this paper, Basilisk solver was applied to simulate

the rising process of near-wall bubbles. The phase
interface was captured by VOF method and its curvature
was calculated based on height function, which can
effectively reduce the maximum spurious current. As
shown in Figure 1, Adaptive Mesh Refinement (AMR) is
used to reduce numerical error.

Figure 1: Diagram of adaptive mesh refinement.

Equations

Accurate estimation of interface curvature is crucial
to the performance of surface tension model. Torrey et al.
proposed a height function to improve the accuracy of
curvature calculation.

2 2

2 2 3/2
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Results and Discussion
In the process of bubble rising near the wall, the

wall obstructs the diffusion of vortex boundary layer of
the bubble surface (Figure 2), and this interaction reacts
on the bubble and pushes the bubble to move away from
the wall.

Figure 2: Vortex structure of bubble near wall.
As shown in Figure 3, the bubble oscillation starts

significantly earlier in the x-y plane with the presence of
the wall, and the migration path is similar to the graph of
sine function. On the other hand, it has the effect of
stabilizing bubble migration in the z-y plane. Because the
free bubble oscillates slightly in the z-y plane, meanwhile
the migration trajectory of near-wall bubble on the plane
is approximately straight line.

Figure 3: 2-D view of free-moving bubble and near-wall
bubble migration trajectory. (a)x-y plane; (b)z-y plane.

Conclusions
Results show that the wall has an obstructive effect

on the diffusion of the vortex boundary layer on the
surface of the linear bubble, and the counter force drives
the bubble to move away from the wall. The wall has the
effect of inducing the vortex to fall off. Hence, the
bubble oscillates earlier in the x-y plane, resulting in the
bubble path changing from linear to zigzag. In contrast,
the wall has a stabilizing effect on the bubble motion in
the z-y plane. Therefore, the spiral bubble takes longer to
rise along the zigzag path.

(a) (b)
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Abstract
CO2 is considered as a key factor to global warming, and
approximately 80% of the total anthropogenic CO2 are
emitted by power plants. As a vital technology to achieve
carbon neutrality, carbon capture and storage (CCS)
technology has been adopted to capture the CO2 emitted
from the power generation process. Oxy-fuel combustion
technology is considered as a promising method to
obtain effective CO2 capture with commercial potential.
However, as the most widely used technique in oxy-fuel
combustion system, the air separation unit (ASU)
consumes high energy, leading to the net efficiency
falling by approximately 8-12%. With the advantages of
lower energy consumption, higher energy efficiency,
lower cost, and simpler preparation steps, employing
perovskite hollow fiber oxygen transport membranes has
become a prospective alternative. In this work, an
atomistic method named Molecular Dynamics (MD)
simulation was used to investigate the O2/N2 separation
process and the detailed mechanism in
21%O2/79%N2 atmosphere under different operating
conditions.

As shown in Fig. 1, a schematic diagram of an oxy-fuel
combustion system is composed of a perovskite hollow
fiber membrane module, a boiler, power generation unit,
a purification unit, and CO2 compression & storage
system. The O2 produced by the perovskite hollow fiber
membrane module is supplied for the oxy-fuel combustor.
The exhaust gas from the oxy-fuel boiler is flowing into
the power generation and the purification unit, to
generate the electrical power and pure CO2, respectively.

The membrane structure construction and optimization
were conducted in BIOVIA Materials Studio 2017
software. The oxy-fuel combustion membrane system
model consisting the perovskite hollow fiber membrane,

oxygen, and nitrogen molecules was constructed with
periodic boundaries in the Amorphous Cell module.
Then, the Build layer function was used to combine the
boxes and the system was energy-optimized by using the
Forcite module to eliminate the unreasonable
configuration.

The oxy-fuel combustion membrane system was
simulated at different temperatures (500 K, 800 K, and
1000 K) and different pressures (0.1 MPa, 0.2 MPa, 0.3
MPa, and 0.5 MPa), utilizing NVT ensemble to
investigate the oxygen transportation process. Anderson
thermostat algorithm was used to simulate and maintain
the temperature. The dynamic trajectory information of
molecules is outputted and recorded every 200 fs to
analyze the details of the O2/N2 separation
performance. The transportation path of oxygen was
explored and the effects of temperature and pressure on
the whole system were investigated.

Fig. 1 Schematic diagram of oxy-fuel combustion system
equipped with perovskite hollow fiber membrane

module.
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Abstract
In view of the desulfurization wastewater generated

in the ultra-low emission treatment of flue gas in power
plants, the flue length is limited in the process of
atomization evaporation in the flue before the dust
collector. Therefore, whether the desulfurization
wastewater is completely evaporated in the flue becomes
the key to the wide application of this technology.

In this paper, the experimental method of atomizing
droplet evaporation with nozzle pressure is adopted and
the numerical simulation of atomizing droplet
evaporation is carried out under the arrangement of
boiler tail flue of a 300MW Thermal power unit.

Fig. 1 test system

Fig. 2 Comparison between numerical calculation and
measured data of hot working point

The research shows that the air temperature and air
velocity enhance the convective evaporation; The
relationships between droplet evaporation time and air
velocity, temperature, droplet diameter and medium
physical properties are given, and the working conditions
of the best evaporation effect and the shortest
evaporation time in the tail flue are obtained.

Fig. 3 cloud diagram of mass fraction of incomplete
evaporated water at the outlet of flue (383 K ~ 413 K)

Fig. 4 maximum evaporation distance, time and air
humidity increase under different air flow rates

Fig. 5 temperature cloud diagram of section at x =
475mm (43 μm~92 μm）

Based on the theory of calculating the evaporation
time of static droplets, the calculation method of the
complete evaporation time of water atomized droplets at
a certain air velocity in the flue is obtained by
organically coupling the supercooling heating and
saturated evaporation stages.
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Fig. 6 comparison of calculation results of droplet
complete evaporation time
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Abstract
Two phase flow has a broad application in energy,

chemical, pharmaceutical industries etc. However, the
measurement of particle concentrations in a gas-solid
two phase flow keeps a hard issue. No method gives a
satisfactory solution yet. Acoustics reveals expectable
adaptability as a measurement for its propagation to be
function of dispersion parameters of the two phase flow,
whereas exclusive of limitations from optical or electric
capacitance methods etc. This paper copes with the
acoustic measurement based on sound speed variation by
particles. First, we studied the acoustic propagation
characteristics in the gas-solid dispersion at different
typical cases: 1) mean distribution of particles in the two
phase flow, 2) general mean distribution with small
particle lumps, based on case 1, 3) Gaussian distribution
of dispersion with similar quantity of particles with case
1. It was found that when the size of a lump is smaller
than the acoustic wavelength, the sound propagation time
is little affected relative to that with the size larger than
the wavelength. For case 3, the sound flight times
between sensors along the boundary appear distinct from
those with case 1, so as to be characterized. Based on
related fundamentals drawn, a generalized gas-solid
dispersion field was studied for reconstruction with
acoustic measurement. It was shown that the acoustic
method could be well applied to reconstruct the
concentration field of particles in a gas-solid two phase
flow.

Introduction
The measurement of particle concentration in a two

phase flow has not an effective method yet, although it
so broadly used or exists in many fields. By now, many
researchers have been applying optical fibers to measure
voidage in a fluidized bed (Sun et al, 2022), or ECT
method to measure the concentration of the solid phase
(Wang et al, 2015). Relatively, acoustic sensors have
been used to measure the particle velocities in a fluidized
bed or a pneumatic conveying pipe, or to achieve the
concentration of the particles with attenuation of sound
propagation (Pan and Wang, 2018). However, the present
methods have not given satisfactory solution for
measurement in the application. So this paper try to
study the measurement and reconstruction of the
concentration of the dispersion in gas-solid two phase
flow, based on time-of-flight (TOF) of sound signals
across the two phase flow.

Principle and Numerical Methods

In this paper, we studied an active acoustic method to
measure the particle concentration in gas-solid two phase
flow, based on TOF data. The sound speed in a gas-solid
flow is determined by the particle properties, such as the
density, size, concentration, and even the shape etc.,
besides parameters of the gas phase. A sound speed in
related two phase flow was taken as (Ament, 1953)
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Results and Discussion
For this method, the sound path curvature is a key

factor to affect the concentration field measurement,
besides the reconstruction algorithm. First we studied the
sound propagation characteristics in gas-solid two phase
flow, and then we dealt with the modeling of
reconstruction.

Figure 1: Illustration of a sound phase concentration
distribution and the curved sound path.

Conclusions
By numerical study on different cases of the two

phase flow. It proves that the acoustic measurement
based on TOF is feasible and reliable under defined
conditions.
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Introduction

The flooding phenomenon in counter-current flow
packed columns is accompanied by a steep increase in
liquid hold-up and pressure drop, resulting in lower mass
transfer efficiency and potential damage to equipment.
This study aims to investigate the feasibility of Electrical
Capacitance Tomography (ECT) aided by Convolutional
Neural Networks (CNN) for liquid hold-up estimation. In
this work, a 3D model with a simplified Mellapak 250.Y
packing was established in COMSOL Multiphysics
together with an ECT sensor (Chen et al. 2019). The
training data set with approximately 1300 data were
measured at liquid hold-up between 0% to 18%. The
results proved that CNN-aided ECT can be used for the
accurate prediction of liquid hold-up.

Convolutional Neural Networks Aided Electrical
Capacitance Tomography

To test the feasibility of predicting packed column
liquid hold-up by the presented sensor, a 3D model with
a simplified Mellapak 250.Y packing is established in
COMSOL Multiphysics together with the ECT sensor.
Fig. 1 shows the procedures of the simulation setup.

Figure 1: 3D simulation procedure (a) a lab-scale carbon
capture packed column, (b) simulated a section of
Mellapak 250. Y packing, (c) simulated water droplets,
(d) simulated ECT sensor, (e) further zoom of packing to
show flow channel arrangement, (f) zoom on water
droplets, (g) 3D simulation model

Then, CNN is established to predict the local liquid
hold-up using the network structure shown in Fig. 2. The
CNN contains four convolution layers, four average
pooling layers and a fully connected layer. The input is
the capacitance measurements with dimensions of 8*8*1.
The real-time local liquid hold-up values are calculated
as reference labels. ECT training data with liquid hold-up

labels is pretreated by using the average method because
capacitance and liquid hold-up is collected at different
frequencies. The weight matrix size of the kernel
function is chosen as 2*2 due to the small size of the
input data. The depth of the convolution layer increases
from 32 and ends up at 128. Finally, a regression layer is
connected to the output of the fully connected layer,
performing as the final output layer of the CNN, that is,
the predicted liquid hold-up.

Figure 2: Schematic of CNN structure for liquid hold-up
prediction

Results and Discussion
The local liquid hold-up predicted by CNN is

validated with true liquid hold-up. Fig. 3 (a) explicitly
shows the results show a linear relationship between the
predicted liquid hold-up and the reference. The mean of
difference and standard deviation of CNN predicted
results are found to be approximately 0.02% and 0.18%
respectively. The difference between the CNN estimates
and the reference liquid hold-up shown in Fig. 3 (b)
indicates that prediction results at high liquid hold-up are
relatively more stable than results with low liquid
hold-up.

Figure 3: Prediction results of CNN on simulation test
samples: (a) CNN liquid hold-up prediction results with
true liquid hold-up; (b) difference of liquid hold-up
prediction results with true liquid hold-up.

Conclusions
In summary, we have presented a new method,

CNN-aided ECT, for the liquid hold-up estimation in
counter-current flow packed column. To our knowledge,
attempting to predict liquid hold-up at counter-current
flow packed column with ECT has not previously been
possible by established methods of ECT. The simulation
study shows its potential applications for real-time liquid
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hold-up estimation and flooding prognosis.
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Abstract

The breakup of non-Newtonian droplets is
ubiquitous in numerous applications such as spray drying,
spray painting, and fuel combustion. Although the
non-Newtonian characteristics of droplets can
significantly change the breakup process, most previous
studies consider Newtonian droplets. Considering the
shear-thinning properties of many gel propellants, this
study focuses on the secondary breakup of droplets of
shear-thinning fluids. Two-dimensional axisymmetric
simulations are performed and the VOF method is used
to capture interface dynamics on adaptive grids. The
aerodynamic breakup process of shear-thinning fluid
droplets is numerically simulated. The variation of local
viscosity of droplets in the secondary breakup process is
considered, and the local minimum effective viscosity,
diameter, thickness, and velocity of droplets are analyzed.
The results show that compared with the Newtonian fluid
with the same characteristic shear rate and effective
viscosity, the shear-thinning characteristics change the
viscosity distribution inside the droplet to strengthen the
local deformation of droplets. Moreover, as the effective
viscosity increases, the shear-thinning property
significantly changes the viscosity distribution of
droplets, and has a great impact on droplet morphology
and the transition of breakup mode.
Introduction

Compared with Newtonian fluids, the
characteristics of non-Newtonian fluids droplets have
significant effects on the process of deformation and
breakup. As a common non-Newtonian characteristic, the
shear thinning characteristics have been widely studied
and applied in many fields, especially for the atomization
process of fuel in engines [1-3]. In this study of the
atomization of droplets, we focus on the influence of
shear-thinning properties of power-law fluids [4-6] on
the secondary breakup process.

Mathematical models and methods
The computational domain for the droplet breakup

simulation and parameters of droplet deformation are
shown in Fig. 1. The system contains a power-law fluid
droplet exposed to the airflow and the air flows from left
to right.

Figure 1: (a) Computational domain for the simulation
of droplet breakup. (b) Parameters of droplet
deformation.

According to the VOF method, the flow field can be
modeled by a single continuum [7]. The VOF method is
used to capture interface dynamics on adaptive grids.
The two-phase interfacial flow is controlled by the
incompressible Navier-Stokes equation. The continuity
equation and the momentum equation of the two phases
and the transport equation of the volume fraction [8] are
solved:

0 u (1)

(2 ) Sp
t

  
          

u uu D n (2)

( ) 0f f
t


  


u (3)

Results and Discussion
In the late deformation stage, the radial stretching of

the non-Newtonian droplet around the rim is stronger
than that of the Newtonian droplet in Fig. 2(a). There are
large and low viscosity regions in non-Newtonian fluids
in Fig. 2(b).

Figure 2: (a) Evolution of multimode breakup and (b)
viscosity distribution inside the non-Newtonian fluid
droplets at different dimensionless time T.

Conclusions

In this study, we consider the secondary breakup of
shear-thinning droplets, and carry out numerical
simulation and focuses on the influence of fluid rheology
on the droplet deformation during the breakup process.
Regarding the multimode breakup, as the power-law
index n decreases, there is small local effective viscosity
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at the rim of droplets, and the radial stretching of the
droplet is significantly enhanced. Under the large
effective viscosity, distribution of local effective
viscosity of droplets is more uniform at large Weber
numbers. As the Ohnesorge number increases, the low
viscosity region transits from the rim region to the center
region. It can be obtained that the shear-thinning effect
has a great influence on the droplet breakup mode, and
the transition of breakup mode occurs in advance.
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Abstract
In a granular pneumatic conveying system, due to
particle-wall collision, a large amount of electrostatic
charge will be generated in the system. As the
electrostatics accumulated to a certain level, it may
discharge and cause many problems and hazards to
industries. In this work, a single-particle electrostatic
experiment device is used to study the particle movement
mode and its working mechanism of electrostatic charge
generation. Particle movement behavior was captured by
a high-speed camera. The effect of particle sphericity and
particle movement mode on the occurrence of
electrostatics was considered. The resultant torque and
rotational kinetic energy were analyzed by EDEM and
the result could implement well with experimental
observation.

Figure 1:Particle movement on electrostatics
generation
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Abstract
Two nuclear waste simulants were used in this

paper; aqueous suspensions of magnesium hydroxide and
calcium carbonate which were suspended in an
engineered pipeline. Bespoke probe holders were
situated both on horizontal and vertical sections of pipe.
A transducer of 4 MHz frequency (with a 2.5 mm active
radii) was mounted onto each probe holder at 90° to the
flow, two transducers were used throughout this paper.
The two transducers mounted in each probe holder were
used to produce concentration data from the slurries
using the raw echo amplitude output from the acoustic
backscatter system. Acoustic profiles were then
produced by taking the logarithmic translation of the
voltage. The resulting acoustic profiles were used to
extract acoustic attenuation coefficient values.
Attenuation coefficients are used as a calibration
technique as they can be directly compared to
coefficients derived from previous literature. This simple
calibration procedure allows the UVP (ultrasonic
velocity profiler) to directly measure concentration
changes of the slurries during pumping.

Introduction
In this paper, two nuclear waste simulants were used:

calcium carbonate (calcite) and commercial magnesium
hydroxide powder. Calcite (CaCO3) is a crystal form of
calcium carbonate that has been used in previous
literature as a nuclear waste simulant, while the
magnesium hydroxide is more chemically similar to the
Magnox sludge in the Sellafield storage ponds [1][2][3].
Simulant waste suspensions were analyzed in an
engineered pipeline in both horizontal and vertical
arrangements to produce acoustic profiles, where
sedimentation attenuation coefficients were extracted
from the acoustic profiles and compared to coefficients
calculated from calibration data. From direct comparison
of coefficients, the pipeline arrangement which was
determined to give a more accurate attenuation
coefficient value was selected as the pipeline
arrangement for ongoing monitoring and analysis [2].

Experimental Methods
A pipeline was built and erected onto stainless steel

struts to ensure stability of the loop. A schematic of the
engineered pipeline is shown in Fig. 4. The pipes are
annotated with dimensions to provide a sense of the scale.
The pipe loop was constructed using uPVC
(unplasticized polyvinyl chloride) sections of pipe,
where the outer and inner diameters of the pipe were 30

and 25 mm, respectively [4]. The green arrows show the
direction of flow so readers can easily track the
movement of suspension. The black boxes show the
location of probe holders. One probe holder was
mounted onto a vertical section of pipe and another on a
horizontal pipe section. The bespoke probe holders were
manufactured to allow transducers to be slotted in and
held flush against the surface of the pipe.

Figure 1: Engineered pipeline with dimensions and flow
direction

Results and Discussion
The acoustic profiles for calcite and magnesium

hydroxide were generally displayed as distance
dependent G-function values, where the G-function was
calculated with Eq. (7) and was used to understand the
effect of sediment type and concentration on attenuation
[2][6][7]. For the current study, the G-function was
plotted against the distance across the pipe diameter and
used to extract the sediment attenuation coefficient
values for the two different sediment types, which were
compared to attenuation coefficient values from
calibration data [2].

The attenuation coefficients from horizontal pipe
sections were higher than the attenuation coefficients
extracted from the vertical pipe sections, because of the
particle segregation in the horizontal pipe leading to an
increase in concentration in the measurement zone, as
discussed. Interestingly, the attenuation coefficients
extracted from calcite suspensions were compared
directly to well mixed values from previous literature,
where coefficients from the vertical pipe section were
closest to the calibration coefficient, inferring that the
homogenous mixing of the vertical arrangement leads to
more consistent acoustic scattering.

Conclusions
 The vertical pipe arrangement was more efficient

and accurate, producing a stronger signal strength and
closer sedimentation attenuation coefficients to the
calibration data.

 Attenuation coefficient values for magnesium
hydroxide are more sensitive to scattering losses in
comparison to calcite, this is due to the increased particle
size and presence of aggregates.
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Abstract
This work uses a pilot-scale Pulsed Sieve-plate

Extraction Column (PSEC) to characterise the dispersed
phase hydrodynamics and generate a dataset suitable for
validating Computational Fluid Dynamics (CFD) models.
The column was operated over different throughputs,
pulse amplitudes and plate designs to characterise the
operational envelope, and stage-wise measurements were
made for droplet size distribution and rise velocity.

Introduction
PSECs are a counter-current liquid-liquid extraction

unit operation with applications in nuclear reprocessing,
mineral extraction and more. They have several
advantages over alternative unit operations, specifically
no moving parts and the ability to operate with
particulate-laden flows. This is useful for processes with
entrained particles, precipitation, interfacial crud and
third phase formation. Due to their complicated
hydrodynamics, they are challenging to design. One
option is to utilise published empirical correlations or the
scaleup of a pilot plant; however, these often perform
poorly, resulting in large, expensive over-designed
columns.

An alternative approach to the empirical or pilot plant
design of PSECs is using CFD. These models necessitate
a precise knowledge of the internal geometry of the
PSEC, which is rarely provided in the published
literature. Furthermore, published quantities are often
averaged; for example, droplet size distribution is
represented by the Sauter mean droplet diameter.

There have been several investigations into using
CFD to predict PSEC performance. These typically rely
on multiphase formulations such as interface tracking
(Theobald, 2020a; 2020b; Khatir, 2017), interface
averaging (Alzyod, 2017; 2018; Din, 2010; Theobald,
2020b; Sen, 2016; 2018; 2021) or hybrid methods that
incorporate aspects of both (Fells, 2022; Theobald,
2020b).

Typically, interface resolution requires a large
computational mesh or diffusion of the interface can
occur. This results in computationally expensive
simulations which are not feasible for industrial-sized
columns. Interface averaging can facilitate lower grid
resolution but requires closure of interfacial momentum
transfer. Usually, this is achieved by modelling droplet
drag using an empirical correlation. Accurate drag
modelling is desirable due to its impact on droplet rise
velocity, holdup, surface area and mass transfer. As drag

depends on droplet diameter, this must be specified or
calculated using a population balance model.

A benchmark dataset that considers operational and
geometric parameters is required to facilitate model
validation. Therefore, the operating envelope, droplet
size distribution and droplet rise velocities as a function
of pulse amplitude, column throughput and plate hole
diameter are investigated.

Methodology
A pilot-scale PSEC has been operated over a range of

pulse amplitudes, column throughputs and plate hole
diameters. The operational envelope, droplet size
distribution, and droplet rise velocities are characterised
using high-speed video and image analysis. All
experiments were carried out using water as the
continuous aqueous phase and Exxsol D80 with Sudan
Blue dye as the dispersed organic phase. The column
operated with a solvent to aqueous flow ratio of 2:1 and
a pulse frequency of 1 Hz. A summary of the conditions
studied is shown in table 1.

Table 1: Investigated experimental conditions
Parameter Values

Total throughput Q
(L/hr)

15, 30, 45, 60, 75, 90, 105,
120

Pulse amplitude A (mm) 1.48, 2.22, 2.96, 3.70
Plate hole diameter d
(mm)

1, 2, 4

Results and Discussion
The operational envelope for each of the three plate

hole diameters was characterised as a function of column
total throughput and pulse amplitude. Typically, the
column would operate in the pseudo-steady-state
mixer-settler regime, where droplets are formed, rise and
coalesce below the plate. Low pulsation would result in
the accumulation of the organic phase below the plate
resulting in the column flooding due to insufficient
pulsation. Excessive column throughput would result in a
droplet rise velocity that is less than that of the
downcoming fluid, resulting in the accumulation of the
organic phase and the column becoming flooded due to
excessive throughput. These trends were observed across
all three hole sizes. Figure 1 shows the operational
envelope for a plate with 2 mm holes.



MTCUE-2022

463

Figure 1: Operational envelope for d = 2 mm.

Droplet size distribution was found to be highly
correlated to plate hole diameter, while the effect of
pulse amplitude and column throughput were
insignificant. This behaviour is consistent with column
operation in the mixer-settler regime. Further increasing
pulse amplitude would be expected to reduce the mean
droplet size and tighten the droplet size distribution due
to the increased shear experienced by the droplets. An
example of the measured droplet size distribution is
shown in figure 2.

Figure 2: Droplet size distribution for Q = 30 L/hr, A =
3.82 mm, d = 2 mm.

As above, the swarm averaged droplet rise velocity
was highly correlated to plate hole size whilst unaffected
by column throughput or pulse amplitude. This is due to
the strong correlation between plate hole size and droplet
diameter, as larger droplets result in a greater buoyancy
force, resulting in increased rise velocity.

Figure 3: Droplet swarm rise velocity for Q = 30 L/hr, A
= 3.82 mm.

Conclusions
An investigation into the hydrodynamics of PSEC

operation has been conducted, specifically to generate an
experimental dataset to enable the validation of CFD
PSEC models. The operational envelope for three plate
designs has been characterised, and two modes of
column flooding were identified. Droplet size
distributions, Sauter mean droplet diameters and droplet
rise velocities have been measured and found to be
highly correlated to plate hole size in the mixer-settler
regime. Further investigations are recommended to
include the dispersion mode of operation, alternative
solvent to aqueous flow ratios and column diameters.

References
Alzyod S, Attarakih M, Hasseine A, Bart HJ. CFD

modelling of pulsed sieve plate liquid extraction
columns using OPOSPM as a reduced population
balance model. InComputer Aided Chemical
Engineering 2017 Jan 1 (Vol. 40, pp. 61-66).
Elsevier.

Alzyod, S., Attarakih, M. and Bart, H.J., 2018. CFD
modelling of pulsed sieve plate liquid extraction
columns using OPOSPM as a reduced population
balance model: hydrodynamics and mass transfer.
In Computer Aided Chemical Engineering (Vol. 43,
pp. 451-456). Elsevier.

Din, G.U., Chughtai, I.R., Inayat, M.H., Khan, I.H. and
Qazi, N.K., 2010. Modeling of a two-phase
counter-current pulsed sieve plate extraction
column—a hybrid CFD and radiotracer RTD
analysis approach. Separation and Purification
Technology, 73(2), pp.302-309.

Fells, A., De Santis, A., Colombo, M., Theobald, D.W.,
Fairweather, M., Muller, F. and Hanson, B., 2022.
Predicting Mass Transfer in Liquid–Liquid
Extraction Columns. Processes, 10(5), p.968.

Theobald, D.W., Hanson, B., Fairweather, M. and Heggs,
P.J., 2020a. Implications of hydrodynamics on the
design of pulsed sieve-plate extraction columns: A



MTCUE-2022

464

one-fluid multiphase CFD model using the volume
of fluid method. Chemical Engineering Science,
221, p.115640.

Theobald, D.W., 2020b. Computational Engineering for
Nuclear Solvent Extraction Equipment (Doctoral
dissertation, University of Leeds).

Sen, N., Singh, K.K., Patwardhan, A.W., Mukhopadhyay,
S. and Shenoy, K.T., 2016. CFD simulation of
two-phase flow in pulsed sieve-plate
column–Identification of a suitable drag model to
predict dispersed phase hold up. Separation Science
and Technology, 51(17), pp.2790-2803.

Sen, N., Singh, K.K., Patwardhan, A.W., Mukhopadhyay,
S. and Shenoy, K.T., 2018. CFD simulations to

predict dispersed phase holdup in a pulsed sieve
plate column. Separation Science and Technology,
53(16), pp.2587-2600.

Sen, N., Singh, K.K., Patwardhan, A.W. and Shenoy,
K.T., 2021. Computational fluid dynamics
modelling to predict axial dispersion in pulsatile
liquid-liquid two-phase flow in pulsed sieve plate
columns. Solvent Extraction and Ion Exchange,
39(3), pp.328-352.

Khatir, Z., Hanson, B.C., Fairweather, M. and Heggs, P.J.,
2017. CFD Analysis of Liquid-Liquid Extraction
Pulsed Sieve-Plate Extraction Columns. In
Computer Aided Chemical Engineering (Vol. 40, pp.
19-24). Elsevier.



MTCUE-2022

465

No.220231
Coarse-grained discrete element method for granular shear flow

Hideya Nakamura
hnakamura@chemeng.osakafu-u.ac.jp

Department of Chemical Engineering, Osaka Prefecture University, Japan

Abstract
Powder mixing process plays an important role in

industrial sectors. In manufacturing sectors, there is a
great demand for developing a coarse-grained model of a
discrete element method (DEM) to perform DEM
simulations of powder mixing processes at the
manufacturing scale. In this lecture, I would like to share
our recent work on the coarse-grained discrete element
method for granular shear flow, namely CGSF, which
was developed by the authors’ group. The CGSF was
developed for a powder mixing process with a dense
granular shear flow. The CGSF was built to match four
types of energies between the coarse-grained and original
particles under a granular shear flow. Based on the
energy matching concept, scaling laws for the contact
force parameters were derived. A scaling law for the
sliding friction coefficient was derived considering the
sliding friction damping between the original particles in
the intra-coarse-grained region as well as those in the
inter-coarse-grained regions. The CGSF was applied to
the coarse-grained DEM simulation of a rotating drum
mixer and high-shear mixer, and its performance was
evaluated. The coarse-grained DEM simulation with the

CGSF exhibited a result quite similar to the original case
in terms of the particle velocity, kinetic energy, and
degree of particle mixing. The most critical scaling was
of the sliding friction coefficient, suggesting the
significance of the scaling law proposed for the sliding
friction. In conclusion, we demonstrated the
effectiveness of the proposed CGSF for the
coarse-grained DEM simulation of a powder mixing

In this lecture, I would like to start from brief
introduction of Osaka Prefecture University and recent
activities of our research group, including modeling &
simulation of powder handling processes. Then, I would
like to share our recent work on the coarse-grained
discrete element method for granular shear flow.
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Abstract
The severe breakup of droplets caused by instantaneous
vaporization of low-boiling-point components in
emulsified fuels plays an important role in promoting
atomization, improving combustion efficiency, and
reducing pollutant emissions. In this study, the
micro-explosion characteristics of droplets of emulsified
fuel is studied using the droplet suspension method and
heated by an infrared laser. Two different
micro-explosion modes are observed in the heating
process of emulsified droplets, namely, the severe
micro-explosion with a large amount of water
vaporization producing a large amount of dense mist and
the weak micro-explosion with a small amount of water
vaporization producing less mist. It is found that the
breakup strength and mode of the micro-explosion are
closely related to the water content and surfactant
content in the initial droplet, and affect the concentration
of mist caused by vaporization of the water phase during
the micro-explosion. According to the mist concentration
curve in the micro-explosion process, the
micro-explosion mode can be well distinguished, and the
intensity of the micro-explosion can be characterized by
the probability of severe micro-explosion. The stability
of emulsion droplets is closely related to the surfactant
content, showing that the explosive strength of droplets
can be controlled by adjusting the surfactant
concentration in the emulsified fuel.

Introduction
Improving thermal efficiency and reducing pollutant

emissions have always been important issues in the
development of spray combustors[1]. Multi-component
droplet fuel has been adopted by many actual
combustion systems. It was found that not only a large
number of secondary droplets but also obvious fog
clouds and aerosol clouds were generated during droplet
micro-explosion and puffing[2, 3]. However, there are few
studies on the mechanism of mist formation, quantitative
characterization of mist and its relationship with
micro-explosion process. By studying the relationship
between dense mist and micro-explosion in the breakup
process of emulsified oil droplets, we can further
understand the micro-explosion process of emulsified oil
droplets[4, 5].

Experimental Methods.
The experimental setup is shown in Figure 1. The

multi-component fuel droplet was suspended on a K-type
thermocouple junction (wire diameter 120µm) with a
syringe. A continuous infrared laser was used to

continuously heat the droplet suspended on the
thermocouple. The temperature of the droplet in the
heating process could be displayed in real-time by the
data acquisition card. During the experiment, a
high-speed camera (Photron Fastcam SA1.1) was used to
record the behavior of droplets during heating. The
frame rate of the camera is 8000 fps, and the image
resolution was 15.7 µm per pixel. A macrolens (Nikon
AF 100 mm f/2.8 D) with a focal length of 100 mm was
used, which has low optical distortion.

Figure 1: Schematic diagram of the experimental setup.

Results and Discussion
The mist characteristics of emulsified oil droplets

with different components during micro-explosion and
puffing are shown in Figure. 2. It was found through
experiments that the emulsified droplets of n-dodecane,
n-hexadecane, and diesel oil produced obvious mist in
the process of severe micro-explosion, weak explosion,
and puffing, but the amount of mist produced showed
great differences in the process of droplet explosion.

Figure 2: Mist characteristics of emulsion oil droplets
during the micro-explosion and puffing (a) severe
micro-explosion, (b) weak micro-explosion, (c) puffing.

Conclusions
It is found that the breakup strength and mode of the

micro-explosion are closely related to the water content
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and surfactant content in the initial droplet, and affect the
concentration of mist caused by vaporization of the water
phase during the micro-explosion. It is found that for oil
with higher viscosity and higher surface tension,
micro-explosion is more difficult to occur. The stability
of emulsion droplets is closely related to the surfactant
content, showing that the explosive strength of droplets
can be controlled by adjusting the surfactant
concentration in the emulsified fuel.
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Abstract
Single snorkel furnace (SSF) vacuum refining furnace

is a new type of external refining equipment for high
clean steel production. Compared with the traditional RH
furnace, SSF furnace has the advantages of simple
structure, high refining efficiency and low production
cost, which is popular among scholars, especially
suitable for the production of steel grades with carbon
content control below 3×10-6. The characteristics of
gas-liquid two-phase flow in SSF furnace is the key
factor to determine the refining effect. In this paper, a
coupled CFD-PBM method was developed to study the
bubble size distribution in the furnace, which is
characterized by the ability to study the effect of bubble
breakup and coalescence on the flow field. The mixing
time, a key parameter of the SSF mixing capacity, was
measured and compared with the experimental values,
and the results obtained from the PBM model were
found to be in good agreement with the experimental
results. The bubble diameter in the furnace was found to
be larger than 3 mm, which indicates that the effect of
bubble coalescence inside the furnace is larger than that
of breakup.

Introduction
In 2021, the national crude steel production was

1,032,970,000 tons, down 3% year-on-year, while steel
production was 1,336,770,000 tons, up 0.6%
year-on-year. Low carbon steel is the metallurgy process
to reduce the carbon content and impurity content, low
carbon steel structure and mechanical properties are
better than the general steel, in the automotive, shipping,
railroads, aviation and space, national defense and other
areas with high requirements for steel quality is widely
used. The application of low carbon steel will continue to
expand in the future, and the demand will increase
rapidly. An important step in the production of low
carbon steel is decarburization. Compared with the RH
refining furnace, the SSF refining furnace gained
widespread attention with higher refining efficiency, and
there were almost no simulation studies on the bubble
behavior inside the furnace in many papers, so this paper
aimed to study the internal bubble behavior so that the
movement of the steel can be better studied.

Numerical Methods
In this study, the Eulerian-Eulerian two-fluid model

was mainly used to study the flow process of gas and
liquid phases, and the coupled CFD-PBM method was

used to study the breakup and coalescence of bubbles
within the steel liquid. In studying the mixing time of
the steel liquid at different flow rates, The UDS diffusion
method was used to derive the mixing time mainly by
monitoring the concentration at a certain two points.

Equations
The mathematical model based on the two-fluid

Euler-Euler method was developed. Considering both
liquid and gas as continuous phases, the continuity
equations and momentum equations for the liquid and
gas phases are described as:
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Interfacial momentum transfer in multi-phase flow
its main role, the momentum equation (2) represents the
interphase forces, the main forces between the two
phases include drag force, lift force and virtual mass
force, the main relationship is expressed as：
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The right-hand side of the equation is represented

by the drag, lift and virtual mass forces, which are
described below：
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The validation of the model was done by
monitoring the mixing time of the model and adding
tracer on the free surface of the ladle after the flow field
in the furnace was stabilized. The UDS diffusion
equation was utilized to model the solute transport in the
furnace with the following equation：

  0l l l
l l l l l l lu

t
  

    


     



(6)

In the present multiphase flow, a number density
function is introduced to consider particles in general,
with the help of the bubble size, and the particle
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population is divided into 10 groups by a discrete
method, where the number density equation is described
as

   , , C B

C B

n V t un V t B B
t
D D


         

 


(7)

Results and Discussion
In this paper, in order to verify the correctness of the

model, the normalized concentration of NaCl with time
was simulated for different inlet flows with and without
the PBM model, so that the mixing time could be
calculated and compared with the experimental data in
the paper of Qi[1], and the comparison of the results is
shown in Fig. 1.It can be seen from Figure 1 that the
results of the model with the PBM are closer to the
actual results than the mixing time without the PBM. At
argon flow rates of 360 NL/h, 720 NL/h, and 900 NL/h,
the trend of the mixing time of the PBM model is
basically the same as the trend of the experiment mixing
time, but at 1080 NL/h, the mixing time of the on model
is significantly smaller than the experimental value by
about 6%. The main source of this error is the bubble
coalescence and breakup source term, which is not
sensitive enough in the case of stronger aggregation, and
therefore the predicted value of bubble size is low, and
the gas phase flow in the liquid phase is mainly in the
form of bubbly flow. In contrast, in practice, when the
argon flow rate is large enough, the bubble deforms and
then slug flow forms after its gas content exceeds a
certain critical value. Compared with the bubble flow,
the slug flow does not accelerate the flow velocity of the
flow field, so the experimental mixing time will be
smaller than the simulated value.

Figure 1: Mixing time comparison between calculated
and mixed values at different flow rates

The diameter of the inlet bubble was set to 3 mm,
and the bubble size distribution within the SSF furnace
after the flow field reached stability is shown in Figure 2.
It can be seen that bubbles with diameters larger than 3
mm account for most of the bubbles, which indicates that
coalescence is greater than breakup within the flow field.

Several studies[2] have shown that the turbulent vortex
collision mechanism dominates in the fully turbulent
flow. So far, most research[3] work has concluded that the
bubble coalescence process can be composed of three
steps: two bubbles approach each other and a liquid film
is formed by entrapping part of the continuous phase
liquid between the two bubbles; the two bubbles
continue to approach and the liquid film continues to
drain thin; and breakup occurs when the liquid film is
thin enough for the two bubbles to coalesce. As the
bubble plume in the furnace is very wide, the bubble
coalescence opportunity is large[4]. At the edge of the
bubble plume, the bubbles will be affected by turbulent
vortices and the bubbles will breakup at the edge.

Figure 2: Bubble size distribution in the furnace at
different flow rates

Conclusions
1. The mixing time calculated by the PBM-CFD

coupled mathematical model considering bubble breakup
and coalescence is more consistent with the experimental
value.

2. In SSF refining furnaces, the bubble coalescence
effect is stronger than breakup.
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Abstract
Energy shortage and environmental issues have

drawn People’s attention to look for an alternative to the
vapor compression systems. Liquid film flow pattern is
crucial for mass transfer performance of falling film
liquid desiccant dehumidifier. Corrugated plate is
effective on modifying the liquid film pattern and then
enhancing the dehumidification efficiency. The present
study aims to investigate the transient gas-liquid flow
and mass transfer performance of the falling film liquid
desiccant dehumidification on corrugated plates. The
RNG k-ε turbulence model was used to tackle the
turbulent regime and the phase interface was tracked by
volume of fluid method. The mass transfer was
considered with the user-defined function codes based on
the penetration theory. The dynamic liquid film
characteristics, the gas-liquid flow fields, the mass
fraction fields and dehumidification enhancement
mechanisms were analyzed and discussed. Moreover, the
effects of inlet air and liquid desiccant properties on the
mass transfer performance were investigated. The results
showed that the corrugated plate can induce liquid film
waves and significantly enhance the dehumidification
performance. The dehumidification enhancement can
reach 97% on the corrugated plate when the inlet air
velocity is 0.2ms-1 and the inlet desiccant concentration
is 30%, compared with the one on the smooth plate. The
enhancement mechanism of dehumidification by the
corrugated plate mainly includes the liquid film waves
and the flow vortex near the gas-liquid interface. The
outlet mass fraction of water vapor is decreased when the
inlet air velocity is lower and the inlet desiccant
concentration is higher. The corrugated plate is effective
for the mass transfer enhancement for different inlet air
velocity and desiccant concentration.

Methods
The finite volume method-based software ANSYS

Fluent 19.2 was used for the study. The liquid-gas
interface was tracked using the volume of fluid method.
The SIMPLE scheme is used in pressure velocity
coupling. The mass transfer coefficients were calculated
using the penetration theory.

Equations

The penetration mass transfer theory was employed to
investigated the dynamic dehumidification process. The
mass transfer resistance at the gas-liquid interface was

ignored. The overall mass transfer coefficient Kg can be
calculated by,

g m, g m, l1 1 1 ( )K h h  (1)
where hm, g and hm, l are the local mass transfer coefficient
of the gas and liquid phases, respectively, and ψ is a
function of liquid desiccant concentration and
temperature. It is a parameter to revise the local mass
transfer coefficient of the liquid solution. This is because
the mass transfer coefficient of the liquid solution is
changed with the solution concentration and temperature.
For LiCl solution, the ψ can be calculated by,

2 3

0 1 s 2 s 3 sa a T a T a T     (2)
where a0, a1, a2, and a3 can be computed according to the
literature. Ts is the bulk solution temperature. The
penetration model was used to calculate local mass
transfer coefficients, as follows,

m, g g c2 ( )h D t (3)

m, l l c2 ( )h D t (4)
Where Dg and Dl are the diffusion coefficient of the gas
and liquid phases, respectively. The contact time tc was
calculated by,

c surft l u (5)
where l is the flow distance of liquid film, usurf the
surface velocity of the falling film, which can be
computed by,

1/3

surf 1.5 [3 ( )]u Q Q g   (6)
The mass transfer source Slg,k was computed by,

lg,  g g, b g, e( )kS K W W A  (7)
where A is the contact area of mass transfer, Wg, b the
bulk air humidity ratio. Wg, e is the equilibrium air
humidity ratio to the desiccant solution, which can be
calculated by,

g, e l, b a l, b0.622 ( )W P P P  (8)
where Pl, b is the partial vapor pressure of the bulk
desiccant solution, Pa the atmospheric pressure.

The dilution heat of liquid solution and condensation l
atent heat of water vapor will be generated during the
liquid desiccant dehumidification process. The dilution
heat is much smaller than the condensation latent heat.
Therefore, the dilution heat was neglected and the
condensation latent heat was calculated by the energy
source term, as follows,
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Conclusions
The corrugated plate can induce liquid film waves at

the gas-liquid interface and then significantly enhance
the dehumidification performance. The dehumidification
enhancement can reach 97% by the corrugated plate
when inlet air velocity is 0.2 ms-1 and inlet desiccant
concentration is 30%, compared with the smooth plate
case.

The corrugated plate with the highest dehumidification
rate has a wavelength of 3 mm and an amplitude of 0.5
mm. The enhancement mechanisms of dehumidification
by the corrugated plate include the liquid film waves and
the flow vortex near the gas-liquid interface.

Acknowledgments
This work was supported by the National Natural

Science Foundation of China (No. 51976144; 51908444),
and the Natural Science Foundation of Shaanxi Province
(No. 2020JM-471).



MTCUE-2022

472

No.220235
Effect of porous coating on falling film flow and heat transfer over

horizontal tubes
Jing-Dong Wu, Chuang-Yao Zhao*

School of Building Services Science and Engineering, Xi’an University of Architecture and Technology,
Xi’an 710055, P. R. China

Corresponding E-mail: cyzhao@xauat.edu.cn

Abstract
The flow and heat transfer characteristics of the

falling film on a single horizontal tube with porous layer
coating was numerically studied. A porous model was
used to model the flow process of liquid film over the
porous coating. The volume of fluid (VOF) method was
employed to capture the interface of liquid and gas
phases. The numerical simulations were undertaken for
the plain tube and metal foam wrapped tube with the
porosity from 0.2-0.8 when the film Reynolds number
ranging 100 to 450 and heat flux of 30 kW/m2. The
simulation results were in good agreement with the
published experimental ones. The results shown that the
metal foam wrapped tube may has an optimal porosity,
which can maximize the wettability and heat transfer
coefficient under different liquid film Reynolds numbers.
In addition, the comparison of the heat transfer results
and the wetting ratio for two different tube surfaces
(plain and metal foam wrapped tube) clearly showed that
the metal foam wrapped tube provides a higher heat
transfer coefficient and wetting ratio due to more
uniform and more stable liquid film flow on the surface.

Introduction
The past decade has been the rapid development of

falling film evaporation in many engineering
applications, such as air conditioning, desalination and
refrigeration systems. As we know, falling film
evaporation is already a cost-effective heat transfer
enhancement technique owing to its high solution side
heat transfer coefficient and low refrigerant
consumption.

However, there are still several attempts can be
made to enhanced it heat transfer. Previous research has
established that the influence affecting the falling film
evaporation can be can be classified into the following
two points: designing factors and operating factors, in
which structure of enhanced surfaces and arrangement of
tube bundles are the main designing factors that cannot
be changed after installation of the system, while falling
film flow rate, heat flux and vapor flow are influencing
operating factors that can be adjusted during operation
[1]. As far as enhanced surfaces, recently, porous
medium such as falling film evaporation on a horizontal
tube by thermal spray coating is widely focused. Ubara
[2] et al. found that when the heat flux is low, the spray
tube can keep good uniformity and is not easy to form
dry area. However, when the heat flux is too high, the
intensified tube is easy to dry up due to rapid evaporation.
Park and Lee [3] et al. tested the solution wettability for

a micro-scale, porous-layer coating on horizontal-tube
and compare it with plain tube they found when there is
no heat transfer the plain tube is only partially wetted in
low liquid film Reynolds number, and porous medium
tube can be completely wetted under low liquid film
Reynolds number due to capillary assistant effect on the
surface. Generally speaking, there are few studies on the
falling film evaporation of porous media tubes, and they
are mainly based on experiments. Due to the limitations
of experiments, there is a lack of more detailed data
extraction and analysis in the process of falling film flow
and heat transfer of porous media tubes. At the same
time, there is also a lack of influence on the falling film
evaporation flow and heat transfer when the parameters
of porous media (porosity, pore diameter, thickness of
porous layer, material, etc.) change.

Numerical Methods
The transient model of falling film heat transfer is

presented. The method of finite control volume is
utilized to discretize the governing equations. The
pressure-velocity coupling adopts the pressure- implicit
with splitting of operators (PISO) algorithm [4]. The
VOF method applies to the gas-liquid interface problem
[5].

The calculation model of falling film flow and heat
transfer in metal foam wrapped tube is shown in Figure
1.

(a) (b)
Figure 1: (a) The boundary conditions of the model and
the porous medium, (b) Mesh division of the porous
medium tube.

Equations
The model adopts Euler- Euler method for the

calculation of the variations of different physical
quantities in a fluid flow over time and space through the
established Cartesian coordinate system. The governing
equations are as follows:
Continuity equation:
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where, Sh is the energy source term.
The porous medium model plays a critical role in

simulation of the falling film flow and heat transfer on
the metal foam coating tubes. This method is employed
to deal with the obstruction of solid structure in the flow
region as the distributed resistance attached to the fluid.
The source term includes two parts: a viscous loss term
and an inertial loss term:
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where Si is the source term for the momentum equation,
|v| is the magnitude of the velocity, Dij and Cij are
prescribed matrices.

In homogeneous porous media, the following
mathematical model can also be used:
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(5)
where is α the permeability, 1/α is the viscous resistance
coefficient C1 and C2 is the inertial resistance factor.

For incompressible fluid flow, viscous resistance
coefficient and inertial resistance factor can be solved by
Ergun equation:
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where Dp is the mean particle diameter, ε is the porosity
The porous medium and fluid flow are assumed to be in
thermal equilibrium, the conduction flux in the porous
medium uses an effective conductivity and the transient
term includes the thermal inertia of the solid region on
the medium:

    h
f f s s f f eff f(1 ) ( ) ( )i i

i

E E v E p K T h J v S
t
      

             


(7)

where Ef is the mean particle diameter, Es is the total
solid medium energy, Keff is the effective thermal
conductivity of the medium, S h

f is the fluid enthalpy
source term.

The effective thermal conductivity in the porous
medium Keff, is computed by ANSYS FLUENT as the

volume average of the fluid conductivity and the solid
conductivity:

eff f s(1 )K f K K   

(8)
where Kf is the fluid phase thermal conductivity and Ks is
the solid medium thermal conductivity.

Results and Discussion
As shown in the Figure 2 (a), there is an optimal

porosity in the porous media pipe, which facilitates the
wettability of the porous media reach the best in this case.
From Figure 2 (b) the smaller the porosity is, the better
the wetting effect and the stability of the liquid film is
enhanced.

Conclusions
The results show that the metal foam wrapped tube

provides higher heat transfer coefficients and wetting
ratios due to the more uniform and stable liquid film on
the surface. In addition, the metal foam wrapped tube
may have an optimal porosity, which can maximize the
wettability and heat transfer coefficient under different
liquid film Reynolds numbers.

(a)

(b)
Figure 2: (a) the wetting ratio with different porosity
under different Re, (b) the wetting ratio with Re under
different porosity.
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Abstract
In this paper, spontaneous condensation process of

moist air in the high-speed turbo-expander was
investigated by the numerical simulation. The
experimental results and the simulation results with
different droplet growth rate models are utilized to
compare and analyze the characteristics of different
models. Compared with other models, the calculated
results of the Young model have the smallest deviation
from the experimental values. Using dry air and moist air
as working mediums, the influence of the spontaneous
condensation process for moist air on the high-speed
turbo-expander internal flow passages was studied, and
the composition of flow passage losses was analyzed.
Finally, the variations of the moist air condensation
parameters under different expansion ratios are
compared, and the results of varying droplet growth rate
models under different expansion ratios are also
compared. The maximum deviations of the moist
efficiency of the Hertz–Knudsen model, the Gyarmathy
model, and the Young model relative to the experimental
values are 0.021, 0.012, 0.099, and the relative
deviations are 2.71%, 1.55%, and 1.25%, respectively.

Introduction
During the process of rapid cooling of gas, if the gas

is pure, the gas will quickly reach a super-cooling state.
When condensed nuclei appear to reach the critical
radius, spontaneous nucleation will occur, which is a
non-equilibrium condensation phenomenon.
Spontaneous condensation of water vapor is widespread
in nozzles [1-4], steam turbines [5, 6], and airfoils
[7-10].

Turboexpander is the important equipment in the
fields of gas liquefaction, refrigeration industry, power
generation plant, etc. Some scholars have studied the
spontaneous condensation process in the
low-temperature turboexpander. In recent years, the
non-equilibrium condensation phenomenon of moist air
in nozzles has also been studied by many scholars, but
the flow in high-speed turbines is more complicated than
that in nozzles. There is little research on the
spontaneous condensation of moist air in the
turboexpander.

In this paper, the numerical simulation method is used
to simulate the spontaneous condensation of moist air in
a high-speed turboexpander, and the results of different
droplet growth rate models are compared and verified by
the corresponding experimental results. Furthermore, the
influence of the spontaneous condensation process is

analyzed through the comparison of dry air and moist air.
In addition, the influence of the expansion ratio on the
spontaneous condensation process in the turboexpander
is analyzed.

Experimental or Numerical Methods, etc.
In the numerical simulation, the Eulerian-Eulerian

multiphase model is used. The gas and droplet are
regarded as the continuous phase and dispersed phase,
respectively. Heat and mass transfer processes between
gas and droplet are calculated by the source terms. The
turbulence model of gas adopts the SST turbulence
model based on k-ω in CFX. The dispersed phase zero
equation turbulence model is used for the droplet.

Figure 1 shows the test rig of the moist air
turbo-expander, which is a component of an air
refrigerator. The air refrigerator was tested in the 3 HP
enthalpy difference laboratory of the Department of
Refrigeration and Cryogenics at Xi’an Jiaotong
University. The inlet humidity and temperature are
controlled independently.

Figure 1: The test rig of the moist turbo-expander.

Equations
The nucleation rate J, defined as the number of

droplets unit vapor mass unit time, is calculated by Eq.
(1).

2
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The Hertz–Knudsen equation for droplet growth
rate is calculated by Eq. (2)
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The Gyarmathy model is calculated by Eq. (3)
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(3)

The Young model is calculated by Eq. (4)
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The energy loss of each flow passage, q is defined
as the difference between the actual enthalpy drop and
the ideal isentropic enthalpy drop, is calculated by Eq.
(5)

       , 1 0 0 1 1
= ,s ,s , ,i s i i i i i i i i

q h h h P h P h P T h P T
  

               
(5)

where Pi-1 and Ti-1 represent inlet pressure and
temperature at the flow passage, respectively. Pi and Ti
represent outlet pressure and temperature at the flow
passage, respectively. s0 is the inlet entropy of the
turbo-expander.

Results and Discussion
Among the different droplet growth rate models, the

H-K model has the largest impeller loss and the smallest
diffuser loss, the smallest loss and the highest moist
efficiency, and the Yg model has the largest diffuser loss
and the lowest moist efficiency. With the increase of the
expansion ratio, the impeller passage with the nucleation
process has the largest energy loss, and the loss of the
nozzle and the impeller passage keeps increasing. Since
the nucleation process gradually disappears in the
diffuser, the loss of the diffuser flow passage is gradually
reduced. The maximum relative deviations of the moist
efficiency of the H-K model, the Gy model, and the Yg
model relative to the experiments are 2.71%, 1.55%, and
1.25%, respectively.

Figure 2: Analysis diagrams of turbo-expander under
different expansion ratios: a) energy loss in the flow
passage b) outlet temperature and efficiency.

Conclusions
In the droplet growth rate model, the number of

droplets predicted by the Young model is smaller and the
droplet growth rate is smaller, which is the closest to the
experimental results. With the increase of the expansion
ratio, simulated by the Young model, the nucleation rate
and the droplet number will increase, but the droplet
diameter will decrease. Under different expansion ratios,
compared with the experimental values, the maximum
relative deviations of the outlet humidity calculated by
the H-K model, the Gy model, and the Yg model are
3.54%, 2.04%, and 1.64%. The maximum relative

deviations of the refrigeration capacity calculated by the
H-K model, the Gy model, and the Yg model are 8.68%,
6.89%, and 6.57%.
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Abstract
The submerged reacting gas jet into liquid is of major

interest in many applications, such as in the field of
metal processing. This process involves in the chemical
reaction, phase change, two-phase flow and heat transfer
which are strongly coupled. In most research, the nozzle
of the gas jet is sonic nozzle. HCl/aqueous ammonia
system is usually used to study the submerged reacting
jet. In the present research, the gas jet from the Laval
nozzle is studied. The effect of the divergent angle of the
nozzle is examined. We find that the jet flow is also
unstable in nature. However, the plume length from a
Laval nozzle is larger than that from a sonic nozzle, and
the plume length decreases as the divergent angle
increases. The temperature of the liquid bath is also
studied.

Introduction
The submerged reacting gas jet into liquid involves in

the chemical reaction, phase change, two-phase flow and
heat transfer which are strongly coupled. The chemical
reaction takes place between the gas and the liquid.
Because of the heat release of the reaction, the liquid
evaporates into vapor and forms vapor jet. As the
temperature of the liquid bath is below boiling point, the
vapor condensates again as it flows away from the main
reaction zone. This ‘evaporation-condensation’
mechanism may cause instability of the gas-liquid
interface and is the main difference from other
submerged gas jet, such as the condensation jet in which
only the gas condensation takes place.

Many scholars have studied the submerged reacting
gas jet into liquid, and observed the prominent instability
of the jet like the periodic oscillation of the gas-liquid
interface and the cut-off of the gas jet. The structure of
the jet, especially the plume length which is defined as
the length of the gas penetration into liquid, is of major
interest. Several correlations of the plume length have
been obtained. In these research, the nozzle of the gas jet
is sonic nozzle.

Experimental Methods
HCl/aqueous ammonia system is usually used to study

the submerged reacting jet. In the present research, the
gas jet from the Laval nozzle is studied. High-speed
camera is used to capture the structure of the jet. The
plume length, width, cut-off position is analyzed.

Results and Discussion
The effect of the divergent angle of the nozzle is

examined. We find that the jet flow is also unstable in
nature. The cut-off phenomenon occurs like the case in a
sonic nozzle. However, the plume length from a Laval

nozzle is larger than that from a sonic nozzle, and the
plume length decreases as the divergent angle increases.
The temperature of the liquid bath is also studied. As the
temperature increase, more gas (mainly NH3) is
generated from the heat release of the reaction and the
gas is more difficult to condensate. Thus, the penetration
length of the gas increases. Moreover, the HCl jet
encountered less resistance and is easier to penetrate the
volatilized gas. As a result, the cut-off position is further
from the nozzle exit.

Figure 1: The structure of the submerged reacting gas jet
into liquid under different liquid bath temperature. (a)

T=21℃; (b)T=50℃. Both cases show the instability of
the gas-liquid interface and the cut-off phenomenon. As
the temperature increases, the plume length increases,

but the cut-off position is further away from nozzle exit.

Figure 2: Maximum plume length of different nozzle.
The horizontal axis indicates the ratio of the gas total

pressure and the liquid bath pressure. The vertical axis
indicates the non-dimensional maximum plume length.
As the gas total pressure increases, the maximum plume
length increase. However, as the divergent angle of the

nozzle increases, maximum plume length decreases.
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Abstract
Hopper flow characteristics are significantly affected

by particle shape. In this work, ellipsoidal particles
which can represent a large number of shapes are used to
investigate the shape effect on granular flow in a
cylindrical hopper. Numerical experiments are conducted
by used of the discrete element method, with its validity
verified by comparison with the results from physical
experiments. The results indicate that the particle shape
can make a significant effect on the flow pattern and wall
stress.

Introduction
Hoppers are widely applied in many industries such

as mining, metallurgy, and food industries. To develop a
comprehensive understanding of the dynamic behavior
of granular flow in a hopper, extensive studies have been
carried out by means of analytical, experimental and
numerical approaches. In particular discrete element
method (DEM) plays an important role as it takes into
account the discrete nature of granular materials without
requiring any global assumption needed in previous
macroscopic approaches and thus allows a better
understanding of the underlying mechanisms.

In present work, a granular flow in a cylindrical
hopper with a flat bottom is investigated by DEM.
Ellipsoidal particles with a wide range of aspect ratios
are used in the simulation.

Model Description
Techniques for DEM modeling of non-spherical

particles have been adopted in the previous work (Zhou
et al 2011a; 2011b; 2014; and Liu et al. 2014 and 2020).
A given particle in a granular system can have two types
of motion: translational and rotational. During its
movement, the particle may interact with its
neighbouring particles or walls, through which
momentum and energy are exchanged. Newton’s second
law of motion is used to describe the translational and
rotational motion of particle i are respectively given as :

(1)

and

(2)

where vi and ωi are the translational and angular
velocities of the particle, respectively, and ki is the
number of particles interacting with the particle.As
shown in Figure 1, the forces involved are: the
gravitational force mig, and inter-particle forces which
include elastic force fc,ij and viscous damping force fd,ij.
The torques acting on particle i by particle j include: Mi,ij
generated by the tangential force, Mr,ij commonly known
as the rolling friction torque, and also the torque Mn,ij
generated by the normal force when the normal force
does not pass through the particle center.

Figure 1: 2D illustration of forces acting on ellipsoid i in
contact with j.

Results and Discussion
The general solid flow patterns in a hopper have

been well discussed in the literature. Four typical flow
zones can also be identified in present study as shown in
Figure 2. There are three major differences due to
particle shape. Firstly, the mixed region near the side
wall. Mixed regions can be seen for spheres but
disappear for non-spherical particles. Secondly, the
shapes of particle layers. Oblate particles form a
V-shaped layer as spheres, and prolate layers are
relatively flat. Finally, the size of stagnant zone. Stagnant
zone for non-spherical particles is obviously enlarged.
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Figure 2: Snapshots showing the flow patterns from the
DEM simulations for different aspect ratios at the steady
state: (a) 0.3, (b) 0.5, (c) 1.0, (d) 2.0, and (e) 3.0.
DEM simulation considers the contact force between
particles resulting from particle collision. The analysis of
normal contact force is helpful to understand the effect of
particle shape. Figure 3 shows the force network in terms
of normal contact forces when D0 = 0.1 m. Generally,
large forces are experienced near the wall region at the
lower part. Small forces exist in the region close to the
orifice, and extend to the top part. The difference can
also be observed for different aspect ratios. For spheres,
the arch above the orifice is very low and difficult to
identify. But this is not so for ellipsoids. In particular, for
oblate particles of aspect ratio 0.5, the arch occupies a
large region extending from the orifice to the top part.
The force structure changes dramatically when aspect
ratio decreases to 0.3. Most of particles near the side wall
experience large contact forces and only the particles in
the central core suffer minimum contact forces. For
prolate particles, the height of arch increases with the
increase of aspect ratio. The force directions above the
arch shift from random distribution to vertical, which is
mainly caused by the preferable horizontal orientations
of prolate ellipsoids.

Figure 3: Force network from the DEM simulations for
different aspect ratios at the central slice with a thickness
of 0.02 m when D0 = 0.1 m: (a) 0.3, (b) 0.5, (c) 1.0, (d)
2.0, and (e) 3.0.
One particular aspect for the stress distribution is the
wall stress, a major concern in plant applications of
hoppers. An underestimation of the wall stress may lead
to rupture of a hopper.In the present study, the wall stress
is calculated by the normal contact force between
particles and vertical side wall. The wall stress
distribution with hopper height for various shapes is
shown in Figure 4. It can be observed that for spheres,

wall stress increases significantly firstly with the
distance increasing from the top till the height of 0.4 m,
then the increase slows down. Interestingly, for
ellipsoids excluding the case of aspect ratio 3.0, wall
stress reaches the first peak (e.g. 2800 Pa) at height 0.3
m, then decreases significantly to 2100 Pa at height 0.15
m.

Figure 4: Variation of wall pressure with hopper height
from the DEM simulations for different aspect ratios.
Further, wall stress increases again sharply, then may
reach the second peak. The case of aspect ratio 3.0
behaves slightly differently, with the first peak not
clearly observed. It can also be found that spheres
experience the largest wall stress, and this value will
decrease for flat or elongated particles. This is because
the ellipsoidal particles near the side wall prefer a
horizontal orientation, and tend to maintain local ordered
structure. Hence, as demonstrated in Figure 3, a large
number of force connections between ellipsoidal
particles are vertical, while the spherical particles
experience their largest forces in the horizontal direction.

Conclusions
DEM has been used to investigate the flow of

ellipsoidal particles in a flat bottom hopper.
Four typical flow zones can be observed for hopper

flow but the characteristics vary with aspect ratio. A
mixed region is observed in the plug flow area for
spheres which disappear for non-spheres.

Spheres can have a relatively weak force arch above
the orifice region, but for ellipsoids the force arch
occupies a large region and may extend from the orifice
to hopper top. Force direction for ellipsoids tends to be
ordered horizontally or vertically, depending on the local
particle structure. Spheres experience the largest wall
stress, and this value decreases for flat or elongated
particles.
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Abstract
This study is devoted to the development and

application of a Monte Carlo ray-tracing model to
simulate light scattering when a colloid suspension
droplet passes through a focused Gaussian laser sheet.
Such scattering scenarios arise when using the time-shift
measurement technique for particle sizing. The incident
laser sheet is treated as a large number of polarized light
rays: the Stokes vector of each light ray is tracked,
achieved by multiplication of the rotation matrix and the
Mueller matrix after each scattering event. For the Monte
Carlo simulation of light scattering, a very important
issue is to generate the deflection angle and azimuthal
angle for the new propagation direction after each
scattering event, for which the rejection sampling
method is used. Measurements verify the ability of the
code to properly simulate this light scattering scenario.

Introduction
Colloid suspension droplets are widely encountered

in industrial processes. It is of interest to characterize
such droplets using not only the drop size, but also the
colloidal concentration. Several existing optical
measurement techniques can measure the size of a
colloid droplet (Tropea 2011); however, few techniques
have been introduced to measure the colloidal
concentration (Tropea 2011; Li 2020). In the current
study, a fully three-dimensional polarized Monte Carlo
method is used to examine signal generation in a
time-shift device as a function of colloidal concentration.
The goal is to identify signal characteristics which may
be used to estimate the colloidal concentration from
individual droplets, in addition to their size and velocity

Description of the simulation method
The laser sheet is treated as a very large number of

light rays. The polarization state of individual light rays
is specified with the Stokes Vector S. The Stokes vector
is tracked during its propagation by each scattering event.
After a scattering event, the light ray is scattered from
the propagation direction k to a new direction k’. The
scattered Stokes vector ���� is updated by
multiplication of the rotation matrix R( � ) and the
Mueller matrix M(�), according to Eq. (1) (Li 2019):

���� �, � = �(�) ∙ �(�) ∙ �� (1)
The scattering from embedded inclusions is computed
using the Lorenz-Mie theory and by employing the

rejection sampling technique to update the new
propagation direction. Multi-reflection and refraction
within the droplet is accounted for, as is total reflection
at the drop interface. For this, the Mueller matrix
formulation is invoked at the drop surface to update the
Stokes vector.

Comparison between the simulation and experiment
results

To validate the simulation results, corresponding
experiments have been conducted to obtain the raw
time-shift signals by using the time-shift instrument to
measure the colloidal drops, the results are illustrated in
Figure 1 (Li 2021).

Figure 1: Comparison between the measured and
simulated time-shift signals for different colloidal
concentration

Conclusions
In this study, a Monte Carlo approach is used to

simulate the polarized laser light scattering from a
colloidal suspension droplet. The Stokes vector is
tracked throughout the entire scattering process. The
code was applied to simulate time-shift signals from
colloidal droplets, resulting in very good agreement with
experimentally obtained results.
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Abstract
A mathematic-physical model was established to

investigate the shell-side flow characteristic of film flow
in spiral wound heat exchanger (SWHE), which was
used for floating liquefied natural gas (FLNG). The
numerical study was carried out based on CLSVOF
model, and the numerical accuracy was validated by
experimental data. According to the results under static
conditions, sloshing motion could significantly shorten
the process of film flow in the heat exchanger, promote
the early occurrence of flow pattern transition and lead to
the remarkable change in frictional loss. Therefore, the
effects of sloshing parameters and working parameters
on shell-side flow pattern distribution were compared
and investigated. As a result, in order to maintain the
stable operation of FLNG SWHE, the heat exchanger
should be placed near the gravity center of FLNG, and
the shell-side pressure and mass flux should be
respectively increased to 0.6 MPa and 80 kg/(m2·s), as
far as possible.

Introduction
Recently, spiral wound heat exchanger (SWHE) has

been widely applied as the main cryogenic heat
exchanger in 90% of onshore liquefied natural gas (LNG)
plants and also become the first choice for offshore
floating LNG (FLNG) systems (Chang et al., 2012; Chen
2015), due to its advantages of compact structure, high
pressure resistance, efficient heat transfer, large scale
unit, multi-stream heat transfer capability and so on
(Zeng et al., 2015). However, because of the large size of
equipment and the low viscosity of working fluid, the
SWHE in FLNG system has faced the problems such as
weak resistance to offshore sloshing and unstable
liquefaction process during operation, which can affect
the stability, safety and economy of the whole system
(Waldie 2002). Therefore, it is necessary to deeply
investigate the performance of SWHE under sloshing
conditions.

At present, many researches on the shell-side
performance of SWHE have been carried out, and among
them, the research on heat transfer characteristic is
abundant (Abolmaali and Afshin, 2020; Jian et al., 2021)
while the research on flow characteristic is relative short.

Although researchers have experimentally observed
the flow patterns of two-phase boiling flow in the shell
side of SWHE and numerically analyzed the flow pattern
transition mechanism, these researches did not consider
the influence of sloshing conditions, and the results were

difficult to be directly applied in the field of FLNG
(Ding et al., 2018; Li et al., 2020). It is necessary to
study the shell-side flow pattern under sloshing
conditions so as to explore the influence of sloshing on
the shell-side flow characteristic from the mechanism
level.

Numerical Method
The governing equations of shell-side film flow are

shown as follows:
(1) Convective transport equation

(1)

(2)

(3)

(2) Momentum conservation equation

(4)
(3) Energy conservation equation

(5)

In the simulation of fluid flow, it is reasonable to
choose dynamic contact angle rather than static contact
angle. The following assumptions for the dynamic
contact angle model was carried out in this study:

(1) When the interphase contact line velocity equaled
to 0, the fluid was considered to be stationary, and the
contact angle at this point was the static contact angle.

(2) When the interphase contact line velocity did not
equal to 0, the flow velocity was considered to be large
enough for advancing and receding contact angles to
reach their maximum values and tend to be stable.

Figure 1: Shell-side geometric model and boundaries for
sloshing simulation.
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(a) rolling (b) pitching (c) heaving
Figure 2:A schematic map of sloshing motions.

Results and Discussion
As shown, for static condition, the distributions of gas

and liquid phases on the tube wall or in the flow space
are relatively independent and the phase interfaces are
clear. While, the influence of sloshing condition on flow
pattern is significant. An analysis of Figure 3(a) shows
that when the heat exchanger is located at the
equilibrium position, the effect of rolling motion is not
obvious. Nevertheless, when the heat exchanger is
located at the extreme position, the shell-side working
fluid is obviously affected by the rolling additional
inertial force, which makes the distributions of gas and
liquid phases change significantly. As a result, gas and
liquid phases are mixed with each other and the shapes
of phase interfaces become complicated. In particular,
the liquid phase will migrate along the heat exchange
tube wall under the action of rolling additional inertial
force. Therefore, the liquid film on the tube wall is more
continuous at the extreme position than at the
equilibrium position.

(a) x=0.01

(b) x=0.2
Figure 3: Flow patterns during one rolling period.

With the increase of shell-side vapor quality (i.e., x),
sloshing motion can enhance the shear action of gas
phase on liquid phase. Because of the influence of
sloshing additional inertial force, the liquid phase will
disperse in the shell-side space in form of droplets or
splash on the heat exchange tube walls, and the direction
of droplet movement is closely related to the direction of
inertial force.

Conclusions
Sloshing motion can lead to the migration of shell-side

working fluid, enhance the shear action of gas phase on
liquid phase and shorten the process of film flow in the
heat exchanger. As a result, the flow pattern transition
will take place in advance, leading to the remarkable
change in frictional loss.

Acknowledgments
The authors are grateful for the supports of Shanghai

Sailing Program (20YF1431300), National Natural
Science Foundation of China (NSFC) (52104067 and
52176016).

References
Abolmaali A.M., Afshin H., Numerical study of heat

transfer between shell-side fluid and shell wall in
the spiral-wound heat exchangers, Int. J. Refrig. Vol.
120 pp. 285–295 (2020)

Chang H.M., Lim H.S., Choe K.H., Effect of
multi-stream heat exchanger on performance of
natural gas liquefaction with mixed refrigerant,
Cryogenics, Vol. 52 (12) pp. 642–647 (2012)

Chen J., Scheme research of FLNG liquefaction
technology and key device in the South China Sea,
CIESC J., Vol. 66 (S2) pp. 300–311 (2015)

Ding C., Hu H.T., Ding G.L., et al., Influences of tube
pitches on heat transfer and pressure drop
characteristics of two-phase propane flow boiling in
shell side of LNG spiral wound heat exchanger,
Appl. Therm. Eng., Vol. 131 pp. 270–283 (2018)

Li J.R., Hu H.T., Wang H.X., Numerical investigation on
flow pattern transformation and heat transfer
characteristics of two-phase flow boiling in the shell
side of LNG spiral wound heat exchanger, Int. J.
Therm. Sci., Vol. 152 pp. 106289 (2020)

Jian G.P., Wang S.M., Wen J., Experimental study on the
tube-side thermal-hydraulic performance of spiral
wound heat exchangers, Int. J. Therm. Sci., Vol. 159
pp. 106618 (2021)

Waldie B., Liquid flow on inclined tubes and tube banks
for modelling of large coil wound heat exchangers
for floating LNG production, in: Proceedings of the
12th International Heat Transfer Conference,
Grenoble (2002)

Zeng M., Zhang P.Z., Li Y., et al., Geometrical
parametric analysis of flow and heat transfer in the
shell side of a spiral-wound heat exchanger, Heat
Transf. Eng. Vol. 36 (9) pp. 790–805 (2015)

Short biography
Yan Ren received her Ph.D. from Harbin Institute of



MTCUE-2022

486

Technology (HIT) in 2019 specializing in flow and heat
transfer performance of two-phase flow in the compact
heat exchanger. Since August 2019, she has joined the
School of Energy and Power Engineering, University of
Shanghai for Science and Technology (USST) as a
lecturer and a tutor of master degree candidate.

She was selected for Shanghai Sailing Program
(20YF1431300) in 2020 and continues her research work
on the two-phase flow characteristic. At present, she is

mainly engaged in the research of gas-liquid two-phase
flow, heat transfer and mass transfer, natural gas
liquefaction, new type heat exchanger (SWHE and
PCHE) and HVAC. She has published more than 10
papers in important academic journals at home and
abroad, including 7 SCI papers as the first author, and
applied for 3 national invention patents.

E-mail：renyan_0824@usst.edu.cn



MTCUE-2022

487

No.220241
Experimental and numerical simulation study on the fluidization
behavior of Geldart-D particles in pressurized fluidized bed

Hao Zhang, Siyi Shen, Weiyu Wang, Huibin Xu*

School of Energy and Power Engineering, Jiangsu University, Zhenjiang, 212013, China
Corresponding E-mail: huibin_xu@ujs.edu.cn

Abstract
Fluidization characteristics of Geldart-D particles at

elevated pressure P are investigated by experimental and
numerical simulation study. Results indicated that, as
increasing pressure, the fluidization of Geldart-D particles
became smoother, the bubble size decreased, the
fluidization behavior of Geldart-D particles would transition
to that of Geldart-B particles. Increasing the fluidization gas
velocity Uf and P could promote the mixing of the particles,
increasing the temperature would make the mixing rate
decreased.

Introduction
Pressurized fluidized bed technology is highly regarded

due to its advantages that could enhance the reaction rate,
reduce the equipment size, and effectively capture CO2

generated in the process of combustion and gasification
(Padban 2000; Mahapatro 2020). The fluidization
characteristics have significant effect on the design and
optimization of the reactors, as well as the stability and
efficiency of the fluidization process (Sidorenko 2004;
Zhong 2016). Compared with the fluidization under
atmospheric pressure, the fluidization behavior of particles
at elevated pressure is considerably different. Geldart-D
particles are widely used as the fuel particles in the
industrial process, such as combustion of municipal solid
waste and biomass gasification, while the fluidization
characteristics of Geldart-D particle are still uncovered.

Experimental and Numerical Methods
A pressurized fluidized bed experimental setup was built,

which contains an air supply system, an imaging record
system, a multi-channel differential pressure signal
sampling system, a quai-2D fluidized bed
(150mm×30mm×800mm), the operating pressure is at the
range of 0.1-0.4MPa.

Figure 1: Pressurized fluidized bed experimental setup
Numerical simulation is widely used to study

gas-solid flow. In the present work, particle fluidization
behavior at different operating conditions including
operating pressure (from 0.1MPa to 1.2MPa), and
temperatures (from 300k to 1200k) has been investigated

by the CFD-DEM method.
Details of the CFD-DEM model have been given in the

previous study. Therefore, only a very summary of the
model is presented here, the K-O SST model is used to
describe the flow field, and Huiling-Gidaspow model is
used to the drag on particles.
Mass conservation equations for the gas phase:

    0g g g g gvt
   

   


 (1
)

Momentum conservation equation for gas phase:
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The particle equation of motion for the solid phase:
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Results and Discussion
The typical flow pattern of particles under

fluidization number Uf/Umf=1.5 for different pressures P
are illustrated in Figure 2, the static bed height is kept
constant at 180 mm. For operating pressure P=0.1 MPa,
large bubbles could be observed at Uf/Umf=1.5. While, as
increasing the operating pressure P, the bubbles got
smaller and the fluidization behavior of the particles
became smoother. The reason for this phenomenon may
be attributed to the increase of pressure P make both
coalescence and splitting of the bubbles increase, while,
at higher P, the bubble splitting dominates over the
coalescence. With the increase of operating pressure P,
the fluidization behavior of Geldart-D particles would
transition to that of Geldart-B particles.

Figure 2: Flow pattern of particles for different pressures P
Figure 3 presents the flow patterns in experiments and

simulations when the fluidization gas velocity Uf=0.92m/s
and the operating pressure P=0.2MPa. The simulated flow
pattern can compare qualitatively with the observations of
experiments.
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Figure 3: Flow patterns in experiments and simulations (Uf
=0.92m/s, P=0.2MPa)

Figure 4 shows Instantaneous binary granular mixture
distributions under different operating conditions. Before
the fluidization, the binary system mixture of particle
systems was wholly separated.

Figure 4: Instantaneous binary granular mixture
distributions under different operating conditions.

Once the fluidization gas was injected into the bed, a
large bubble formed a gas plug and lifted the bed
completely, and the lifted jetsam fall downward
continuously. The upper bed became lighter with
particles falling, promoting the bubbles pass through the
bed. Subsequently, tiny bubbles formed above the air
distributor. The motion of bubbles provided a channel for
the upward movement of jetsam; with the increase in
mixing time, the concentration distribution of the
mixture in the bed gradually became uniform. At the
initial stage of the fluidization, the slug might be the
main reason for the mixing mechanisms in large particle
beds. The wake little and radial mixing contribution was
more rapid than axial mixing.

Figure 5: The effect of operating pressure on the mixing.
Figure 5 shows the change of the mixing index with

time for a binary mixture of particle systems at
Uf/Umf=1.6 under different P, in the initial mixing stage,
the mixing rate at P=0.2MPa was higher than that at
P=0.6 MPa and P=1.2 MPa. The reason for this
phenomenon is that, increasing the pressure P would
reduce the bubble size and increase the bubble frequency
the same fluidization number, which is beneficial to the
mixing of particles.

Figure 6 illustrates the mixing index of the binary
mixtures under different temperatures. Shown as the
figure, the mixing index decreased as raising the
temperature. The possible reason is that, the density of
the fluidization gas decreased as increasing the
temperature, causing the drag force act on the particles
decreased under the same Uf, which makes the
fluidization become less intense, and the mixing index
got decreased.

Figure 6: The effect of temperature on the mixing.

Conclusions
(1) As raising the pressure P, the fluidization of

Geldart-D particles became smoother and the bubble size
decreased, the fluidization behavior of Geldart-D particles
would transition to that of Geldart-B particles.

(2) Increasing the fluidization gas velocity Uf and
operating pressure P will promote the mixing rate of a
binary component system of Geldart-D particles. While
increasing the temperature would make the mixing rate
decreased.
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Abstract
Hydrogen is environmental-friendly fuel without

greenhouse gas (GHG) emissions and its applications have
attracted significant attentions from many industries
especially for ironmaking industry with massive fossil
energy consumption. The injection of hydrogen into blast
furnace (BF) is one of the most promising low-carbon
ironmaking routines. In this study, an experimentally
validated CFD-DEM model is adopted to investigate
dynamics, microstructure and thermochemical behaviours
in the raceway of BF with hydrogen injection operation
(HIO), which include raceway evolution, force distribution
and the co-combustion characteristics of hydrogen and coke.
Some significant features have been captured through
comparison analyses between HIO and AIO (air injection
operation). Especially, the effects of hydrogen injection
concentration on raceway size, gas temperature and
component are studied. The simulation results show that a
smaller raceway is formed under HIO in comparison with
AIO. In addition, the gas temperature is higher near tuyere
but lower along the tuyere axis, and the oxygen
consumption is larger and produces more CO. As hydrogen

injection concentration increases: i) the raceway size and
gas temperature decreases; ii) the CO generates at the early
stage and the maximum CO2 concentration moves to inlet
direction along tuyere axis. The results shed light on the
fundamental understanding of low-carbon ironmaking BF
technology.
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Abstract
Natural gas hydrate plugging is a major problem in

deepwater oil and gas filed flow assurance. Aiming at the
plugging problem of hydrate-containing multiphase flow
pipeline, a 1D pipeline gas-liquid-solid three phase flow
model was developed based on the two-fluid model and the
population balance equation, the model includes a
modification of the viscosity calculation method of hydrate

slurry. A deepwater gas field pipeline is simulated using this
model, the multiphase flow characteristics of the pipeline
are compared with OLGA and LedaFlow results, the
aggregation and fragmentation characteristics of hydrate
particles, and the viscosity of hydrate slurry where studied.
The model is conducive to reduce the uncertainty of hydrate
plugging risk.
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Abstract
The steel industry is the most important pillar industry

in the national economy. The iron and steel industry
consume a large amount of coal every year, which is an
important factor causing environmental pollution and global
warming. Therefore, the steel industry is an important
direction for China to achieve the goal of emission
reduction and consumption reduction. Hydrogen, as the
most potential clean energy in the 21st century, has attracted
wide attention from scholars at home and abroad in the field
of iron and steel smelting. Direct reduction iron uses H2 and
CO as reducing agents to reduce iron ore (pellets or
powders) to sponge iron (DRI) in solid state. Based on the
experimental data of hydrogen reduction of hematite
powder at lower temperature, the influence of temperature
on reduction time and rate was discussed. It was found that
the higher the reaction temperature was, the higher the
reaction rate was, and the shorter the reduction time was
required, but the reduction could still be achieved at a lower
temperature. Finally, the two-stage gas-solid reaction
kinetics of hydrogen reduction at low temperature was
analyzed.

Introduction
Compared with the traditional long-process blast

furnace ironmaking process, direct reduction iron has
obvious advantages of low energy consumption, low
pollution and low carbon emission. Using hydrogen as a
reducing agent, the gas generated after the reaction is water
vapor, which can further reduce CO2 emission. At the same
time, due to the small molecular size of H2. large diffusion
coefficient and large thermal conductivity, the reduction
reaction rate is faster and the efficiency is higher.

It is of great significance to study and develop the
process of direct reduction of iron at low temperature for
energy saving and emission reduction and enhancing the
safety of the reactor. Scholars in China and abroad have
conducted a lot of research on this. However, since many
researchers’ methods and conclusions are obtained under
specific experimental conditions, they fail to reveal the
general dynamic law, so it is necessary to conduct more
in-depth research on the reduction of low-concentration
hydrogen at low temperature.

Wang et al. used hydrogen to conduct an experimental
study on the reduction of 0.35μm-level ultrafine iron oxide
powder in the temperature range of 280°C – 400°C. The
results showed that the reduction rate of iron oxide powder
reached 51.3% at 280°C and 97.1% at 400°C. almost
completely reducing. In addition, from the perspective of
thermodynamics, the authors proved that the reduction
process from Fe3O4 to Fe was the rate-controlling stage of
the reaction.

Sastri et al. conducted an experimental study on the H2
reduction of α-Fe2O3 powder in the temperature range of
300°C – 400°C. They found that the reduction rate was
independent of the hydrogen flow rate, and there was a
platform at 11 % reduction degree of the reduction curve,
which was exactly corresponding to the quantitative
conversion of Fe2O3 to Fe3O4.

Pang et al. studied the hydrogen reduction kinetics of
iron oxide with different particle sizes at 450 °C -600 °C by
thermogravimetric analysis. The experimental results show
that at the same temperature, when the particle size of iron
ore powder decreases from 107μm to 2μm, the rate of
chemical reaction increases about 8 times due to the large
increase of contact surface area between hydrogen and
powder. At the same time, the apparent activation energy of
reduction reaction decreases from 78.3 kJ/mol to 36.9 kJ/
mol.

Wang et al. studied and analyzed the reasons of rate
decline in the later stage of low temperature reduction
reaction. They analyzed the morphological distribution of
hematite at the later stage of reduction by SEM and
believed that the serious bonding between powders caused
by the large amount of iron whiskers formed at this stage
was the reason for the decrease of reaction rate. Finally,
they used the Hancock-Sharp method to analyze the
dynamic process. The first stage was jointly controlled by
the interfacial chemical reaction mechanism and the phase
transformation mechanism, and the second stage was the
diffusion control.

Experimental Setup
Experimental solid material is reagent grade pure

Fe2O3 powder, particle size is less than 1μm level.
Drying at 150 °C for 10 hours. The surface morphology
was observed by SEM as shown in Figure 1. After that,
25mg samples were loaded into the crucible and placed
on the thermo gravimetric analyzer balance for hydrogen
reduction. The concentration of hydrogen was 10%.
During the heating process, nitrogen protective gas was
added. After holding for half an hour, 10% concentration
of hydrogen was switched to constant temperature
reduction. The reduction temperature range was
300-550 °C.
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Figure 1: SEM morphology of iron oxide powder

Results and Discussion
1 Thermodynamic equilibrium law of hydrogen
reduction of α-Fe2O3

It is generally believed that the presence of Wustite
(Fe1-xO) is unstable below 570°C. As shown in the
thermodynamic equilibrium diagram in Fig.2. hydrogen
reduction of hematite is carried out in two steps :

3Fe2O3+H2=2Fe3O4+H2O △rGϴm=-15547-74.4T

J·mol-1

Fe3O4+4H2=3Fe+4H2O △rGϴm =35550-30.40T J·mol-1

Figure2: Thermodynamic equilibrium diagram of
hydrogen reduction hematite
2 Effect of temperature on reduction

The experimental data of hydrogen reduction at 300°C
-500°C were analyzed. At 300°C, the reduction process
was very slow, and the reduction degree was about 20 %
at 600 min. With the increase of reduction degree, the
reduction rate decreased. When the reduction
temperature reaches 400 °C, the reduction rate reaches
80 % at 600 min, which is nearly four times that at
300°C. The effect of temperature increase on the
reduction efficiency is remarkable. In addition, a
platform was observed at about 11%, corresponding to
the complete reduction of hematite to magnetite, and
similar platforms were observed at temperatures above
400°C. This platform was not obviously observed on the

reduction curve at 300°C, and the reason remains to be
further studied. As shown in Fig. 3.

Compared with the reduction degree-time diagram
obtained by other researchers using thermogravimetric
analysis, the time required for the experiment to achieve
the same reduction degree in this paper is significantly
longer. The reason may be that the volume and
cross-sectional area of the crucible are small, and the
quality of the added iron oxide powder is relatively large,
resulting in a thicker powder layer, which hinders the
diffusion of hydrogen. It may also be associated with
lower hydrogen concentrations.

Figure 3: Reduction degree vs time at different
temperatures
Conclusions

1 Reduction at low temperature (< 570 ℃) was carried
out in two steps. The molar reaction Gibbs function in
the stage of, Fe2O3→ Fe3O4 became smaller than 0, and
the reaction was easy to proceed. The rate control stage
was Fe3O4 → Fe.

2 Temperature has a great influence on the reduction
rate of hematite. The higher the temperature is, the higher
the reduction rate is.

3 The reason for the long reduction time may be that
the smaller crucible volume affects the contact area of gas
and powder, and it may also be related to the low hydrogen
concentration.
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Abstract

In this paper, biomass was introduced as a new kind of
reductant for the reduction of iron ore to decrease the
energy consumption. The reduction kinetics and reduction
characteristics of three kinds of biomasses were studied by
thermogravimetric analyzer. The TG curves showed the
reduction reaction of iron ore and biomass could be divided
into three stages during heating process: drying and
pyrolysis of biomass process, pre-reduction process and
reduction reaction process. With the increase in the addition
of biomass, the activation energy of reduction reaction
increased gradually; with the increase in heating rate, the
activation energy of reduction reaction decreased.

Introduction
For coal-based direct reduction and high energy

consumption at present and poor quality of sponge iron,
application difficulty, poor stability of device characteristics,
combining with the characteristics of biomass energy, the
use of biomass pyrolysis in itself to produce reducing
atmosphere and green renewable biomass resources, rich
reserves of features to reduce the consumption of iron and
steel industry of coal resources, reduce CO2 emissions. In
N2 atmosphere, by thermo-gravimetric experiment focuses
on reduction temperature, mineral powder granularity, pellet
diameter and carbon oxygen mole ratio on the pellets
containing carbon reduction, the atmosphere is analyzed,
the kinetics of carbon pellets direct reduction reveal carbon
pellets by reducing the speed of the process of mechanism,
combining with the gasification of carbon analysis in the
process of carbon-containing pellets direct reduction role;
The influence of atmosphere on the metallization rate and
reduction degree of carbon pellets was investigated by
chemical analysis method, and the intensity change rule of
reduction of carbon pellets in different atmosphere was
analyzed. The phase and microscopic morphology change
of pellet reduction process in different atmosphere were
studied by X-ray diffraction and scanning electron
microscope energy spectrum analysis technology. The
reduction kinetics and microstructure evolution mechanism
of concentrate containing carbon pellets in the reduction
process were revealed.
Dynamic model

The rate and mechanism of solid phase reduction were
studied by non-isothermal method, and the avrami-Erofeev
equation model, nucleation growth model, phase boundary
chemical reaction model and diffusion model of iron oxide
reduction in different stages were determined. Based on the
Coats-Redfern method, the kinetics of reduction is
described as follows

��
��

= kf α

Conversion α、reaction rate k、Heating rate β：

α =
�0 −��
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where a is the conversion ratio, %; m0 m1 and m are the
sample mass at the start, the end and at time t respectively,
g; k is the chemical reaction rate constant; b is the heating
rate, K min-1; f(a) is the mechanism function; A is the
preexponential factor, min-1; E is the activation energy, kJ
mol-1; and R is the universal gas constant, kJ mol-1 K-1.
Then by integrating , we can get:
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Based on the calculations of fifteen chemical mechanism
functions above, the reduction reaction of iron ore by
biomass is confirmed well with shrinking core model.

dα
dT

=
Αi
β

−
E
RT

[2 1 − � 1
2]

Results and Discussion

In order to better understand iron oxides and biomass
carbon in the process of reduction reaction mechanism, and
the kinetics of the reduction process, according to the
change of the reaction rate, intercept the various
temperature nodes in reduction process, investigation in
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phase change law in the process of reduction, reduction in
the process of biomass carbon reduction mechanism is
analyzed. According to the weight loss rate change nodes
were selected at 400℃, 750℃, 920℃, 1050℃ as well as
600℃ and 850℃ as supplementary tests to analyze the
phase change of each node and the evolution law of the
morphology of iron ore particles. The phase transformation
of each temperature node and the change process from iron
oxide to iron were analyzed with the energy spectrum of
scanning electron microscopy. Combined with the
morphology change and phase analysis obtained the
approximate temperature node of phase change, from room
temperature Fe2O3 (hematite) in the initial stage of water
crystallization, to 750℃ gradually reduced to Fe3O4, at
850℃ was reduced to FeO, with the temperature rise to
880℃, Fe phase began to appear; At 900℃, iron whiskers
grow gradually and more FeO is converted into Fe. At
1050℃, the FeO phase almost disappeared and changed to
Fe.

Conclusions

(1) The results obtained in this work indicate that biomass
would be a potential good reductant for the reduction of
iron ore.

(2) The reduction reaction of copper slag by biomass
confirmed well with shrinking core model.

(3) The reduction rate of iron ore can be divided into five
phases. the reduced metal iron aggregated, flowed, and
connected into large pieces, and the slag and iron were
clearly separated
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Abstract

Supercritical water (SCW) is proposed as a promising
agent for in-situ heavy oil upgrading. This paper explores
the influence of reservoir minerals on the process of in-situ
heavy oil upgrading by SCW through experiments. The
study found that the heavy oil upgrading by SCW in
montmorillonite minerals and chlorite has the best effect,
which can significantly inhibit coking and improve gas
production. For oil quality, the upgrading process in calcite
and dolomite reservoirs can obtain more light oil
components. For gas production, the influence of minerals
mainly lies in the content of CO2, and quartz, potassium
feldspar, calcite and kaolinite can inhibit the generation of
CO2.

Introduction
Supercritical water (SCW) is proposed as a promising

heat transfer fluid for in-situ heavy oil upgrading. SCW has
the advantages of high diffusibility, high solubility, and high
reactivity (Guo et al. 2013; Jin et al. 2021). These properties
make it easier to enter the reservoir and provide a uniform
and rapid reaction environment for heavy oil upgrading.
Literature has shown that SCW can react with reservoir
inorganic minerals and extract the metal elements from it to
further catalyze the upgrading process (Olukcu et al. 1999).
Therefore, this paper explores the influence of reservoir
minerals on the process of in-situ heavy oil upgrading by
SCW through experiments.

Experimental Methods
The heavy oil sample in the experiment is from Shan 56

area of Sinopec Shengli Oilfield. The mineral sample is
made of natural minerals (Supplier: Shijiazhuang Dehang
mineral direct store) after crushing to 375 mesh particles.
The mass ratio of oil to supercritical water to mineral is
1:1:0.85. The experiment was carried out in a
high-temperature and high-pressure reactor at 400℃ 25
MPa, and the duration was 2 hours. The crude oil group was
set as the control group.

The oil component in the oil-mineral mixture was
extracted by Soxhlet extractor with toluene for 48 hours.
Next, the oil-toluene mixture is evaporated to separate the
toluene at 80℃ by rotary evaporator. Then the remaining
liquid is put into the oven at 125℃ for 48 h to ensure that
the toluene is completely evaporated. Finally, the oil is
collected for detection.

Results and Discussion
Figure 1 shows the product distribution of heavy oil

upgrading by supercritical water. The gas production of
the Ca-MMT group increased most significantly, which
was twice that of the crude oil control group.

Montmorillonite minerals (MMT, Ca-MMT, Na-MMT)
and chlorite show obvious coking inhibition effect. The
coking is reduced by more than 10% than crude oil
control group. From the overall effect, the heavy oil in
montmorillonite minerals and chlorite minerals has the
best upgrading effect, which can significantly inhibit
coking and improve gas production.

Figure 1: Product distribution of heavy oil upgrading with
reservoir minerals by supercritical water.

In terms of oil production (Fig.2). Except calcite
and dolomite, other minerals have no significant impact
on the distribution of SARA components of oil after
upgrading. When the upgrading process is carried out in
clay minerals, the content of saturates and asphaltenes
decreased slightly, while the content of aromatics
increases by about 5% compared with the crude oil
control group. On the other hand, the content of
aromatics in calcite and dolomite group increased
significantly, and the asphaltenes decreased, indicating
that calcite and dolomite promoted the conversion of
asphaltene components to aromatic components in heavy
oil. Therefore, when the upgrading process occurs in
dolomite and calcite reservoirs, more light components
can be obtained.

Figure 2: Distribution of SARA components of oil after
upgrading.

In terms of gas production (Fig.3), the components
are mainly hydrocarbon gas and hydrogen, accompanied
by a small amount of CO2. The influence of minerals on
gas production mainly lies in the content of carbon
dioxide, among which quartz, potassium feldspar, calcite
and kaolinite can inhibit the generation of carbon dioxide.
However, for the heavy oil upgrading process in
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montmorillonite minerals and albite, the CO2 content in
the gas production increases by 3%-4%.

Figure 3: Distribution of gas components.

Conclusions
The heavy oil upgrading by SCW in montmorillonite

minerals and chlorite has the best effect, which can
significantly inhibit coking and improve gas production. In
terms of oil quality, the upgrading process in calcite and
dolomite reservoirs can obtain more light oil components.

In gas production, the influence of minerals mainly lies in
the content of CO2, and quartz, potassium feldspar, calcite
and kaolinite can inhibit the generation of CO2.
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Abstract
The bubble evolution on the photoelectrode surface in

photoelectrochemical water splitting can change the mass
transfer of gaseous products and induce additional
resistance. In this paper, the growth and nucleation of a
single oxygen bubble over a titanium dioxide (TiO2)
nanorod-array electrode was investigated by combining
electrochemical measurement and high-speed microscope
imaging. The results show that bubble evolution on
microelectrodes caused the regular oscillation of
corresponding overpotential and photocurrent. The bubble
evolution on the microelectrode surface can be divided into
three periods: bubble waiting period (nucleation waiting),
growth period and departure period. The increase of light
intensity leads to longer bubble waiting time and growth
time, larger bubble diameter and smaller contact angle.

Introduction
Photoelectrochemical (PEC) water splitting has a

promising application which can obtain clean hydrogen
energy and store intermittent solar energy. This technology
was first discovered in 1972 by A.Fujishima and K.Honda
which used titanium dioxide substrate (Fujishima, 1972). In
order to improve the efficiency of PEC water splitting for
hydrogen production, researchers have designed a variety of
photocatalytic materials to improve the photocatalytic
activity and facilitate the separation of charges (Kalanur,
2018). However, the efficiency of PEC water splitting
depends not only on the activity of the photocatalytic
material, but also on the mass transfer near the
photoelectrode surface (Modestino, 2016).

The nucleation and growth of bubbles on the electrode
surface of electrochemical and PEC water splitting are
driven by the supersaturation of dissolved gas (Chen, 2018,
Chen, 2018, Chen,2019, Cao, 2020). The previous work
about the bubbles on the surface of the photoelectrode in
PEC water splitting mainly focused on optical loss due to
scattering and reflection of light by bubbles, but the current
or potential fluctuation caused by the evolution of
individual bubble was less studied.

In this paper, a model system of PEC water splitting on
titanium dioxide-nanorod photoelectrode is presented to
study the current and potential fluctuations corresponding to
the evolution of individual bubble.

Experimental Setup
The schematic diagram of the experimental

measurement system is shown in Fig. 1. The apparatus
mainly consisted of three parts: irradiation system,
reaction system and microscope high-speed imaging
system. The irradiation system consisted of a 375 nm
semiconductor laser (RGB-Laser Systems) with an
adjustable power range from 0 to 76 mW, an optical lens

with a focal length of 100 mm, and an achromatism laser
beam expander with 5× magnification. The laser beam
was expanded by the beam expander and then aggregated
by the optical lens. The radius of the laser spot can be
adjusted by adjusting the optical lens to ensure the
generation of a single bubble. The radius of the laser spot
was about 300μm. In the reaction system, a TiO2
working electrode, a Pt gauze counter electrode
(10mm×15mm×0.2mm) and an Ag/AgCl reference
electrode were used. These three electrodes were placed
in Na2SO4 aqueous electrolyte inside a rectangular quartz
cell (50×50×50 mm3) and were connected to an
electrochemical workstation (ModuLab XM ECS,
Solartron Analytical). The microscopic high-speed
imaging system was mainly composed of a high-speed
camera (Photron SA-Z) and an optical microscopy
(OPTEM Zoom 125C). The high-speed camera was
connected with the electrochemical workstation through
a synchronizer to record the growth process of bubbles
synchronically. An LED light source with a 420nm high
pass filter was also placed on the back of the quartz
reaction cell to obtain a clear image of the bubble edge.
In the experiment, the system temperature was 298.15 K
and the pressure was 1.013×105Pa.

Figure 1: Schematic of the experimental setup.

Results and Discussion
1 Dynamic characteristics during bubble growth period
1.1 Bubble evolution and overpotential under constant
current

Bubble evolution on microelectrodes caused the
regular oscillation of corresponding overpotential. The
bubble evolution on the microelectrode surface can be
divided into three periods: bubble waiting period
(nucleation waiting), growth period and departure period.
As the laser power increases, both the bubble waiting
time and the growth time become longer. As shown in
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Fig.2.

Figure 2: Overpotential curves corresponding to the
bubble evolution.
1.2 Bubble evolution and photocurrent under constant
overpotential

Under constant voltage conditions, the three phases
corresponding to the evolution of bubbles are also
observed. As the laser power increases, the bubble
evolution period becomes longer and the photocurrent
gradually increases. However, When the laser power is
larger, the increase of the photocurrent caused by the
increase in laser power is smaller. As shown in Fig.3.

Figure 3: Photocurrent curves corresponding to the
bubble evolution.

In summary, the bubble evolution on the
microelectrode surface can be divided into three periods:
bubble waiting period (nucleation waiting), growth
period and departure period. The increase in laser power
causes an increase in the bubble period.
2 Diameter and contact angle at bubble growth period

The relationship between bubble diameter and time
conforms to db = βtα. The bubble growth approximately
goes through two different stages, inertial-controlled
stage and reaction-controlled stage. The bubble diameter
increases approximately linearly within 100 ms of
bubble generation, which conforms to the
inertial-controlled growth. At this point,
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The changes of the bubble contact angle with time
under different laser powers are similar. It can be seen
that the dynamic contact angle of the bubble decreases
gradually with the growth of the bubble under the same
laser power. As the laser power increases, the contact
angle of the bubbles becomes smaller. As shown in Fig.
4.

Figure 4: Evolution of bubble growth diameter and
dynamic contact angle under different light intensities.

Conclusions
1 Bubble evolution on microelectrodes caused the

regular oscillation of corresponding overpotential and
photocurrent. As the laser power increases, both the bubble
waiting time and the growth time become longer.

2 The bubble evolution on the microelectrode surface
can be divided into three periods: bubble waiting period
(nucleation waiting), growth period and departure period.
The relationship between bubble diameter and time
conforms to db = βtα. The bubble growth approximately
goes through two different stages, inertial-controlled stage
and reaction-controlled stage.

3 It can be seen that the dynamic contact angle of the
bubble decreases gradually with the growth of the bubble
under the same laser power. As the laser power increases,
the contact angle of the bubbles becomes smaller.

Acknowledgments

The financial support of the National Nature Science
Foundation of China (No. 51888103) is gratefully
acknowledged. The authors also wish to express gratitude to
all participants in this study.

References
A. Fujishima, K. Honda, Electrochemical Photolysis of
Water at a Semiconductor Electrode, Nature. 238 (1972)
37–38.
S.S. Kalanur, I.-H. Yoo, K. Eom, H. Seo, Enhancement of
photoelectrochemical water splitting response of WO3 by
Means of Bi doping, J. Catal. 357 (2018) 127–137.
M.A. Modestino, S.M.H. Hashemi, S. Haussener, Mass
transport aspects of electrochemical solar-hydrogen
generation, Energy Environ. Sci. 9 (2016) 1533–1551.
J. Chen, L. Guo, X. Hu, Z. Cao, Y. Wang, Dynamics of
single bubble departure from TiO2 nanorod-array
photoelectrode, Electrochimica Acta. 274 (2018) 57–66.
J. Chen, L. Guo, Nanoscale capillarity for mitigating gas
bubble adhesion on arrayed photoelectrode during
photoelectrochemical water splitting, Appl. Phys. Lett.
(2019)
J. Chen, L. Guo, Size effect of one-dimensional
nanostructures on bubble nucleation in water splitting,
Appl. Phys. Lett. 115 (2019) 101602.
Z. Cao, Y. Wang, Q. Xu, Y. Feng, X. Hu, L. Guo,



MTCUE-2022

501

Visualization of bubble dynamic behaviors during
photoelectrochemical water splitting with TiO2
photoelectrode, Electrochimica Acta. 347 (2020) 136230.

Biography
Teng-fei Nie (1998- ), male, is a PhD student in State Key

Laboratory of Multiphase Flow in Power Engineering,
Xi’an Jiaotong University.
In 2019, I graduated from school of energy and power
engineering of Xi’an Jiaotong University and received a
bachelor degree. Now I mainly research on bubble
dynamics during photoelectrochemical water splitting



MTCUE-2022

502

No.220248
The spraying characteristics of the ethanol in the simple-jet regime with

needle-plated electrode
Qian Kong, Zhentao Wang*, Bin Li, Kai Yu, Huibin Xu

School of Energy and Power Engineering, Jiangsu University, PO Box 28, Zhenjiang, Jiangsu, 212013, China
Corresponding E-mail: zhentao.wang@ujs.edu.cn

Abstract
The simple-jet regime in electrohydrodynamic

atomization (EHDA) of anhydrous ethanol with different
breakup mechanisms is visualized by high-speed camera.
The operating window of the simple-jet mode is presented
to indicate that the simple-jet regime only operates in the
suitable range of Weber number and electric Bond number.
The atomization characteristics such as stable length,
particle size distribution and diffusion angle of the simple
jet of anhydrous ethanol are further analyzed.

Introduction
The electrical stresses generated by a strong electric

field acting on the liquid surface, causing a jet of liquid
issue from the capillary, is known as electrohydrodynamic
atomization (EHDA). EHDA can produce charged uniform
droplets and easily regulates the size and trajectory of
droplets by altering electric voltage and liquid flowrate.
EHDA has been extensively applied into many industrial
and agricultural fields, even pharmaceutical industry. In
order to further expand the application of EHDA in
practical engineering applications, an in-depth study of the
hydrodynamic principles and properties of the different
atomization modes in EHDA is necessary.

Experimental Methods
The experimental device is illustrated in Figure 1 and

designed to observe microscopic morphology on the
simple-jet evolution and electrified jet instabilities. The
experimental device essentially consists of syringe pump
(KDS, thread speed range 1μm/min to 65mm/min, accuracy
±0.5%), high voltage generator (DW-N503-1ACDF,
adjustable range of direct electric potential: -30~0kV,
current range: 0~2mA), high-speed microphotography
system (micro zoom lens model: NAVIRTAR 12X;
high-speed digital camera model: Phantom V1611,
maximum frame rate: 105 fps), computer and needle-plated
electrode and LED cold light. All the experimental
equipment must be grounded to ensure the safety.

Figure 1: The experimental setup

Results and Discussion
The simple-jet mode can be developed from

dripping, dripping faucet (transition), and jetting when
subjected to a sufficient strong electric field caused by
nozzle-plated electrode. In dripping mode at low Weber
number, the unstable simple-jet occurs, while the stable
simple-jet mode happens as Weber number higher than
the critical value. In faucet and jetting regime, the
simple-jet mode can easily take place, and jet undergoes
typical breakup mechanism including varicose, whipping,
whipping assisted bifurcation and ramified instabilities
as electric potential increasing. The operating window
for the simple jet mode, as shown in Figure 2.

The results show that as the electric potential
increases, the droplet size decreases and the particle size
distribution gradually shows a clear monodispersibility.
The changes in diffusion angle and stabilization length
are not only influenced by changes in flow rate and
potential, but also vary significantly due to the
mechanical properties of the different breakup regimes.

Figure 2: The operating window of the simple-jet mode

Figure 3: Particle size distribution of the droplet
diameters with ethanol at q = 50 ml/h

Conclusions
The simple-jet can easily occur when the jet at

dripping faucet and jetting regime, corresponding critical
Weber number 5.38 and 7.75, respectively. The operating
parameters of the simple-jet mode with ethanol are
presented. The liquid flowrate and electric field strength
have an important effect on the simple-jet. The instabilities
patterns with ethanol are abundant than with water because
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of smaller surface tension with ethanol. These findings will
help to further understand of the simple-jet mode.
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Abstract
In this paper, the hydrocarbon generation effect of low

maturity organic-rich shale in 360℃ and 21 MPa subcritical
water for 2-12 h was simulated by a closed reactor. In the
range of 2-12 h, the oil production rate and gas production
rate reach the maximum at 12h under sub-critical water
condition, which is 20.4921 kg oil/ton shale and 19.973
m3/ton shale respectively. The content of saturated
hydrocarbon and aromatic hydrocarbon in oil was
significantly higher than the relative content of resin and
asphaltene, and the relative content of carbon dioxide and
hydrogen in gas was significantly higher than that of other
gas components.

Introduction
The bottleneck of oil shale development is how to

accelerate the conversion of solid organic matter to
hydrocarbon generation. Subcritical water has higher
diffusivity, reactivity and solubility than normal water. This
unique physical and chemical properties make it have a
broad application prospect in the conversion and utilization
of oil shale.

In this paper, the hydrocarbon generation effect of low
maturity organic-rich shale in 360℃ and 21 MPa subcritical
water for 2-12 h was simulated by a closed reactor.

Experimental Methods
All experiments were carried out in a Hastelloy alloy

reactor with a volume of 80 ml, a temperature of 600℃ and
a pressure of 35 MPa. Six working points of 2 h, 4 h, 6 h, 8
h, 10 h and 12 h were set, and a certain amount of oil shale
and deionized water were added to the reaction kettle. After
the reaction, oil and gas products were further tested. The
following formula was used to evaluate the oil and gas
production rates.

���� = ����/��ℎ��� × 100% (2)

���� = ����/��ℎ��� (3)

Results and Discussion
Figure 1 shows the relationship between oil

production rate and reaction time, and Figure 2 shows
the relationship between gas production rate and reaction
time. Both oil and gas production rates increased with
increasing time.

Figure 1: Change in oil production rate over time.

Figure 2: Change in gas production rate over time.

Figure 3: Sara analysis of oil.

Figure 4: Gas chromatographic analysis of gas.

Conclusions
The content of saturated hydrocarbon and aromatic

hydrocarbon in produced oil was significantly higher than
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that of resin and asphaltene. The content of carbon dioxide
and hydrogen in produced gas was significantly higher than
other gas components
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Abstract

Gas injected into liquid through submerged nozzles is
widely utilized in many industrial applications, such as
basic oxygen furnace, oxygen bottom-blown smelting, pool
scrubbing and so forth. In general, the injected gas transfers
its kinetic energy to the liquid and participates in some
processes gas undergoes reactions. There are serious
problems in the zone close to the nozzle, such as nozzle
burnout and the erosion of the nozzle and its surrounding
refractory bricks. Studies are carried out to investigate the
origin of these phenomena through the characteristics of
submerged gas injection, including bubble dynamics, gas
holdup and gas-liquid interfacial area, etc.

In this study, the fan-shaped and hollow-circular-shaped
multi-channel nozzles, which are widely used in oxygen
bottom-blown smelting, are simplified and utilized to study
the double-bubble generation behavior by high-speed
photography and digital image processing. The
experimental setup is presented in Fig.1. The variation of
projected bubble area and bubble equivalent diameter dB

during the bubble generation are analyzed. Meanwhile, the
judgment of bubble detachment is discussed according to
the experimental results.

Fig. 1 Schematic diagram of experimental setup

The variation of the projected bubble area under
special-shaped multi-channel nozzle is given in Fig. 2.
According to the observed images, the bubble area becomes
to the first peak when the first bubble in the double-bubble
sequence detaches, and soon decreases. Subsequently, the
second bubble grows and coalesces with the first one. At the
end of bubble generation, the area of the coalesced
double-bubble appears the second peak. The variation trend
of bubble area at five fan-shaped multi-channel nozzles
under different double-bubble sequences in Fig. 2(a) is
consistent with those at five hollow-circular-shaped
multi-channel nozzles in Fig. 2(b).

From the results of dB at five hollow-circular-shaped
multi-channel nozzles in Fig. 2(a), dB increases
exponentially with the bubble growth time, and the dB

increases with the gas flow rate. Compared with dB in

Figure 2(b), the number of nozzle flow channels has little
effect on the bubble equivalent diameter.

(a) Five hollow-circular-shaped (b) Five fan-shaped
Fig. 1 Variation of the projected bubble area under

special-shaped multi-channel nozzle

(a) Five hollow-circular-shaped (b) Six hollow-circular-shaped
Fig. 2 dB under selected gas flow rates

The empirical correlation of the dimensionless
detachment diameter of the double-bubble d*(=dB/do) based
on the dimensionless area A*(=AB/Ao) and the modified
Froude number Fr at the outlet was obtained by the least
square method. Compared to the empirical correlations in
the literature, the empirical correlations proposed in this
work can accurately predict the bubble detachment diameter
at the moment of double-bubble detachment, as shown in
Fig. 3.

(a) Circular multi-channel (b) Sector multi-channel
Figure 3 Bubble detachment diameter

The experimental results indicate that the dB of
double-bubble at the nozzle outlet increases exponentially
with the increase of growth time, and dB increases with the
increase of gas flow rate. The time when the value of the
bubble area becomes the maximum can be used as the
judgment for the bubble detachment time. The prediction of
the empirical correlations proposed in this work for the
bubble detachment diameter have good agreement with
experimental results.

Keywords: special-shaped multi-channel; detachment
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Abstract
Electrocoalescence is an energy-efficient and

environmentally friendly process for separating water-in-oil
emulsions. In this study, nanoparticle-laden droplet-droplet
electrocoalescence behaviors under external electric fields
were numerically investigated using molecular dynamics
(MD) methods. The influences of electric field strength,
droplet diameter, nanoparticle (NP) concentration, NP size,
and electric frequency were systematically examined,
analyzed, and discussed from the perspective of
intermolecular interactions. The NPs migrated to the liquid
bridge to form nanoparticle shell under electric fields, and
the NP brown motion increased the breakup probabilities,
leading to partial electrocoalescence, which is undesirable
in oil-water separation process. The results of this work will
be potentially useful for optimizing the design of compact
and efficient oil-water separators.

Introduction
Though the present work is an incremental study of the

previous work of Li et al. [1], the research contents and
objects of the two studies are definitely different.
Pioneering work on the microscopic mechanism of
NP-laden droplet-droplet electrocoalescence was conducted
in the present study, while NP-laden drop-interface
electrocoalescence was investigated in the previous work.
In this paper, the influences of electric field strength,
droplet diameter, NP concentration, NP size, and electric
frequency on droplet-droplet electrocoalescence are
systematically examined, analyzed, and discussed from the
perspective of intermolecular interactions by analysis of
MD trajectories. Through studying the above aspects, we
tried to understand the following novel issues. What is the
microscopic mechanism of the NPs migrating at the
oil-water interface under DC and AC electric fields? How
are the interactions between NPs, ions and H2O molecules
influencing the droplet-droplet coalescence under DC and
AC electric fields? The outcomes of this work illustrate the
underlying mechanisms of NP-laden droplet-droplet
electrocoalescence at the microscopic molecular level, and
this is potentially useful for optimizing the design of
oil-water separation devices.

Numerical Methods
In this paper, we followed the MD approach of the

previous work [2] with nitrogen as continuous phase, and
the schematic model is shown in Fig. 1. Two water droplets
with diameter of 6 nm were set 3nm away from each other
in a rectangular box with dimensions of (70×20×20) nm3.
Hydroxylated quartz was used to represent silicon dioxide
(SiO2) to maintain the charge balance, and the SiO2 NPs
were carved out from amorphous SiO2 [2,3]. The MD

simulations were conducted at 298.15 K and 100 kPa. the
H2O molecule number of each water droplet was 3768, and
the N2 molecule number was 690. In addition, 10 Na+ and
10 Cl− ions were added to each droplet to simulate the
droplets in realistic environment and also to accurately
reproduce the partial coalescence processes [4]. The electric
field was applied along the direction along the x axis.

Figure 1: Initial configuration of the simulation system.

Equations
The CHARMM36 force field was employed in all the

MD simulations. The water phase was described by the
SPC/E model [5]. The vdW interactions were described by
a 12-6 Lennard-Jones (LJ) potential [6]:

���vdW ��� =
�12
���12

−
�6
���6

= 4�
�
���

12

−
�
���

6

,
(1)

The long-range electrostatic (Coulomb) interaction [6]
is:

���ele ��� =
����

4��0���
, (2)

Results and Discussion
With the application of external electric fields, the

two droplets were accelerated to approach each other.
Fig. 4a shows the evolution of dimensionless
droplet-droplet distance with the dimensionless time at
different electric field strength. The curve slope
illustrates that the distance reducing rate (approach
velocity) increased rapidly with increasing strength,
indicating that a strong electric field leads to a large
electric force acting on the droplets and thus a large
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approach velocity. Moreover, under the coupling effect
of electric force and surface tension, the droplet-droplet
leading edges gradually change from a hemisphere to a
cone, i.e., a Taylor cone [7]. Fig. 4d shows that the cone
angle increased with increasing field strength, agreeing
with the previous experimental and numerical studies.
Bird et al.[8] reported that the cone angle determines the
electrocoalescence (complete or partial) behavior. In this
paper, the critical cone angle from complete to partial
coalescence was found to be 35.25° (Fig. 4d, Ecri=0.6
V nm−1), which is in good agreement with the
experimental study of [8] (30.80°) and the numerical
study of [9] (34.80°). In addition, liquid bridge plays
vital roles in coalescence process, and the dimensionless
time evolution of dimensionless liquid bridge width at
different E is illustrated in Fig. 4b. It can be clearly seen
that at low field strength (Fig. 4b, E=0.3-0.6 V nm-1),
the liquid bridge was continuously widened with
increasing time, indicating complete coalescence. At
high strength (Fig. 4b, E=0.7-0.9 V nm-1), though the
curve slopes (liquid bridge widened rate) were large
when the dimensionless time was less than 2, the bridge
widths were subsequently remained at a small metastable
value, corresponding to the detached water molecules
ejecting (breakup) process in partial coalescence. From
Fig. 4, though strong DC electric field significantly
accelerated the coalescence process, it was harmful to
the coalescence efficiency.

Figure 2: Curves of dimensionless droplet-droplet distance
(a), dimensionless liquid bridge width (b), dimensionless
post-coalescence droplet deformation ratio (c) as functions
of dimensionless time at different field strengths; (d) Curve
of cone angle as a function of field strengths.

Conclusions
The influences of electric field strength, droplet

diameter, NP concentration, NP size, and electric frequency
on droplet-droplet electrocoalescence were systematically
examined, analyzed, and discussed from the perspective of
intermolecular interactions by analysis of MD trajectories.
In the presence of external electric fields, the SiO2 NPs
migrated to the liquid bridge to form nanoparticle shell.
Moreover, the random brown motion of the SiO2 NPs

increased the breakup probabilities of the post-coalescence
droplet. Therefore, the existence of SiO2 NPs would lead to
the partial electrocoalescence, which is undesirable in
oil-water separation process. In addition, though strong DC
electric field significantly accelerates the coalescence
process, it reduced the coalescence efficiency. At dp=0.53
nm, the electrostatic and vdW interactions between the
water-phase molecules, and the electrostatic interactions
between SiO2 molecules played dominant roles in the
overall system.
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Abstract
In this paper, the author has carried out experiments at

different superficial gas and liquid velocities on the Long
Pipeline-S-Riser System. By establishing a one-dimensional
model corresponding to the experimental system, we
compared the experimental signal with the pressure and
differential pressure under different flow patterns obtained
by the one-dimensional model, and analyzed the change
rules of the pressure fluctuation amplitude, period and other
characteristic parameters. We find that the model in this
paper can simulate most of the subdivision flow patterns
among the major types of flow patterns., which proves that
the model has a high accuracy.

Introduction
With the depletion of onshore and offshore oil and gas

resources, it has become an inevitable trend to develop
seabed oil and gas in our country. In the process of offshore
oil and gas exploitation, pipeline-rise system with complex
topology are often laid on the seabed, which are
characterized by large height and small diameter. With the
change of gas-liquid velocity, the flow pattern in the
pipeline is also complex and changeable. In the later stage
of oilfield exploitation, severe slugging flow will occur due
to the decrease of gas-liquid velocity, which is a harmful
flow pattern with periodic fluctuation of pressure drop
inside the pipe. However, it is difficult to carry out the high
similarity model experiment with marine engineering under
laboratory conditions. The development of relevant
numerical simulation and analysis is a new way to study the
multiphase flow problem in the pipeline-rise system.

In this paper, a one-dimensional model corresponding to
the experimental system is established by numerical
simulation. The two-phase flow under different gas-liquid
flow rates is simulated, and the characteristic parameters
such as pressure and pressure difference are obtained. The
simulation results are compared with the experimental
results. The variation law of characteristic parameters such
as pressure fluctuation amplitude and fluctuation period
under different flow conditions is explored to provide
reference for flow safety in deep sea oil and gas
exploitation.

The flow pattern classification in this paper is mainly
based on the overall pressure difference signal of the
S-shaped riser section, and numerical values are performed
on three major types of flow patterns: severe slugging flow
(SS), transitional severe slugging flow (SST), and steady
flow pattern (ST). We simulate and compare the results of
the numerical simulation of the riser pressure difference
with the experimental results. The liquid slug length of
severe slugging flow is not less than that of a riser with
obvious periodic characteristic. Maximum static pressure
difference of riser with pressure fluctuation less than 30%
in stable flow. The transitional severe slugging flow

includes all the flow patterns between the severe slugging
flow and the stable flow. The pressure fluctuation range of
the transitional severe slugging flow is between the severe
slugging flow and the stable flow, showing some
irregularity.

Experimental or Numerical Methods
The experiment was completed on the Long

Pipeline-S-Riser System test bench of the State Key
Laboratory of Multiphase Flow in Power Engineering of
Xi’an Jiaotong University. The experimental loop adopts a
horizontal-downward-riser structure. The experimental
system is shown in Figure 1. Shown.

The numerical model is constructed by Ledaflow
software, and the topological structure of the model is
shown in Figure 2. In LedaFlow's one-dimensional model,
materials with the same thermal properties are often
regarded as a separate fluid, and the specific form
(continuous or dispersed) of each fluid is defined as a field.
For the three-phase flow of oil, gas and water in the
Pipeline-Riser System as shown in Figure 2, there may be
up to 9 fields, including 3 continuous fields and 6 scattered
fields, as shown in Figure 3.

The model must sequence the mass, momentum, and
energy conservation equations for each field, and also
satisfy the fluid volume conservation equation.

Figure 1: Schematic diagram of the experimental system

Figure 2: Topological model of Pipeline-S-Riser System

Figure 3: LedaFlow nine field model diagram

Results and Discussion
You can change the title of the section, and you can

include figures and tables. Discuss briefly your results.
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As shown in Fig. 4, the inlet pressure of the pipeline
and the base pressure of the riser were compared
between the experiment and the simulation. The signal
time lag occurred in the experiment, but such changes
were not observed in the model.

（a）Simulation （b）Experiment
Figure 4: Simulation and experimental pressure images
（Red line for inlet pressure, black line for riser bottom

pressure）
Three types of fine-distributive flow patterns ( SS-I,

SS-II, SS-III ) of severe slugging flow are mainly
simulated, and the comparison results of overall pressure
difference of riser are shown in Fig. 5.

Figure 5: Simulation and experimental comparison of
severe slugging flow（The red line is simulated, the black

line is experimented, and so is the figure behind）
The three types of the transitional severe slugging

flow are mainly simulated: the first type of transitional
severe slugging flow (SST-I), the second type of
transitional severe slugging flow (SST-II) and the
oscillation flow (OSC). The comparison results are
shown in Figure 6.

Figure 6: Simulation and experimental comparison of
transitional severe slugging flow pattern

Four types of stable flow patterns such as bubbly
flow, slug flow, annular flow, and churn flow are also
simulated. The comparison results are shown in Figure 7.

（a） （b）

（c） （d）
Figure 7: Stable flow pattern results comparison

between simulation and experiments

Conclusions
（1）The model in this paper failed to obtain the process
of pressure wave propagation along the pipeline, and
entered a cycle of liquid slug falling and liquid slug
growing into the next complete slug cycle after the end
of the severe slugging flow eruption, and failed to
capture the small eruption of Taylor's large bubbles in the
riser after the completion of the eruption.
（2）Three kinds of severe slugging flows found in the
experiment can be simulated in this paper: severe
slugging 1(SS1), severe slugging 2(SS2) and severe
slugging 3(SS3). The simulation results of SS1 riser
fluctuating differential pressure and slug cycle are closer
to the experiment, but the differential pressure growth
rate is slightly different in the liquid growth stage. The
simulated pressure difference fluctuation range of SS2
and SS3 is different from the experimental value. The
reason is that water in the riser is regarded as completely
discharged in the treatment of serious slug flow eruption
stage in the model, while in the experiment, water in the
riser is discharged in the form of Taylor bubbles, and the
water in the tube is not completely discharged.
（3）In this paper, SST-2 and OSC severe slugging flows
can be simulated, but SST-1 can not be simulated. The
length of the straight pipe used to construct the S-shaped
riser is slightly smaller than the actual pipe, resulting in
the average and maximum differential pressure of the
S-shaped riser are slightly smaller than the experimental
results.
（ 4 ） In this paper, four types of steady flow can be
simulated: bubble flow, slug flow, annular flow and
churn flow. The differential pressure fluctuation
amplitude of the four flow patterns is larger than the
experimental results, while the mean value of the
differential pressure of the riser is smaller than the
experimental results.
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Abstract

Hydrocyclone is one of the widely used commercial
solid-liquid separators in many industries because of its
high separation efficiency and simple configuration. Its inlet
structure significantly determines inner flow distributions
and facilitates the formation of vortices. In this study, an
experimentally validated two-fluid model based on
Computational Fluid Dynamics (CFD) is employed to
investigate the effects of the tangent-circle inlet pipe with
three types of structures (Type A, B and C) on its inner
flows and the global performance of a hydrocyclone.
Numerical results from Type A and B show that the pressure
drop and tangential velocity increase evidently with the
cross-flow section areas decreasing, which facilitates the
coarse particles moving towards the wall and fine particles
towards the center. In addition, the separation efficiency
decreases while the cut size increases with the reduction of
inlet area. However, Type C has a relatively small pressure
drop loss compared to the two other types and slight
affection on the separation efficiency and cut size. It is
found that a smaller amount of water splitting to underflow
can be obtained in Type A, which results in less energy
consumption and better mitigates the misplacement of
coarse and fine particles in overflow and underflow. Overall,
Type A structure can present an ideal separation curve with
a smaller cut size and sharpness.

Fig. 1. Three types of the tangent-circle inlets
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Abstract
The present keynote lecture develops the self-similar

equations of motion of disperse two-phase flow fields and
applies them to pressure-atomized free sprays. Parameters
in the self-similar equations are obtained from detailed
phase-Doppler experiments, varying the Weber and
Ohnesorge numbers of the nozzle flows independently. The
experiments for use with self-similar spray characterisation
must ensure high statistical reliability of the drop data, even
at the edges of the spectra of drop properties. The
experiments show that both the liquid drop and the gas flow
fields of pressure-atomized sprays may be self-similar.

Introduction
Sprays are produced by atomization of a liquid in an

ambient gaseous medium. The properties of the two-phase
flow fields of sprays cannot be described in a universal
manner for all kinds of sprays. Axisymmetric free spray
flow fields, however, exhibit self-similar properties, so that
they can be described in an elegant way using the concept
of self-similarity. In air-assisted atomization, Li and Shen
(1999) and Ariyapadi et al. (2003) found that the mean axial
drop velocity may exhibit self-similar profiles. Panchagnula
and Sojka (1999) and Desantes et al. (2011) modelled the
sprays as self-similar single-phase jets with variable density,
resulting in similar scaling variables as obtained for the
single-phase case. Diesel-type sprays were investigated by
Wu et al. (1984), and self-similar axial velocity profiles
were reported far downstream from the injector. Soltani et
al. (2005) found self-similar regions of normalized mean
drop velocities and normalized Sauter-mean diameters in
sprays from liquid-liquid coaxial swirl atomizers. The
present authors (Hinterbichler et al., 2020) showed that the
motion of the gas phase, which is induced by momentum
transfer from the liquid phase, exhibits the same self-similar
velocity profiles as single-phase submerged gas jets.

The present keynote lecture develops the self-similar
equations of motion of disperse two-phase flow fields and
extends them to include heat and mass transfer at the
droplets.

Experimental and Analytical Methods
Parameters in the self-similar equations are obtained

from detailed phase-Doppler experiments, varying the
Weber and Ohnesorge numbers of the nozzle flows
independently. The experiments for use with self-similar
spray characterisation must ensure high statistical reliability
of the drop data, even at the edges of the spectra of drop
properties. The experiments, as represented by Fig. 1, show
that both the liquid drop and the gas flow fields of
pressure-atomized sprays may be self-similar (Hinterbichler
et al., 2020).

The work by Hinterbichler et al. (2020) is advanced by
modeling heat and mass transfer between the drops and the
gas based on the self-similar spray description. This

accounts for spray evaporation. For this purpose, both the
concentration of the vapour phase and the gas-phase tempe-

Figure 1: Flow field of a pressure-atomized spray with
gas-phase velocity profiles.

rature are determined by well-known transport equations
in their self-similar forms. The self-similar representation
of the effect of drop evaporation is compared against
results obtained using the Frössling correlation for the
Sherwood number. A modified drag law for single
droplets is proposed for providing the drop velocity
relative to the gas phase. The vapour concentration at the
drop surface is obtained from a droplet vaporization
model based on a mass and energy balance of a moving
droplet in a non-saturated atmosphere. The vapour
concentration determined from the self-similar analysis
and the respective mass source remain to be validated
against experiments or results from numerical
simulations.

Results and Discussion
The investigations show that both the gas and the

liquid droplet phases in the flow field of a free
pressure-atomized spray behave as self-similar. The
profiles of the downstream velocity of the gas phase are
shown in Fig. 2.
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Figure 2: Self-similar downstream gas-phase velocity profile
from model and experiment as a function of the self-similar
coordinate.

The first steps towards the inclusion of heat and
mass transfer across the drops and transport of the
vapour in the gas phase of the spray are done. Parameters
needed in the self-similar descriptions remain to be
determined and the models validated.
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Abstract
Design of centrifugal compressors is critical for the

power output and fuel economy of the microreactors
coupled with SCO2 circulations. In the present study, we
focused on the comparison, evaluation and selection on the
empirical loss models used of the single-zone method. A
steady-state 1-D mean-line program and a comprehensive
evaluation (PCA) system were built up. Based on these
tools, 54 widely accepted loss model sets were tested and
evaluated in the performance prediction of Sandia National
Laboratory (SNL)’s SCO2 compressor. From the evaluation
results, an optimal loss model set for aerodynamic analysis
of SCO2 centrifugal compressors was found out and
recommended. Thereby, we proposed an optimized design
model for SCO2 compressors in next generation nuclear
reactors of micro power levels.

Introduction
For the nuclear reactors coupled with SCO2 power

systems, high-precision and high-performance design of the
SCO2 centrifugal compressor is undoubtedly a prominent
contribution to the fuel economy and power density [1].

At present, the most widely accepted theory in the
preliminary design and performance prediction of SCO2

compressors is the single-zone method (1-D mean-line
model) developed by Aungier [2]. However, the singular
properties of near-critical fluid and special flow structures
of SCO2 compressors introduce significant uncertainties in
the empirical correlations of the single-zone method. In this
scenario, these important empirical correlations proposed
and calibrated on traditional aerodynamics and ideal gases,
might not be sufficiently accurate and suitable for the
aerodynamic analysis of SCO2 compressors. This is
especially conspicuous for the loss models. Researches have
revealed that different ways to select or combine the
individual loss correlations might produce very different
results in performance prediction [3].

In the present study, we focused on the comparison,
evaluation and selection on the empirical loss models used
of the single-zone method. A steady-state 1-D mean-line
program and a comprehensive evaluation (PCA) system
were built up. Based on these tools, 54 widely accepted loss
model sets were tested and evaluated in the performance
prediction of Sandia National Laboratory (SNL)’s SCO2
compressor. From the evaluation results, an optimal loss
model set for aerodynamic analysis of SCO2 centrifugal
compressors was found out and recommended. Thereby, we
proposed an optimized design model for SCO2 compressors
in next generation nuclear reactors of micro power levels.

Approaches and Methods
In the 1-D mean-line model, once geometry parameters

and working conditions of the centrifugal stage are
appointed, performance indicators of the compressor such
as performance curves can be obtained by solving the mass
equation, Euler Equation and energy equation. In this work,
the solution processes of the conservation equations are
integrated into in-house codes written in MATLAB. The
thermodynamic properties of CO2 are directly fetched from
REFPROP database using customized DLL files.

The most significant part in the one-dimensional models
is the loss models. With the specific correlations to
calculate the concrete value of every item of loss, the loss
models could give a fairly accurate assessment on the
dissipated input work. The impeller losses play vital roles in
aerodynamic analysis, and are divided into internal losses
and parasitic losses. The internal losses basically consist of:
1) incidence loss, 2) blade loading loss, 3) skin friction loss,
4) tip clearance loss and 5) wake mixing loss for subsonic
compressors. The parasitic losses consist of: 1) disk friction
loss, 2) leakage loss and 3) recirculation loss.

Table 1 lists the most cited correlations for the eight
impeller loss mechanisms mentioned above. These
correlations totally generate 2×3×3×3=54 feasible loss
model sets through permutation and combination.

Table 1: Most frequently cited loss models for the loss mechanisms (Blue items: the optimal model) [2, 4]
Category Item Correlation 1 Correlation 2 Correlation 3 Meaning

Internal
Loss

Incidence Conrad Aungier describe the
irreversible
flow inside the
passage of the
impeller

Blade Loading Coppage
Skin Friction Jansen Schlichting Colebrook
Tip Clearance Jansen Krylov-Spunde Rodger
Wake Mixing Johnston-Dean

Parasitic
Loss

Disk Friction Daily-Nece Shepherd Boyce parasitic to the
structures of
rotational parts

Leakage Aungier
Recirculation Oh

Results and Discussion
For each set of loss correlations, the relative

prediction errors of �2 and �04 were computed at 10

different off-design conditions tested by SNL. And the
average value, standard deviation and maximum value of
� �2 (relative prediction error of �2 ) and � �04
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(relative prediction error of �04 ) are computed
respectively.

To give a more objective assessment of loss models,
and utilize the abundant statistic information available in,
this study managed to build up a comprehensive
evaluation system based on the principal component
analysis (PCA) method. Averages, maximums and
standard deviations of prediction errors on �2 and �04
(6 indexes together) are concurrently involved to indicate
the optimal loss model set that shows consistently best
accuracy at the widely off-design conditions.

In time, with the combination of optimized models,
an optimal loss model set was determined for
aerodynamic analysis of SCO2 centrifugal compressors.
Specifically speaking, the optimal loss model set chosen
by this article uses Conrad correlation for ∆ℎ�� ,
Schlichting correlation to compute �� ; Krylov

correlation and Boyce correlation were adopted to
calculate ∆ℎ�� and ∆ℎ�� respectively.

To obtain a broader vision of the single-zone method,
we tested the mean-line program with the optimal loss
model set by reproducing the three individual working
curves of SNL SCO2 compressor. Results of the
recurrence test are shown in Figure 1.

In Figure 1, we can see the predicted working curves
by the optimal loss models are in good consistence with
the experimental data of SNL. The relative prediction
errors of pressure ratio could be confined within 5.0%,
the relative prediction errors of isentropic efficiency
could be confined within 10%. At 55 krpm, performance
prediction of the optimized single-zone method has been
well close to the data points from experiments, the
prediction errors of pressure ratio and efficiency both
reduced to less than 2.5%. This validates the good
characteristics of the selected loss model.

(a) pressure ratio (b) isentropic efficiency

Figure 1: Performance prediction of SNL SCO2 centrifugal compressor with the optimal loss model

Conclusions
In the present study, an optimal loss model set for

aerodynamic analysis of SCO2 centrifugal compressors was
found out and recommended.
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Abstract
In this study, we have developed a numerical code

based on the Lattice Boltzmann Method in order to
stably and quickly compute a gas-liquid two-phase flow
with a high-density ratio with a phase change. The phase
change was modeled by considering the energy balance
at the gas-liquid interface. In order to estimate the
amount of phase change accurately, we decided to use
the sharp interface method for the energy conservation.

Using the developed code, we analyzed a Stefan
problem and obtained results that were in good
agreement with the analytical solution. We also tried to
reproduce nuclear boiling phenomena by adding a
microlayer model, conjugated heat transfer, and nuclear
generation model to the calculation code. As a result, we
obtained results that are in good agreement with the
experiment in terms of bubble separation cycle,
separation diameter, heat transfer coefficient, and so on.
It was confirmed that this calculation code can efficiently
analyze the gas-liquid two-phase flow with phase
change.

Introduction
Gas-liquid two-phase flow with phase change has

been observed in many industrial devises such as
combustion engines, boilers, air conditioners, and
cooling of thermal equipment. Experimental
measurements are often difficult because these
phenomena are characterized by small spatiotemporal
scales as well as complex changes at the gas-liquid
interfaces. Therefore, as one of alternative methods, it is
expected to understand and predict such complex
phenomena by numerical simulation.

When a phase change is also involved in two-phase
flow phenomena, a large amount of source and sink
occurs simultaneously during such computations, so it
takes enormous time to solve the pressure Poisson
equation iteratively. Furthermore, since the spatial scale
varies in boiling and jets, which are often encountered in
industrial equipment, large-scale analyses are required.

Currently, various computational methods are being
developed, but the computation of gas-liquid two-phase
flow has been still difficult. In recent years, the Lattice
Boltzmann Method (LBM) (Timm et al. 2017) has been
attracting attention as a method different from
conventional methods. LBM has excellent computational
efficiency, mass conservativeness, and applicability to
complex phenomena. Therefore, by applying LBM to
gas-liquid two-phase flow, especially to complicated
phenomena with phase change, it is expected to reduce
analysis costs and realize computations that have been
difficult until now.

Based on the above background, the purpose of this
study is to develop an LBM-based analysis method that
enables to stably analyze gas-liquid two-phase flows
with high-density ratio accompanied by phase changes.

Results and discussion
The validity and usefulness of the proposed method

were confirmed by several verifications. However, only
the result of a Stefan problem is shown herein.

Figure 1 shows a Stefan problem. We analyzed how
the interface moves to the right due to the heat supply
from the liquid phase side. The boundary conditions
were an adiabatic slip wall at the top and bottom, an
isothermal wall at the left, and a free outflow surface at
the right. In this problem, an analytical solution for the
interface position and temperature field can be obtained
by solving the energy conservation equation in the liquid
phase under the moving boundary condition.

Figure 2 shows a comparison between the numerical
calculation results of this method and the analytical
solutions. It can be recognized that it is in good
agreement with the analytical solution.

Figure 1: Schematic of Stefan’s problem. The density ratio
is 5, viscosity ratio is 5, thermal conductivity ratio is 2,
constant pressure specific heat ratio is 1, Laplace number is
31.25, and Stefan number is 0.2.

Figure 2: Comparison between analytical and present
results. (a) Interface position, (b) Temperature.

Conclusions
In this study, we have developed an LBM that can

stably compute gas-liquid two-phase flow with phase
change. The development method was verified with
some problems. In addition, we succeeded in
reproducing nuclear boiling with a high density ratio and
a large deformation of the interface. Furthermore, it was
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confirmed that the calculation cost can be significantly
reduced compared to the numerical calculation method
in the previous researches.
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Abstract
In this study, we modeled the Dry Reformation of

Methane (DRM) process computationally in a lab-scale
packed and fluidized beds using an Eulerian-Lagrangian
approach after validating literature cases. The validated
models will effectively be used to investigate the fluidized
and packed bed performance. Our simulated results show
that the adopted CFD approach is reliable for modeling
complex beds at different scales and that DRM significantly
improves the industry's utilization of greenhouse gases
(GHG) by replacing the conventionally used Steam
Reformation of Methane (SRM). We thus believe that the
proposed system can be a good framework for a fluidized
bed for industrial-scale reactor simulation in future work.

Introduction
The most common commercial method and the least

expensive process for industrial hydrogen/syngas
production is the Steam Reformation of Methane (SRM).
Despite its cost competitiveness and operational maturity,
SRM still suffers from the drawback of producing high
quantities of CO2 (7.05 kg CO2 for every kg of H2) [1]. As
a result, many researchers and scientists have been
investigating alternatives to SRM that can adequately
address the challenging GHG emissions problem while
maintaining the process's functionality in the petroleum
refining and petrochemical industries. DRM raised
scientists' attention as a possible replacement to the SRM
due to the attractiveness in CO2 utilization, energy
efficiency, minimization of GHG and CO/H2 rich syngas
valuable production, an intermediate that can be routed for
several chemical applications such as Fischer–Tropsch
synthesis [2].

Experimental or Numerical Methods, etc.
Eulerian-Lagrangian approach has been employed to

validate selected DRM literature cases, Benguerba et al. and
Durán et al., having studied different reactor setups, packed
and fluidized beds, respectively with dissimilar operating
and catalysts conditions [3, 4].

Figure 1: experimental set-up (a) Benguerba et al. [3] (b)
Durán et al. [4]

Following the literature validation, the fluidized bed will
be tested and analyzed against the packed bed using unified
operating conditions.

Multi-Phase Particle in Cell (MP-PIC) method will
simulate the process. It groups particles into parcels,
making particles tracking slightly implicit.

Results and Discussion
Selected literature cases have been validated and

thus showing that the Eulerian-Lagrangian coupled with
MP-PIC would be a robust tool able to almost match the
literature experimental and simulation DRM process
results across the packed and fluidized beds.

(a) (b)
Figure 2: conversion of experiment and simulation under
the different temperature. (a) CH4; (b) CO2. [3]

Table 1: validation of Durán et al. and verified fluidized
bed’s performance against a packed bed with similar
operating conditions.

Bed P
(bar)

T
(K)

CH4:CO2:
N2

(mole)

XCH4,
Exp.
[4]

XCH4,
Sim.

Packed bed 1.0 773 1:1:1.3 - 26.6%
Bubbling

fluidized bed 1.0 773 1:1:1.3 21% 29.7%*

* The simulated fluidized bed has different kinetics used than the literature.

Conclusion
Eulerian-Lagrangian method is successful in

simulating DRM process in different reactor setting and
fluidized bed performance showed a higher reactant
conversion than the packed bed.
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Abstract
Supercritical water gasification (SCWG) technology is

considered as a potential technology to realize resource
utilization of biomass waste, thus many researches were
conducted by scholars. Among these researches, dynamic
study of the reactor is an important aspect. However, related
published literature is relatively limited. In this study, a
reactor network model suitable for fluidized bed reactor was
established, and the established kinetic model was applied
to this reactor. Firstly, the energy balance calculation was
performed to make sure the accuracy of the RNM. Then
dynamic response of output including hydrogen yield,
gasification efficiency, LHV of fuel gas and LHV of biochar
etc., to different input parameters was analyzed. It was
found that the LHV of fuel gas and energy efficiency
increased with flowrate, while LHV of biochar decreased
moderately.

Introduction
Hydrogen energy is a potential energy form, while it

is not a primary energy source, which must be produced
from other resources, like coal, oil, natural gas or other
fossil energy. But these ways were not so efficient
because it would cause more CO2 emission. Another way
for H2 production was through conversion of a renewable
and clean energy source, like biomass [1]. And
supercritical water gasification technology is considered
a potential technology for efficient conversion of
biomass. So researches on SCWG were performed by
scholars [2]. While understanding the flow and heat
transfer process occurred in the reactor is essential since
it could provide guidance for the scaling up and
industrialization of SCWG technology. However, it is
rather difficult to obtain detailed flow, heat and mass
transfer, reaction information in the reactor by
experimental method due to the complicated supercritical
condition. Thus, numerical simulation plays a more and
more important role to help gain important information
on the gasification in SCW [3]. However, relevant
studies on reactor mainly focused on steady state
analysis. But it is rather important to perform dynamic
simulation, especially for the supercritical water
gasification reactor, to promote widespread
industrialization of this technology. So in this paper,
dynamic response of fluidized bed reactor was discussed.

Establishment of Reactor network model (RNM)
RNM, that was, using the network of simple reactor

to represent the complicated fluidized bed reactor, was
established according to the flow field distribution and
reactions occurred in different regions, as shown in
Figure 1. The room temperature feedstock flew

downward when it entered the reactor because of high
density, forming a low-temperature zone, which was plug
flow. Most of the particles remained at the bottom of
reactor, forming a dense phase zone with high particle
concentration, and this zone was represented by fully
mixed flow. While part of particles was moved upward
by the high-temperature fluid, forming a low
concentration zone (freeboard zone), and this zone was
also represented by plug flow reactor.

Figure 1: Division of reactor based on the characteristic of
flow field and establishment of RNM

Equations
Response of different outputs were studied, including

hydrogen yield, gasification efficiency, LHV of fuel gas and
LHV of biochar. They were defined as:

Results and Discussion
To verify the accuracy of the RNM, energy balance

calculation of the system was performed, which was shown
in Figure 2. It can be seen that the input energy contained
heat duty, enthalpy of inlet, and LHV of biomass; while
output energy included enthalpy, LHV of fuel gas, LHV of
biochar, LHV of other products, and energy loss. Total
energy efficiency was 21.4%.
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Figure 2 Energy balance calculation

Based on the energy balance calculation, dynamic
analysis of reactor was conducted. Figure 3 showed the
response of outputs to disturbance of flowrate, which was
increased from 85 kg/h to 94 kg/h (increased 10%) at 1000
s, pressure of 25 MPa, wall temperature of 700℃, preheat
water temperature of 600℃.

Figure 3 Response of different outputs to flowrate: (a) LHV
of fuel gas; (b) LHV of biochar; (c) LHV of biomass; (d)

Energy efficiency

It could be seen that LHV of biomass increased
sharply since the flowrate of biomass increased by 10% at
1000 s. Enthalpy of fuel gas increased sharply since yield of
fuel gas, like hydrogen, methane, and carbon monoxide
increased, while enthalpy of biochar raised first since
biochar yield increased sharply due to increase of biomass
flowrate. Then it decreased moderately, and reached a new
balance state. As for energy efficiency, it decreased sharply
since the sharp increase of biomass flowrate. Then it
increased moderately since the yield of gas products
increased continuously.

Conclusions
This work established a RNM of fluidized bed reactor,

and energy balance calculation was performed. Then
dynamic characteristic was discussed. It was found that the
energy efficiency increased with flowrate increased by
10%.
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Abstract
Supercritical water (SCW) gasification is one of clean

and efficient utilization way of coal or biomass for
hydrogen generation. However, the intrinsic mechanisms in
this complex process are still unclear, in which radicals
diffusion studies are essential. For severe SCW
environment, relevant experiments are difficult. From this
perspective, molecular dynamics (MD) simulations have
become an efficient and convenient approach to investigate
the process in SCW. Therefore, in this paper, ∙H, ∙O, ∙C6H5

and different radicals diffusion coefficients in SCW
environment was studied by means of MD simulations. And
the effects of temperature and pressure on radical diffusion
coefficients were investigated in this work. The results
illustrated that higher temperature in SCW environment can
enhance the diffusion of the radicals in the studies
especially for ∙H radical, therefore facilitating and
promoting reactions for hydrogen production.Higher
pressure had a negative impact on diffusion coefficients of
∙H and ∙OH radicals. This work is prospective to understand
the diffusion properties of radicals in SCW better and may
provide a theoretical support for accomplishing efficient
complete coal gasification for hydrogen production.

Introduction
Free radicals reactions played a crucial role in reaction

mechanisms of organic substances in SCW gasification(JIN
H.,et al.2020) and notably free radical termination reactions
dominate to produce stable products(Vogel F.,et
al.2005;Wei N. et al.2021).It was noteworthy that the
existing research focused on free radicals diffusion and
diffusion coefficient in supercritical water was rare.
Therefore, the radicals (i.e. ∙H, ∙OH,∙CmHn,etc.) diffusion
under various SCW circumstances was studied by MD
simulation method in this paper and the diffusion
coefficients of the radicals in SCW were obtained. This
work is expected to understand the diffusion of radicals in
SCW and provide a theoretical basis and support for the
entire gasification and clean utilization of coal using SCW
for hydrogen production..

Simulation Methods
During MD calculations, a radical such as ∙H, ∙OH or

the other radical was placed in the center of the cubic box.
NPT ensemble was applied in MD simulations. The time
step was 1 fs. The non-bonding interaction between
particles was described by COMPASS. The Ewald and
Atom based summation methods were selected respectively
for electrostatic and van der Waals.Infinite dilution
coefficient of the solute was calculated based on Einstein
Equation. The diffusion coefficient, namely D, was 1/6 of
the slope of the diagram of the mean square displacement of

solute molecule over time (t), as shown in the equation (1)
below.

Equations

   0
6

1
lim ii
t

rtr
t

D 


(1)

Results and Discussion
Typically,the effects of temperature and pressure on

different radical diffusion coefficients were investigated
in this work. The results showed that higher temperatures
and lower pressures can improve the diffusion of ∙H
radical and ∙OH radical. Under the temperature of 1023 K
and the pressure of 25 MPa, the diffusion coefficient D of
∙H reached 554.05307×10-8 m2/s, which was much higher
than that of other radicals in this work.Results illustrated
that higher temperature in SCW environment can
enhance the diffusion of the radicals in the studies
especially for the ∙H radical, thus facilitating and
promoting reactions for hydrogen production.

Conclusions
MD simulations methods were applied to study

radicals diffusion in SCW environment. The impact of
temperature and pressure on radical diffusion coefficients
were investigated. The results showed that higher
temperatures and lower pressures can improve the diffusion
of ∙H radical and ∙OH radical in the studies. Under the same
condition, the diffusion coefficient D of ∙H was much
higher than that of other radicals in this work. Moreover,
the increase in temperature may significantly enhance the
diffusion of the studied radicals in SCW, especially for ∙H
radical, thus promoting and facilitating relevant reactions
for hydrogen production.
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Abstract
This paper presents a learning-based quantitative

multiphase flow measurement approach using Electrical
Capacitance Tomography (ECT) and field coupling model.
A deep net named FC-UNet is trained and evaluated using
the dataset generated by the 3D Fluid-Electrostatic Field
Coupling Model. The deep net is validated using the
dynamic gas-liquid flow experimental data. The results
demonstrate that combining the field coupling model and
deep net such as FC-UNet can achieve quantitative
multiphase flow imaging using ECT.

Introduction
Multiphase flow is ubiquitous in the energy industry.

Accurate visualization and measurement of multiphase flow
are crucial to the fundamental research of flow mechanics
and engineering applications [1]. There are as yet no
low-cost, non-invasive, and non-radioactive solutions for
in-situ quantitative multiphase flow imaging. Electrical
Capacitance Tomography (ECT), as an agile, non-invasive,
and non-radioactive imaging modality, presents massive
potential in multiphase flow measurement. However, ECT
suffered from inferior spatial resolution due to its ill-posed
and non-linear inverse problem [2], limiting it to qualitative
imaging in most applications.

This paper investigates quantitative multiphase flow
imaging with ECT and machine learning. A
learning-based ECT image reconstruction algorithm
named FC-UNet is introduced for quantitative flow
image reconstruction [3]. The network is trained using
the Edinburgh Multiphase Flow (EMF) dataset, which
will be available in www.research.ed.ac.uk/en/datasets/.
The EMF dataset is generated from the 3D
Fluid-Electrostatic field Coupling Model (3D-FECM),
which simultaneously simulates dynamic multiphase
flows and ECT sensor readouts. FC-UNet is compared
with commonly used ECT algorithms, i.e., the Linear
Back Projection (LBP) and the Tikhonov regularization
[3, 4], and Deep Back Projection (DBP) in our previous
work [5]. Structural Similarity Index Measure (SSIM),
Root Mean Square Error (RMSE), and
Peak-Signal-to-Noise Ratio (PSNR) are adopted as
evaluation metrics. Experimental data on dynamic
gas-liquid flow is employed to validate the proposed
approach in real-world applications.

Network Architecture
Figure 1 illustrates the FC-UNet architecture.

FC-UNet ultilizes a fully connected layer to generate an
initial guess, which is further denoised using a UNet
structure.

Dataset
The EMF dataset is generated by 3D-FECM (see

Figure 2). In this work, 10,505 samples are used for
training, 1,680 samples are used for validation, and all
ECT data is augmented by three noise levels (i.e., 40 dB,
50 dB, and 60 dB).

Figure 1: The architecture of FC-UNet.

Figure 2: The schematic illustration of 3D-FECM.

Results and Discussion
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Figure 3: Comparison of the reconstructed results using
different algorithms. Noise with an SNR of 50 dB is added
to the ECT data. (a) Ground Truth. (b) DBP. (c) FC-UNet.
(d) LBP. (e) Tikhonov Regularisation.

Examples of reconstructed images using EMF data
are shown in Figure 3. We observe that the results
obtained from FC-UNet and DBP are highly similar to
the ground truth in the visual perspective. Contrarily, the
images reconstructed using conventional algorithms
show noticable differences. Table 1 gives the averaged
quantitative metrics of different algorithms on all the
testing data.

Metrics LBP Tikhonov
Reg DBP FC-UNet

SSIM 0.876±0.073 0.776±0.129 0.996±0.012 0.996±0.010
RMSE 0.0784±0.042 0.1047±0.048 0.0053±0.007 0.0052±0.007
PSNR 37.4±1.7 36.6±0.5 40.6±2.8 40.4±2.7

Table 1: Quantitative metrics of given algorithms using
the mean and standard deviation of SSIM, RMSE, and
PSNR on the testing dataset.

The dynamic gas-liquid flow imaging experiment is
performed on a pilot-scale multiphase flow facility at the
Multiphase Flow Engineering Laboratory of the
Tsinghua International Graduate School. The stacked
tomographic images reconstructed based on the
experiment data are shown in Figure 4. All the imaging
results present stratified flow and show strong agreement
with the real flows observed from the transparent
window. The images reconstructed by FC-UNet trained
on the EMF dataset show clear boundaries between
different phases, while the boundaries of LBP results are
undefined. We can also observe that the change of
concentration distribution of the FC-UNet results for
different conditions is consistent with that of the real
flow.

Figure 4: Comparison of stacked tomographic images
obtained based on gas/oil two-phase flow experiments. (a)
Flow profiles captured by camera. (b) Tomographic images
reconstructed by FC-UNet and LBP. (c) Representative
cross-section images selected from (b).

Conclusions
We reported a learning-based quantitative multiphase

flow imaging approach based on ECT and field coupling
model. Finite element simulation and real-world
experiments demonstrated that the proposed approach could
enable quantitative tomographic imaging for complex
multiphase flow with the low-cost electrical tomography.
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Abstract
Conventional solar thermochemical heat storage based

on indirect surface-heating usually suffers from high heat
losses and low solar-chemical efficiency. Here, a different
solar thermochemical heat storage system based on direct
solar illumination on fluidized black CaCO3 pellets is
proposed. A Computational Fluid Dynamics-Discrete
Element Method (CFD-DEM) model considering
irradiation ray tracing, granular flow, heat and mass transfer,
and chemical reaction, is built. Effects of gas velocity and
irradiative flux on thermochemical heat storage
performance in a fluidized volumetric bed are investigated
by incorporating measured kinetic and solar absorptance
properties of designed black CaCO3 pellets. We have
experimentally measured the heat transfer of fluidized
particles under solar irradiation using an infrared camera.

Introduction
Conventional CaCO3/CaO pellets usually present white

color, thus barely absorb solar irradiation, restricting their
applications in a volumetric reactor. Therefore, it is
necessary to design black pellets for scalable solar
thermochemical heat storage system, such as the volumetric
fluidized bed. Besides, how fluidized black CaCO3 pellets
behave under direct concentrated solar irradiation is also
very important. Bellan et al. first developed a
three-dimensional computational fluid dynamics and
discrete element method (CFD-DEM) under high-flux solar
irradiation to analyze thermo-fluid flow characteristics of
particles inside a fluidized bed [Bellan 2018]. Effects of gas
velocity on particles’ temperature distribution and internal
solid fraction of the reactor were analyzed, but they don't
involve thermochemical reactions. Therefore, thorough
investigations of solar thermochemical heat storage
performances of black CaCO3 pellets are still lacking. In
this work, we investigate thermochemical heat storage
processes of designed black CaCO3 pellets under direct
irradiation of concentrated solar energy, considering the
coupling of solar irradiation, granular flow, and chemical
reactions. Solar irradiation transport and thermochemical
reaction sub-models are coupled with the CFD-DEM
method by in-house codes based on an open-source
MFIX-DEM software.

Numerical Methods
Here, we assume that the particle surface is

specular for simplification. For a sphere scattering
specularly, the direction of the reflected ray can be
calculated based on laws of reflection [Zhou and Zhang,
2009]: (a) the angle of the reflection is equal to that of
incidence; (b) the normal of the surface, the reflected ray,
and the incident ray lie in the same plane. The angle of

incidence �� , which represents the angle between the
outward normal and the incident direction, can be
calculated as following:

�1 = arccos[ − (��1�� + ��1�� + ��1��)]�
(1)

where��1 , ��1and ��1 are the direction cosines of the
incident ray. ��, yn and �� are the outward normal of
the sphere surface. According to laws of reflection,
direction cosines of the reflected rays can be calculated
by:

��2 = ��1 + 2��cos�1
��2 = ��1 + 2��cos�1
��2 = ��1 + 2��cos�1

(2)
where ��2 , ��2 and ��2 are direction cosines of the
reflected ray. The energy weight absorbed by a particle
(Wpa) or wall (Wwa) is determined by:

���=���
(3)

where �� is the energy weight of the last reflected ray.
The remaining energy, (1 − �)�� , is reflected by the
particle or wall again.

The irradiation transfer model assigns energy to each
particle according to its specific position as being described
above. The CFD-DEM method and thermochemical
reaction sub-model, which can track the physical (e.g.,
density, size, and position) and thermo-chemical (e.g.,
temperature, reaction, and species) properties of each
particle, has been widely used to model gas-solid flow.
However, in the dense granular system, it is still a challenge
to integrate solar irradiation with the CFD-DEM framework.
The reason is that there is strongly non-linear coupling
among models [Wang and Luo, 2020]. Herein, we simply
introduce the governing equations about the CFD-DEM
method.

Five modes of heat transfer are considered including
conduction, convection, irradiation, the heat of reaction, and
solar irradiation. The internal energy equation of particle i
can be formulated as:
����

���
��

= ��� + ���� + ��� + ����� − ��� +
������� (4)

where Tp is the temperature of particle. Cp is the
specific heat of particle. Qpg is particle-fluid convective heat
transfer. Qpp and Qpgp are particle-particle and
particle-fluid-particle conductive heat transfer, respectively.
Qprad is particle radiative heat transfer. △Hp is the heat of
reaction. Qpsolar is particle’ received solar irradiation, which
is calculated as Qpsolar = Wpa△t.
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The governing equations are solved by employing the
finite volume method. The gas momentum, species
conservation, energy and continuity equation are evaluated
by CFD solver. The change of particle motion, solar
irradiation and thermochemical reaction of particle phase
are treated by DEM solver. The semi-implicit method for
pressure linked equations (SIMPLE) algorithm is used to
solve the coupling between gas pressure and momentum.
The inter-phase interactions are handled by the volumetric
drag correlations. The inter-particle collisions are described
by a soft-sphere model. Figure 1 gives the simulation
procedure of the CFD-DEM framework coupling with
MCRT method and thermochemical reaction sub-model. An
open source software (MFIX-DEM) is employed as a basic
platform. Then, we build an in-house MCRT model aimed
at providing solar energy for dense particle reactor by
considering multiple reflections among particles. The
kinetic dynamic is used in the thermochemical reaction
sub-model to calculate changes of mass and energy due to
reaction. Then, the heat changes caused by solar radiation
and chemical reaction are coupled into the energy balance
equation of particles as the source term. The computational
cell size are 8 mm, 8 mm and 7.5 mm, 4, 4, and 3.75 times
of the particle diameter (dp = 2 mm), which meets the
convectional CFD-DEM requirement [Peng 2014]. To
obtain stable calculations, the maximum time step is set to
1e-4 s.

Figure 1: Simulation procedure of the CFD-DEM
framework coupling with MCRT method and
thermochemical reaction sub-model.

Results and Discussion
Figure 2 shows the computational geometry of the

volumetric fluidized bed under high flux irradiation. As
can be seen in the figure, the dimensions of bed are 0.04
* 0.16 * 0.03 m. The global rectangular reference frame
Oxyz is employed to trace the ray trajectory. A total of
4212 reactant pellets with a diameter of 2 mm and a
density of 1759 kg/m3 are packed in the fluidized bed.
Reactant pellets are composed of CaCO3 and Al2O3 with
their species weight of 0.8 and 0.2, respectively. The six
side’s transmittances of the walls are set to 1, 0.1, 0.1,
0.1, 0.1 and 0.1, respectively, and there is no absorption
in the walls. The outlet pressure is set as a fixed value of
101325 Pa.

Figure 2: The structure scheme of the computational reactor
under high flux irradiation.
The developed model allows to simultaneously obtain
the solar irradiation, temperature, and CaO mass fraction
distribution at a particle scale. Figure 3 (a) and (b) show
the absorbed solar irradiation and particle temperature
distribution, respectively. It can be seen that absorbed
solar irradiation in the fluidized bed mostly concentrates
in the front region. The irradiation distribution almost
does not change over time since solar irradiation outputs
stably. Initially, the particle temperature is set to be
550 ℃, which gradually increases as the irradiation
continues. Although the incident irradiation is absorbed
by the particles on the front surface, the temperature of
the whole bed gradually goes up with continuous flow
and irradiation. After 5 s of irradiation, the upper bed
reached around 800 ℃ whereas the temperature at the
bottom part of the bed is still at a low temperature. The
temperature difference between the upper and lower
particles will persist because the lower particles are
cooled by the inlet low-temperature gas.
Figure 3 (c) illustrates the time-evolution of CaO mass
fraction distribution in the fluidized bed, which shows
the particle reaction extent distribution. After 25s of
irradiation, the mass fraction of most calcium oxide can
reach more than 50%. The CaO mass fraction
distribution is uniform, indicating that the fluidized bed
reactor with the gas velocity of 3 m/s has good heat and
mass transfer effect. Figure 3 (d) gives the
time-evolution contour plots of CO2 in the fluidized bed.
After 5 s of irradiation, reaction rate is low owing to the
rather low temperature of most particles, resulting in a
low CO2 concentration. As the temperature rises, more
and more CO2 is produced and it will be blown to the
upper part of the bed and freeboard. After 50 s of
irradiation, the CO2 mass fraction is very low due to the
nearly complete CaCO3 decomposition.



MTCUE-2022

531

Figure 3: Time-evolution of (a) instantaneous incident
irradiation, (b) particle temperature distribution, (c) CaO
mass fraction, (d) CO2 mass fraction in the reactor, (e)
averaged gas temperature, averaged particle temperature,
and averaged extent of reaction, and (f) energy consumed
by particles inside the reactor
Figure 3 (e) illustrates averaged gas temperature,
averaged particle temperature and reaction extent of
whole particles as a function of time. The averaged
temperature is calculated every 0.05 s. The averaged
temperature increases fast at the first 10 s and
subsequently tends to rise slowly. The reason is that the
chemical reaction rate is slow in the initial stage and
subsequent reaction will consume amounts of heat. The
temperature trends of gas and particle are consistent and
the temperature difference is fairly small. The chemical
reaction gradually occurs when the temperature is higher
than 1000 K. After 50 s of irradiation, most of the
particles inside the reactor react completely. The result
indicates that the volumetric fluidized bed can provide
the guide of simulating rapid and complete CaCO3
decomposition. Figure 3 (f) shows the accumulated
energy consumed every 0.05s insides the reactor
consisting of conductive heat losses, convective losses,
irradiative losses, and chemical heat storage under solar
irradiation. The profile of conductive losses is almost
close to zero because walls are set as adiabatic. As time
goes on, the profile of irradiative losses, and convective
losses continuously increases. The convective losses are
the main parts of such a system in the initial stage.
Subsequently, irradiative losses gradually exceed
convective losses around 40 s. The reason is that the

particle temperature goes up rapidly due to the continual
irradiation, which results in increasing the temperature
difference between CaCO3 particles and gas phase, while
the irradiative heat transfer is proportional to the
temperature difference. The chemical heat storage
increases in the initial stage, but the CaCO3 mass
decreases as the reaction proceeds and the heat storage
rate goes down. The chemical heat storage becomes the
dominant part of energy consumption in the reactor
between 5 s and 25 s.

Figure 4: Temperature distribution of fluidized particles
in fluidized bed under different flow rates.

As shown in the Figure 4, because the solar
simulator has the characteristics of gaussian distribution,
particle surface heating before local uneven heating
issues. As the gas flow gradually increase, it can
effectively reduce the temperature uneven distribution of
the particles. The lower the efficiency of heat transfer
from the front to the back, the higher the local
temperature, which result in serious local overheat. Two
points were selected to measure the temperature, and the
results showed that two points showed a huge
temperature difference of nearly 200 ℃ at the flow rate
of 0.5 L/min.

Conclusions
The direct solar-driven thermochemical heat storage
performance of black CaCO3 pellets inside a volumetric
fluidized bed is investigated via the combination of the
CFD-DEM method and the in-house MCRT technique.
Black CaCO3 pellets with much higher solar absorptance
over pure CaCO3 are incorporated into the CFD-DEM
model. Solar irradiation transport and thermochemical
reaction sub-models are coupled with the CFD-DEM
method by in-house codes based on an open-source
MFIX-DEM software. This work will guide the design of
efficient direct solar-driven thermochemical heat storage
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system. Particle flow can effectively reduce the issues of
irradiation uneven distribution.
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Abstract
The complex physical properties of supercritical water

(SCW) make some highly modeled methods of reactor
simulation unable to accurately simulate supercritical water
reactor. Particle drag is very important during the reactor
simulation. Therefore, in this work, the drag coefficient of
central particle of multi-particle system in SCW is
investigated. The results show that the variation trend of
drag coefficient in SCW is special. This work reveals the
specific mechanism of the drag coefficient of central
particle in SCW. The control mechanism of Reynolds
number, volume fraction, temperature and pressure on the
drag of central particle is explored. Furthermore, by
comparing the difference between SCW and constant
property flow, a correction model of drag coefficient is
initially developed. The results of SCW can be obtained by
calculating constant property flow and correction model.
The model can be applied to the highly modeled methods of
reactor simulation through expansion and improvement.

Introduction
The supercritical water-particle two-phase flow system

is of great significance to chemical process, especially
supercritical water reactor. To realize the simulation for
supercritical water reactor, it is necessary to consider the
particularity of drastic variations in the physical properties
of supercritical water. However, some existing reactor
simulation methods have a high degree of modeling. These
methods cannot simulate the detailed response
characteristics caused by the variations of physical
properties during the operation of supercritical water reactor.
The drag of particle is of great interest in these details,
especially when the particle is in a multi-particle system.
Therefore, this work takes the Reynolds number, volume
fraction of particle, temperature, and pressure as the
influencing factors, and the drag coefficient of particle as
the research object to conduct the simulation research for
drag of particle.

Numerical Methods
The numerical method used in this work is direct

numerical simulation. Furthermore, the flow state is steady
flow. Previous researches suggested that algorithm and
discrete scheme require no special treatment for SCW [1-3].
Therefore, the discrete format of convection term adopts
second-order upwind, and the solution algorithm of N-S
equation adopts SIMPLE. The IAPWS-IF 97 formula is
used to calculate physical properties. The open-source
software OpenFOAM is used to simulate the fluid dynamic.

Results and Discussion
The drag of central particle is special, as indicated

in Figure 1. Through the analysis of results, it is found
that the four factors can affect the spatial distribution of

physical properties, and then affect the drag of particle.
The influence mechanism is: The velocity gradient on
particle surface increases with the viscosity decreases.
An increase in the velocity gradient enhances the flow
resistance, while a decrease in viscosity has the opposite
effect. Furthermore, the results mainly reflect that the
effect of increasing velocity gradient dominates first,
followed by the effect of decreasing viscosity. Finally,
the trend of drag coefficient of particle is influenced by
the combined effect of these two effects. A modified
model of drag for the central particle is developed, as
shown in equation (1).

Figure 1: Variation trend of drag coefficient with Re at
different temperatures of particle under conditions of 23
MPa and volume fraction  = 0.296.
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Conclusions
This work studies the drag specificity of central

particle of multi-particle system in supercritical water. More
important, a modified model is developed for the drag
specificity of central particle.
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Jet Dynamics and Complex Phase Behaviors of Supercritical CO2
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Abstract
The physical processes of supercritical and transcritical
jets have been found in a wide series of applications such
as the separation of substances in chemical industry, and
fuel injection in many high-pressure combustion devices
including diesel engines, gas turbines and liquid rocket
engines. A supercritical jet is associated with the
injection of liquid at subcritical temperatures into an
environment where the temperature and pressure exceed
its thermodynamic critical point. When the receiving
chamber is in subcritical state, a trans-critical jet can be
found. The quantitative measurement of transcritical jet
under the influence of high pressure effect and transient
effect is the key issues in such analysis. In this talk, an
improved phase-shifting interferometer system with high
temporal and spatial resolution (0.001 s, 3.45 μm) has

been realized by pixelated-array masked method to
investigate characteristics in trans/supercritical jet
processes. The transient density field and boundary
structure of the phase-transition interface during four jet
processes under sub/trans/supercritical conditions were
quantitatively measured. The results show that the
characteristic of subcritical jet is with fragmentation and
atomization within the experimental cell due to the
presence of interfacial tension and strong density
pulsations. The atomization is suppressed by high
pressure effect in supercritical jet. Instead, single-phase
mixing occurs due to the absence of surface tension.
Discussions on the transition process from “liquid-like”
and/or “gas-like” phases during a jet flow are also made
based on the measurement resutls.
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The kinetics regulation of photo-generated carriers in g-C3N4 by
bulk/surface engineering towards high-efficiency photocatalytic H2

production
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Abstract
Graphitic carbon nitride (g-C3N4) has been extensively
studied as a metal-free and visible-light-responsive
photocatalyst in the realm of solar catalysis for H2
production. The unique merits of low cost, good
physicochemical stability, regulable electronic band
structure and non-toxicity make g-C3N4 have significant
advantages for the potential industrial application.
However, it still remains great challenge to achieve
critical breakthrough in H2-production efficiency due to
the low ultilization of photo-generated carriers in
g-C3N4. Herein, we make a summary of our previous
works about the bulk/surface engineering of g-C3N4 to

adjust the kinetics of photo-generated carriers for
promoting photocatalytic H2 production, including
precursor recrystallization, functional groups insertion,
novel g-C3N4 development, nanosheets exfoliation
designation, device development for surface
functionation, surface reactive sites adjustment towards
low-cost photocatalysis and overall water splitting. We
demonstrate a series of research strategies and theories in
the understanding of the
structure–carriers–photocatalysis relationship of g-C3N4,
which could provide a meaningful reference for
developing highly efficient g-C3N4 photocatalytic
systems towards solar energy conversion and
industrialapplication.
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Interaction mechanism between a ventilated supercavity with exhausted

hot gas
Min Xiang
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Abstract
Supercavity is acknowledged as a promising technology
in ultrahigh speed, cross-medium projectiles due to its
high drag reduction efficiency. For underwater
supercavity vehicles powered by jet propulsion, the
disturbance of the tail jet may cause the deformation,
oscillation and collapse of the cavity interface, which
brings new challenges to the accurate prediction and
stability control of the cavity shape. In this research.
based on self-designed open water tunnel platform and
small solid rocket motor, the effect of underwater
exhausted gaseous jet on ventilated supercavity was
studied. The temperature of the gas generated by the
engine can reach 800K, and the flow rate was about
20g/s, then an over-expanded jet state was formed
through the tail supersonic nozzle. Different from past
literature, a new mechanism of cavity instability induced
by tail jet was found in this experiment. During the

operation of the engine, ignition was carried out under
the premise of cavity covering. When the strong tail jet
was turned on, extremely high instantaneous pressure
caused the cavity to be squeezed and shrunk forward.
Thereafter the overall shape was greatly deformed. When
the cavity interface was curved beyond a certain level, a
strong liquid was re-entrained inside the cavity, which
would further induce the cavity to burst into fog state.
When the pressure was recovered, the cavity was
eventually rebuilt until closing at the nozzle outlet. Then,
the influence of various factors such as the model length
and shape were analyzed. It was verified that
increasing the model length and using the step tail was
beneficial to suppress this kind of instability. However,
large step could cause interference between supercavity
and the test body. Therefore, an optimum
length-to-diameter ratio exists for the supercavitating
vehicle.
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Wire-mesh sensors: principles and applications for multiphase flow

monitoring
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Abstract
Wire-mesh sensors (WMS) represent a hybrid solution
between tomographic flow imaging and intrusive probes
which have been widely applied for the investigation of
different types of multiphase flow, but largely in
gas-liquid flows. WMS can produce cross-sectional
images of phase distribution at high temporal and spatial
resolution. Advanced data processing is usually applied
to extract derived flow parameters. In this talk, I will

review the operating principles of this imaging flow
modality (conductance, capacitance and dual modes) as
well as I will show and discuss different applications
WMS was successfully applied to. Some variations on
the original geometry/principle will also be discussed
along with some current trends for the further
development and optimization of this versatile
measurement technique.
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Phase change materials for energy-efficient thermal comfort control of
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Abstract
The buildings sector accounts for over 40% of all U.S.
primary energy consumption and associated greenhouse
gas (GHG) emissions. In 2018, ~7.59 quads of energy
(equivalent to ~$20 billion) was lost through unnecessary
large area environmental conditioning and poor thermal
insulation of building components, making it imperative
to reduce energy consumption in buildings through the
development of next-generation, energy-efficient
building technologies and practices. Superabsorbent
polymers, or hydrogels, are materials that contain more
than ~ 90 wt% water and are commonly used in contact
lenses, wound dressing, tissue engineering, and drug

delivery. Recently, hydrogels have been proposed for
temperature and humidity control of buildings due to
their superabsorbent and environmentally friendly
capability. The goal of this study was to develop
hydrogels-based phase change materials for
energy-efficient thermal comfort control of buildings.
Multiple approaches at the forefront of hydrogels for
next-generation building technologies have been studied
including the development of artificial ‘skins’ for
building cooling, thermo-responsive adsorbents for
moisture control, and composite phase change materials
(PCMs) for thermal energy storage.
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Abstract
The cooling system used universally around the

world is composed of Mechanical Draft Direct Dry
Cooling System and Indirect Air Cooling System. The
Natural Draft Direct Air-cooling (NDDAC) system is
different from the above two air cooling systems. It uses
natural ventilation direct air cooling technology to
effectively integrate the advantages of the above two air
cooling systems. In arid places, the natural draft direct
air cooling system has become a spotlight of the research
thanks to its superiority in water conservation
(Marazgioui and Fadar, 2022).

However, the heat transfer performance of the
air-cooling tower is closely related to ambient wind. In
order to analyze the effect of the change of ambient wind
on the external flow field of NDDAC system. The
calculation domain of the NDDAC unit is shown in
Figure 1. The performance of the two towers is similar
under the condition of ambient wind. Thus, the
computation data analysis focuses on tower 1.

Figure 1: The calculation domain of the NDDAC unit

The delta radiators of air cooling tower 1 are divided
into 10 sectors in a clockwise direction as shown in Figure
2.

Figure 2: Radiator arrangement and sectors distribution
division of air cooling tower 1

As shown in the Figure 3, under the wind direction of
315°, the wind speed of the sideward sector (sector 2~4,
sector 7~9) is too high so that the inlet air flow is reduced.
Under the wind speed of 16 m/s, the low-speed area in the

leeward area (scetor 1,10) is significantly greater than the
wind speed of 8 m/s, resulting in poor heat dissipation in the
leeward area.

(a) 8 m/s

(b) 16 m/s
Figure 3: Streamlines and velocity field on the horizontal

cross-section of tower 1 at wind speed of 8 m/s, 16 m/s

According to the results of CFD numerical simulation,
due to the increase in ambient wind velocity and the
tangential effect of crosswind, which results in a
decrease in the cooling air flow obtained by the delta
radiators on both sides of the incoming air and a decrease
in the delta radiators heat transfer capacity in the
crosswind area. The higher the wind velocity, the more
heat transfer capacity it drops. Therefore, it is necessary
to take appropriate wind resistance measures for the
NDDAC unit to improve the air cooling and heat transfer
capacity under strong wind with the purpose of reducing
the back pressure of the unit.
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Abstract
The ever increasing demand for renewable energy

worldwide means that developing efficient energy storage
mechanisms are of critical importance. Materials in
particulate forms are commonly used in essential energy
storage systems, e.g. lithium-ion battery electrodes, phase
change composite materials in latent heat thermal energy
storage systems. Relevant fundamental research using
advanced numerical tools is scarce, especially for particle
scale. The multi-scale particle models in combination with a
data-driven design approach offer an opportunity for the
digital manufacturing and design of the next generation
energy storage techniques.

In this presentation the recent progress in this field is
reviewed. Especially, we present a case study of applying
Discrete Element Method (DEM) to investigate the
evolution of battery electrode microstructure under varying
calendering conditions (Ge et al. 2022). Electrode structural
properties including porosity distribution, specific surface
area and tortuosity factors are studied and compared with
corresponding tomography scans. By combining particulate
modelling and electrochemical analysis, this work provides
a highly promising method to quantitatively predict
lithium-ion battery electrode performance, and presents a
potential tool for the next generation energy storage
techniques.

(a) Active material (AM)
particle structure

(b) Structure with carbon
binder domain (CBD)
phase

Figure 1 DEM generated active material (AM) particle
structure and electrode structure with carbon binder

domain (CBD) phase.
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Abstract
Circulating fluidized beds (CFB) combustion technology
is one of the major approaches to utilize solid waste fuel,
and large-scale CFB combustors burning organic waste
have been widely reported. However, the flow regimes in
the large-scale CFB combustors remain unclear. In the
bottom dense bed, the flow regime is often considered as
a bubbling fluidized bed, though there are also opinions
suggesting the flow regime in the dense bed is a
turbulent fluidized bed. In the transport zone, the debates
and researches about the flow regime have raised a lot of
attention in recent years, between fast fluidization
hypothesis and single-particle elutriation hypothesis. To
further investigate the flow regime in the transport zone
in the large-scale CFB combustors, filed tests were
performed in a large-scale CFB boiler. The solid

circulating rates were calculated based on the pressure
drops in the transport zone and then compared with the
estimations by using the correlations of both elutriation
constant in the single-particle elutriation theory and
saturation-carrying capacity in the fast fluidization
theory. The effect of riser diameter on the circulating rate
was discussed based on the existing experimental studies
carried out in large-scale CFB boilers. The research
found that it is insufficient to define the flow regime in
the transport zone of large-scale CFB boilers based on
the existing knowledge; however, it is reasonable to use
the correlation of the elutriation constant proposed by
Colakyan & Levenspiel for modeling because of its wide
experimental conditions in terms of fluidization velocity,
circulating rate and the riser diameter.



MTCUE-2022

544

No.220273
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Abstract
Dense gas-solid reacting flow involves complex
multiphase flow, heat and mass transfer, and chemical
reactions. Computational fluid dynamics-discrete
element method (CFD-DEM) simulation has become a
promising method to understand and optimize the dense
gas-solid reacting systems. Despite its recently rapid
advancement and successful applications to a variety of
chemical engineering processes, a comprehensive
introduction of the theory and applications that underpin
the CFD-DEM modelling of dense gas-solid reacting
flow has not yet been conducted. In this work, we give

the recent progress in the development of CFD-DEM
models and their applications to dense gas-solid reacting
systems. The sub-models for describing the flow
dynamics and thermochemical conversion are firstly
presented in terms of numerical algorithms and
corresponding implementations from flow to heat and
mass transfer and speed-up methods. Then, the recent
advancements of CFD-DEM applications in dense
gas-solid reacting systems are given, with a focus on
chemical engineering processes, e.g., biomass
gasification, char combustion, blast furnace ironmaking,
and PV pyrolysis.
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Fluidization performances of particles in a microwave reactor
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Harbin Institute of Technology, China

Abstract
Fluidized bed technology has been widely used in
industrial production (such as energy production,
pharmaceutical, chemical engineering, environmental
protection, etc.), and has been continuously improved
with the requirements of today's society.
Microwave-assisted fluidized bed technology is one of
the development and hot spots. In this study, a lab-scale
fluidized bed system was designed and developed for
microwave-assisted gasification and/or pyrolysis, and the
cold fluidization characteristics of particles (silicon
carbide (SiC), biomass, plastic, etc.) in the lab-scale

fluidized bed were studied and presented (SiC is one
kind of microwave absorbent, it has the advantages of
high microwave absorption ability, low cost and easy
recycling). The effects of particle size, fluidization
velocity and loading on fluidization performances were
also investigated and presented. Hopefully, the contents
presented in this study will not only supply some
experimental data for well understanding particle
fluidization performances but also give insights into
microwave-assisted gasification and pyrolysis of organic
wastes.
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impingement angles in two-phase flow impingement
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Abstract
The purpose of this investigation was to document and
understand the erosion-corrosion of X80 pipeline steel
under different angles of attack in two-phase flow
impingement. The erosion- corrosion behavior of X80
pipeline steel was studied by using sand jet. The weight
loss, surface morphology and electrochemical
performance of X80 pipeline steel under different angles
of impact (30°, 45°, 60°, 75°, 90°) were studied at 12 m/s
flow rate. The synergistic mechanism of erosion
corrosion of X80 pipeline steel under different
environment was analyzed. The experimental results

show that the weight loss of the sample in pure water
increased with the decrease of the impact angle. The
weight loss of the sample in the sodium chloride solution
decreased first and then increased with the decrease of
the impact angle, reaching a minimal value at 60◦ impact
angle. Positive synergy was observed at all impact angles,
and synergy was most significant when the impact angle
was 90◦. The samples impacted at 30◦ showed the best
corrosion resistance by electrochemical measurement.
The corrosion resistance of the sample was consistent
with the synergistic effect.
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impacting on solid or liquid surface
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Abstract
The impingement of droplets on the solid surface or
liquid film is a very common phenomenon in both daily
life and industrial applications. Regarding the
conventional liquid drop, a considerable amount of
theoretical, simulation and experimental work is done.
However, when the impingement of droplet which is
formed by liquid metal with larger surface tension,
density and conductivity than common liquid, happens in
an environment with a magnetic field, the dynamic of
droplet motion naturally been changed due to the action
on flow by extra body force, Lorentz force. Due to
limited data, the corresponding magnetohydrodynamic
(MHD) effects on drop impingement are far from fully
understood. Here, the present study investigates the
liquid metal drops impacting a solid or liquid surface
with the external magnetic field. The eutectic alloy of
gallium, indium, and tin (GaInSn) which is in the liquid

state at room temperature is adopted. The magnetic field
is aligned with the horizontal direction with its strength
can be adjusted continuously from 0 to 20000 Gs. When
the liquid metal drop impacts the solid surface, the
elliptical spreading pattern of a liquid metal droplet
induced by the horizontal magnetic field is discovered. A
non-dimensional parameter is introduced to get scaling
laws for the averaged maximum spreading factor and the
aspect ratio of the elliptical shape at the moment of
maximum spreading. When the liquid metal drop
impacts on the liquid metal free surface, we observe
three typical outcomes after drop impacts on the film,
namely, symmetric crown, asymmetric crown, and
prompt splashing, among which the asymmetric crown is
first discovered by the present experiments. Finally, to
fully understand the phenomena observed, by selecting
typical cases, numerical simulations are carried out.
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Temperature Concentrated Solar Power (CSP) Systems
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Abstract

In this presentation, Prof. Ben Xu will discuss three
major components in a concentrated solar power system,
and they are thermal storage system, solar receiver, and
heat rejection system. The multiphase heat transfer in
thermal storage system and heat rejection system will be
discussed from numerical simulation perspective, and the

discussion about solar receiver will mainly focus on the
additive manufacturing of novel nickel-based super-alloy
for high temperature and high corrosion application. At
the end, Prof. Xu will list out some future research topics
in Gen3 CSP system.
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Edge formation of small droplet on a substrate – Nano-scale visualization

of precursor film dynamics
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Abstract
Phase-shifting ellipsometer, which can precisely
visualize two-dimensional thin film thickness at the edge
of small droplet has been developed in our laboratory.
Experimental investigation in the vicinity of boundary
area of three phases, solid-liquid-gas interface namely
“contact line” is important for understanding of the phase
change phenomena, such as boiling, condensation, and
surface events such as wetting and drying phenomena.
Theoretically, de Gennes has proposed a formula for a
thickness of precursor film under the assumption that the
wetting process obeys a viscous flow driven by
disjoining pressure. This theoretical approach shows a
formation of precursor film, however it is difficult to

achieve precise measurement of nanoscale thickness of
the film. In this study, we have developed a visualization
system for the measurement of two-dimensional
thickness distribution of the precursor film by using a
phase-shifting technique. The proposed system could
measure the transient thickness distribution. At the initial
stage of droplet formation, the thickness of the edge
region got thicker compared with that of inner region.
However, its thickness difference decreases with the
droplet spreading. From the visualization results of
two-dimensional image, the relation between
circumferential shape of precursor film and surrounding
condition was also discussed.
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Abstract
To reduce emissions from combustion devices and fire

accidents in energy systems, fundamental understandings
on chemical kinetics and reliable chemical reaction models
are essential. Because of the nature of reaction zone
separation by a micro flow reactor with a controlled
temperature profile (MFR), multi-stage reactions have been
identified for various reactants with visualization and
species measurements. Direct photography with long
exposure time or laser induced fluorescence was used for
visualization. Gas chromatography (GC), mass
spectrometry (MS), GC-MS, or Fourier-transform infrared
spectroscopy was used for species measurements. This
presentation introduces various types of multi-stage
reactions observed in MFR such as cool flame + blue flame
+ hot flame, pyrolysis + blue flame + hot flame, two-staged
cool flames, oxidation + PAH growth + soot formation,
ammonia oxidation + NO formation, NO-NO2 loop effects
on blue flame, HF formation + CO oxidation + H2O
decomposition, and HF formation + C2F6 decomposition +
CO oxidation. The presentation also introduces
effectiveness of multi-stage reactions for development and
validation of chemical reaction models of these reactants.

Introduction
This keynote presents new application of

microcombustion technologies to validation of chemical
kinetic models using the nature of reaction zone separation
of a micro flow reactor with a controlled temperature
profile (MFR). Weak flames in the low flow velocity
regime were observed in MFR for methane (Maruta 2005)
and theoretical background on the relation between weak
flames and ignition was identified (Minaev 2007).
Subsequently, three-stage oxidation of dimethyl ether / air
was identified (Oshibe 2010). By combining MFR with
visualization or species measurements, the nature of
reaction zone separation by MFR has been applied to
validation of chemical reaction models for various reactants.
This keynote introduces recent works on the validation
using MFR for hydrocarbons, ammonia, refrigerants, and
battery electrolytes.

Methods
A quart tube whose inner diameter is smaller than

quenching diameter of a reactant at room temperature and
atmospheric pressure is used as a reactor channel. The
reactor channel is heated by a hydrogen burner or an

electric heater to give a stationary temperature ramp along
the inner surface of the reactor channel. Reactants are
supplied from the low-temperature side of the reactor
channel. For visualization, direct photography with long
exposure time or laser induced fluorescence is used. For
species measurements, gas chromatography (GC), mass
spectrometry (MS), GC-MS, or Fourier-transform infrared
spectroscopy is used as a gas analyzer. Numerical
simulation with detailed chemical reaction models is
conducted and compared with visualized images and/or
speciation data. The flow field in MFR is modeled as a 1-D
steady-state reactive diffusive flow without a boundary
layer. Computations are conducted using PREMIX or
Cantera. A heat convection term between the gas and the
reactor wall is added to the gas-phase energy equation. The
measured wall temperature profile is used to evaluate the
heat convection term.

Example of Results
Influence of research octane number (RON) on

appearance and position of weak flames in MFR is
introduced here. Figure 1 depicts weak flame images
observed in MFR for hydrocarbons by the direct
photography (Maruta 2012, Grajetzki 2019). For low RON
fuels of PRF 0 and 20, three-stage oxidation (cool, blue, and
hot flames from the left) is observed. With the increase of
RON, the position of hot flame shifts to the higher
temperature region. For high RON fuels of small alkanes
and toluene, only hot flame appears. Multi-stage oxidation
and reactivity of fuels can be visually examined by MFR.
Species measurements and validation of chemical reaction
models for other reactants will be presented in the keynote.

Figure 1: Weak flame images observed in MFR for
stoichiometric hydrocarbon/air mixtures at atmospheric
pressure. (Maruta 2012, Grajetzki 2019)
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Modelling subcooled boiling flows at low pressure: a complex multi-scale

phenomenon
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Abstract
Modelling subcooled boiling flow remains an attractive
yet challenging research topic in gas-liquid multiphase
flows, especially at low pressure conditions. By nature, it
is an extremely complex flow embracing various heat
transfer, physics, and interfacial effects. To properly
model subcooled boiling flows, it is inevitably to account
for the dynamic behaviours of two-phase flow and
bubbles undergoing coalescence, breakup and
condensation in the bulk subcooled liquid but also the
characterization of the single-phase and local boiling
heat transfer phenomena in the near-wall region.
Performing calculations without appropriate

considerations of these mechanisms can at best only
provide a rough estimation of the heat transfer rate from
the heated surface and the flow structure of the whole
system. This study firstly discusses the fundamental
mechanisms and physical phenomena embedded in the
subcooled boiling flows. Attention is then focused on a
comprehensive survey of existing modelling frameworks
capturing the complex bubble dynamics, heat and mass
transfer on the heated surface, and the population
balance of bubble size distribution. Finally, the latest
developments using molecular dynamics simulation in
this space and its future research direction in multi-scale
modelling are also discussed.
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Abstract
Conventional hydrocarbon liquid fuels are used for land
and marine transportation, aviation and power generation.
However, they contribute to the increase of carbon
dioxide in the atmosphere with consequences on climate
change. New synthetic fuels are proposed, which are
sustainable since they are produced from renewable
energy sources by re-using captured CO2 (e.g. e-fuels,
Sustainable Aviation Fuels), or biomass-derived fuels
(e.g. biofuels). The sustainable liquid fuels can be used
in existing powerplants, allowing fast deployment with
limited change at the infrastructure, and therefore can
deliver faster reduction of the CO2 emissions. However,

these new fuels may have variable liquid properties (i.e.
surface tension, density, viscosity), which may modify
the atomization characteristics and influence the
combustion process of current powerplants. The talk will
consider the physics of the atomization and assess the
potential impact of the liquid properties on spray
characteristics. It will focus on the application of novel
laser based diagnostics to characterize the primary liquid
breakup process at the near nozzle region of atomizers,
which determines the downstream spray characteristics.
It will demonstrate why current scaling approaches of the
atomization process may fail to capture changes of the
spray characteristics and suggest additional physical
process that may explain changes in the spray
characteristics.
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Applications of Magnetic Induction Tomography (MIT): imaging molten

steel flow and copper slag solidification processes
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Abstract
Magnetic Induction Tomography (MIT) or Electromagnetic
Tomography (EMT) is an imaging modality for industrial
process monitoring and biomedical imaging. It has been
intensively studied and developed due to its non-contact,
portable and low-cost features. This talk will briefly
introduce the measurement principle of the MIT and then
focus on two applications.

The first application involves the imaging of copper slag
solidification processes. The design of a sensor that can
work in the harsh temperature environments is described.
Measurement trials conducted on a molten converter slag
solidification process where the copper slag changes from
molten state to solidification state during the cool-down for
more than an hour is then presented. The phenomenon when
the disorderly distributed metal gradually forms solid and
permeable object was observed, which can indicate the
status of the process. This is the first report of observing
such a process by using an EMT system. Moreover
location-based convergence analysis has been carried out in

the imaging space and useful new insights have been gained
for the copper production process, which would be difficult
to obtain otherwise. Verification and calibration using XRD
and SEM indicate the viability of the measurement method
based on EMT.

The second application covers determining two-phase flow
characteristics in the submerged entry nozzle and in the
mold of a continuous casting model with combined
electromagnetic tomography. It describes experiments on
the combined determination of the distribution of liquid
metal and argon in the submerged entry nozzle (SEN) and
of the flow in the mold of a small-scale physical model of a
continuous slab caster. Magnetic Induction Tomography
(MIT) is applied for visualizing the metal distribution in the
SEN, while the flow in the mold is determined by
contactless inductive flow tomography (CIFT). Depending
on the gas flow rate, various flow regimes are identified,
among them pressure and mold level oscillations,
transitions between double and single vortex flows, and
transient single port ejections.
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Abstract
Multiphase flows in industry exhibit myriad regimes
driven by instabilities ranging across spatial and
temporal scales. This is largely due to the complex
interplay between momentum, heat and mass transfer
occurring within these flows. Citing our recent work on
evaporating droplets and interfacial flows, my talk will

present a three-pronged approach of direct numerical
simulations, experiments and stability analysis to reveal
complexities in these multiphase and multicomponent
flows. Understanding these complexities is critical
towards designing engineering systems such as that of
cooling of microelectronics or oil-gas pipelines.
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Challenges
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Abstract:
Conversion of biomass poses challenges at each stage of
the production chain. Sustainability issues characterise
not only the feedstock supply but also the end-use
products. Technical challenges might hinder large scale
economically viable conversion processes. The talk

reviews the most common technologies for biomass
conversion and explores some of the research which
would be needed to deliver biofuels and chemicals in a
sustainable and reliable manner. An example of current
research in the area of pyrolysis is presented and its
advantages and limitations are discussed.
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Abstract:
Heating and cooling is regarded one of biggest
challenges in energy system decarbonisation by middle
of this century to achieve Net-Zero. Thermal energy
storage (TES) has a pivotal role to play in such net-zero
energy systems. TES consists broadly of three categories
of sensible, latent, and thermochemical storage
technologies. This talk concerns with the
latent-heat-based TES using composite phase change
materials (cPCMs). Although the cPCM-based TES

technology has been in commercial deployment,
important scientific and technological challenges remain,
including materials, components and devices, and
integration of the devices within energy networks. This
requires fundamental understanding of the underlying
physics particularly flow and heat transfer of multiphase
systema across a very large spatial length scale from
atomic/molecular level to system level. The talk will
focus on cPCM materials and devices, covering both
heating and cooling applications.
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Abstract:
Supercritical fluids widely exist in nature and
engineering facilities. Classically, supercritical fluid is
treated as single-phase fluid without phase change and
interface. Hence, theories to describe flow and transfer
are different in subcritical pressure and supercritical
pressure. In 1960s, scientists found that wall
temperatures can have overshoot excursion when they
studied the forced convection heat transfer in tubes using
supercritical fluid of water. This phenomenon is similar
to that takes place in subcritical pressure. Thus, the term
of “pseudo-boiling” was called to make a connection
between the two domains of pressures, but the definition
and content of pseudo-boiling has not been given until
recently. In the past half century, engineers have been
using the single-phase fluid theory to deal with fluid
flow and heat transfer in supercritical pressure,
introducing larger uncertainties when comparing with
experiments. The design and operation of various heat
exchangers operating in supercritical pressure rely on
experiments, due to the lack of reliable theoretical
predictions.

In this presentation, we summary the key points that
have been investigating regarding the pseudo-phase

change heat transfer in supercritical pressure conducted
at North China Electric Power University, China. We
abandoned the single-phase fluid assumption in
supercritical pressure, but instead proposed the
pseudo-phase change theory framework. In microscopic
level, bubble-like and multi-phase feature of supercritical
fluid are observed and analyzed, by using molecular
dynamics simulation. A comprehensive measurement
system was set up, integrating optical fibre, precise
thermocouple detector and high-speed visualization. We
found two modes of pseudo-phase change:
pseudo-evaporation with evaporation at flat interface,
and pseudo-boiling with periodic bubble-like nucleation,
growth and collapse. On the basis of these observations,
we proposed the three-regime model (liquid-like,
two-phase-like and vapor-like). To characterize the
three-regimes, the pseudo-phase change temperature,
enthalpy, and vapor mass quality are established. A set of
non-dimensional parameters were proposed to describe
the interactions of mass, momentum and energy between
liquid-like phase and vapor-like phase. Critical condition
for the onset of heat transfer deterioration and heat
transfer coefficients are developed using the
pseudo-phase change theory. Significantly improved
prediction accuracy has achieved compared with those
using the single-phase fluid theory.
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supercritical water as an example
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Abstract
Traditional coal utilization way has a series of
disadvantages such as high pollution, high emission and
high energy consumption. Supercritical water
gasification technology, based on the concept of ordered
energy conversion, provides a clean, low-carbon and
efficient way of coal utilization owing to the unique
physical and chemical properties of supercritical water.
For technical application, mild gasification temperature
can effectively reduce investment and energy
consumption, but it also causes lower reaction driving
force. Therefore, the method of resistance analogy
analyze was used in this paper to find reasonable
regulation methods to achieve the optimal matching of
heat transfer, mass transfer and chemical reaction, so as
to realize comprehensive resistance reduction. The
research was carried out from three aspects: the

enhancement of main reaction, the inhibition of side
reaction and the coordination of multiple reactions.
Firstly, the rate-determining step of gasification process
was found, and the method of liquid residual recycle was
proposed to increase the free radical concentration at the
reactor bottom to promote the gasification of polycyclic
aromatic hydrocarbons. Then, based on the obtained drag,
heat transfer and diffusion equations, the methods of
controlling the nozzle heat flow boundary, adjusting the
injection angle and designing the swirl distributor were
proposed, which effectively restrain the side reaction in
the nozzle and the reactor bottom. Finally, the heat match
was conducted for the whole reactor based on the
accurate kinetic model, which avoided overheating and
reduced the heat transfer resistance. Based on the above
optimization methods, a demonstration plant was
constructed, where more than ten typical coals in China
were completely gasified under mild temperature.
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Abstract
Solar photocatalytic water splitting hydrogen

production is an ideal solution for the future renewable
energy supply system. Large-scale hydrogen production
relies on the effective coupling of the catalyst particles
and solar radiation in the multiphase reaction fluid. In
our work, the coupling characteristics of solar
concentrating radiation and reaction are regulated. The
lens/attenuator group concentrating system is constructed
to achieve the continuous modulation of light intensity
and successfully coupled with the photocatalytic reaction
process. To overcome the mass transfer limitation of
water molecules in the catalytic material, a MOF support
material with high water transport characteristics is
developed to realize the efficient adsorption and
desorption of water molecules on the surface of catalytic

materials, leading to efficient photothermal hydrogen
production under concentrated light condition. For the
interfacial bubble dynamics in the process of
photothermal splitting water for hydrogen production, a
PIV/PLIF method is developed to achieve accurate
measurement of the flow and temperature fields around
the bubbles. In addition, a magnetically coupled
integrated concentrating photocatalytic hydrogen
production system is proposed. Furthermore, a
solar-photothermal coupled water-splitting hydrogen
production system with Fresnel lens and composite
parabolic concentrator was constructed. The above work
may provide new ideas for the study of multifield
coupled concentrated-solar-driven catalytic water
splitting for hydrogen production.
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Precise characterization of three-dimensional structure and permeability
of coal-based porous media
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Corresponding E-mail: scetwql@cumt.edu.cn

Abstract
The porous carbon was prepared by using coal char particles

and coal pitch as raw materials, and the porous carbon sample was
scanned and tested by using a three-dimensional(3D) X-ray
microscopic imaging system to obtain a large number of
high-precision two-dimensional (2D) images. The iterative method
is used to segment the threshold and realize the 2D pore structure
characterization of the porous medium and the 3D reconstruction
of the porous medium based on the gray value. The finite element
model of the coal-based porous carbon is obtained by repairing
and meshing the 3D structure and simulations of water and carbon
dioxide infiltration are performed. The results showed that the
maximum, minimum and average area porosity of the 2D images
of sample1#is 38.15%, 22.37%and 27.96%, respectively. The
maximum, minimum and average area porosity of the 2D images
of sample2#is 29.25%, 21.36% and 23.31%, respectively. The
volume porosity of sample 1# is 26.02% with 15030 pores, and the
minimum, the maximum and the average value equivalent
diameter are 9.82 μm, 395.61 μm and 25.1 μm, respectively.
Correspondingly, the volume porosity of sample 2# is 23.45%
with 27280 pores, and the minimum, the maximum and the
average value equivalent diameter are 12.19 μm, 414.17 μm and
24.44 μm, respectively. Through 3D reconstruction from the CT
images, the finite element model of sample 1# contains 1169601
tetrahedral meshes, 300263 inner surface triangular meshes, and
that of sample 2# contains 2215418 tetrahedral meshes, 630173
inner surface triangles grid, respectively. Consequently, the finite
element model which can be directly imported into CFD software
and close to the pore structure of real porous carbon is obtained,
which avoids the simplification and correction of the
heterogeneous porous medium structure in CFD calculation, and
helps to obtain more realistic simulation results. The percolation
patterns of different media in coal-based porous carbon are
generally similar, with local differences. Under the same
conditions, CO2 is more likely to seep, with higher velocity, less
influence by negative pressure, and shorter stability time of
seepage process.

Figure 1: Schematic diagram of sample skeletonization

Figure 2: Reconstructed 3D structure of porous carbon

Figure 3: Velocity distribution (H2O) of each section of
porous carbon at 101 KPa

Figure 4: Velocity distribution (CO2) of each section of
porous carbon at 101KPa

Keywords: Porous media; 3D reconstruction; Finite element
model; Infiltration simulation

Conclusions
(1) Coal-based porous carbon has a typical heterogeneous
structure. Traditional testing methods can measure its pore
structure parameters, but there are shortcomings such as
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insufficient accuracy, inability to accurately describe the 3D
structure, and oversimplification of finite element modeling. The
method based on CT image processing provides a good idea for
the accurate characterization and 3D reconstruction of the pore
structure of heterogeneous porous media.
(2) According to the calculation of the 3D structure of the CT
image, the maximum, minimum and average surface porosity of
the 2D images of sample 1# is 38.15%, 22.37%and 27.96%,
respectively. The maximum, minimum and average surface
porosity of the 2D images of sample 2# is 29.25%, 21.36% and
23.31%, respectively. The volume porosity of sample 1# is 26.02%
with 15030 pores, and the minimum, the maximum and the
average value equivalent diameter are 9.82 μm, 395.61 μm and
25.1 μm, respectively. Correspondingly, the volume porosity of
sample 2# is 23.45% with 27280 pores, and the minimum, the
maximum and the average value equivalent diameter are 12.19 μm,
414.17 μm and 24.44 μm, respectively. Through 3D reconstruction
from the CT images, the finite element model of sample 1#
contains 1169601 tetrahedral meshes, 300263 inner surface
triangular meshes, and that of sample 2# contains 2215418
tetrahedral meshes, 630173 inner surface triangles grid.
(3) Through the extraction and modeling of the REV of the CT
image, a finite element model that can be directly imported into
the CFD software and is close to the real pore structure of porous
carbon is obtained, which avoids a lot of simplification of the
heterogeneous porous carbon structure in the CFD calculation, and
helps to obtain more realistic simulation results.
(4) The laws of porous carbon seepage of H2O and CO2 are
generally similar but there are certain differences. Under the same
conditions, CO2 is more likely to seep, with higher velocity, less
influence by negative pressure, and shorter stability time of
seepage process.
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