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� 3D VOF simulation of two-phase flow in a thin gas flow channel is carried out.

� Stable film flow is predicted for the various contact angles of channel walls.

� Contact angle is shown to affect the interfacial curvature of the two-phase flow.

� Contact angle is shown to have small impact on the gas pressure drop.

� Prediction of Pg and liquid fraction agrees with experimental/theoretical results.
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This study investigates the two-phase flow in a thin gas flow channel of PEM fuel cells and

wall contact angle's impact using the volume of fluid (VOF) method with tracked two-phase

interface. The VOF results are compared with experimental data, theoretical solution and

analytical data in terms of flow pattern, pressure drop and water fraction. Stable film flow

is predicted, as observed experimentally, for the contact angle ranging from 5� to 40�

including varying contact angles at different walls of a channel. The contact angle is found

to have small impact on the gas pressure drop for the stratified flow regime, but it de-

termines the meniscus of the two-phase interface, which affects the optical detection of

the liquid thickness in experiment. The work is important to study of two-phase flow

dynamics, multichannel design, experimental design and control of two-phase flows in

thin gas flow channels for PEM fuel cells.

Published by Elsevier Ltd on behalf of Hydrogen Energy Publications LLC.
Introduction

Micro-channel plays an important role in the application of

engineering, such as micro heat exchangers, PEM fuel cells

and microfluidics. In PEM fuel cells, gas flow channels are
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important components with a cross-section dimension

around 1 mm and a length around 10 cm, which supply

hydrogen and oxygen gases for electrochemical reactions [1].

Two-phase flow is frequently encountered in the gas flow

channels due to water production by fuel cells, and
g).
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significantly influences fuel cell operation. For example,

blockage of a microchannel by liquid water will terminate the

hydrogen/oxygen supply to local reaction site. The flow

pattern influences the pressure drop and hence the gas flow

rates in gas flow channels. Further, it has been observed water

accumulation and dynamics occur near the channel-manifold

connection, which increases difficulties in two-phase flow

control.

Many works have been attempted to understand the

complex two-phase flow in mini/micro channels, including

flow patterns, two-phase pressure drop, and phase volume

fraction. Ghiaasiaan [2,3] experimentally investigated the

gas-liquid two-phase flow patterns, void fraction and pres-

sure drop in horizontal microchannels with circular and

triangular cross-sections at a variety of superficial gas and

liquid velocities. Kawaji [4] studied the channel diameter's
impact on two-phase flow, indicating that flow patterns in

the channels of a diameter less than 100 mm is different from

that in mini-channels due to viscous and surface tension

effects. Serizawa [5] studied the flow patterns in circular

tubes of 20, 25 and 100 mm and for steamewater flow in a

50 mm circular tube at a broad range of superficial air and

water velocities. He concluded that two-phase flow patterns

are sensitive to the surface conditions of the inner wall of the

test tube. Cubaud [6] experimentally investigated the two-

phase flow in microchannels with surface modifications

and found that reduction in the channel size dramatically

enhances the wall's effects on two-phase flows. Adroher and

Wang [9] investigated the patterns of air-liquid water two-

phase flows in a regular microchannel of PEM fuel cell,

indicative of the occurrence of wavy, annulus, wavy-annulus

and slug-annular regimes. Similar flow patterns were also

observed by others [7,8].

Modeling is important to two-phase flow study. Several

types of two-phase models have been proposed for channel

flows, including homogeneous models, separated flow

models, and other physics-based formulation. For homoge-

neous flow models, two-phase flows are treated as a single-

phase flow by using average quantities as major variables

regardless of flow patterns. https://www.sciencedirect.com/

science/article/pii/S0017931013009563 [10,11] Various empir-

ical correlations using the Lockhart-Martinelli parameter,

following the Martinelli method https://www.sciencedirect.

com/science/article/pii/S0017931013009563 [12], have also

been proposed to investigate two-phase flow and validate

experimental data https://www.sciencedirect.com/science/

article/pii/S0017931013009563 [13e17]. In micro-/mini-chan-

nels, the channel space can be treated as a straight regular

pore structure, thus Darcy's law applies for each phase. Two-

fluid models, consisting of two sets of flow equations to

describe individual phase flow, have been developed with the

phase interaction described by the relative permeabilities

https://www.sciencedirect.com/science/article/pii/

S0017931013009563 [18e22]. Fan [23] carried out both experi-

ment and Lattice Boltzmann simulation to study two-phase

flow in microchannels. They found flow regimes depend on

the capillary number and bubble breakup is induced by the

phase pressure difference. Mehdizadeh [24] simulated slug

flows in microchannels with constant heat flux using Volume

of Fluid (VOF) method and found that short slugs could
Please cite this article as: Wu J et al., Three-dimension simulation of t
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significantly improve the heat transfer coefficient. Qian [25]

simulated the Taylor slug flow in microchannel with varying

cross-sections and concluded that the gas slug length in-

creaseswith increasing superficial gas velocity and decreasing

superficial liquid velocity. Fang [26] employed VOFmethods to

simulate the vapor-venting process in a rectangular micro-

channel and found that it effectively mitigates vapor accu-

mulation by reducing pressure drop and suppressing local

dry-out. In PEM fuel cells, Wang [18] developed a two-fluid

model to evaluate and analyze the two-phase flow in a novel

porous-media flow field for PEM fuel cells. Darcy's law was

applied to both air and liquid phases. One dimensional (1-D)

analysis gave the two-phase pressure and liquid volume

fraction as a function of a number of parameters. The model

was validated against previousmodels and experimental data

for hydrophilic micro channels [27,28], mixed-wettability thin

channels [29], and mixed wettability channel with a rough

surface [30].

Though experimental and numerical studies have been

attempted, two-phase flow in microchannels is complex,

requiring additional efforts to understand and predict. For

example, the contact angle's impacts will be both scientifically

and technologically interesting and valuable for two-phase

flow control. Recently, two-phase flow in thin channels has

attracted research attention for PEM fuel cells. The Toyota

Mirai vehicles adopt an about 0.3 mm thick flow field for their

fuel cell stack. The experimental study by Lewis andWang [28]

indicated that the two-phase flow in a thin gas flow channel

remains in the stratified pattern for a wide range of fuel cell

operations. This kind of single flow pattern is desirable in the

fuel cell application, which mitigates occurrence of flow

maldistribution and improves pressure prediction and reac-

tant supply. This study employed the VOF method, capable of

tracking the two-phase interface, to investigate the air-liquid

flow in a thin gas flow microchannel, including the two-

phase pressure drop, liquid volume fraction and contact an-

gle's impacts. To directly compare with the experimental

study [28], this work is focused on the stratified flow pattern

and the experimental operating condition to bring insights in

view of modeling on the two-phase flow in thin gas flow

channels. We considered the contact angle ranging from 5� to
40�, in which the VOF predicts stable water film formation, as

observed experimentally. For the contact angle over 40�, the
VOF may predict unstable flows, which will be investigated in

a separate study. The numerical results were also compared

with a variety of other model predictions.
Volume of fluid (VOF) model

Fig. 1(a) shows the flow field of a PEM fuel cell, which consists

of several serpentine channels arranged in parallel. In the

cathode of PEM fuel cell, the oxygen reduction reaction (ORR):

4Hþþ4e� þ O2/2H2O takes place with water as the only

byproduct. Two-phase flow is originated from the ORR water

production, as shown in Fig. 1(b), consisting of liquid water

and air flows. Fig. 1(c) shows stratified two-phase flow

observed in a thin channel. A VOF method is adopted to

describe the individual flows with the interface of the two

phases tracked by using the phase volume fraction.
wo-phase flows in a thin gas flow channel of PEM fuel cell using a
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Governing equations

The governing equations for the two-phase VOF model in this

study consist of three conservation equations [37]:

Continuity equation:

V,u ¼ 0 (1)

where u denotes the liquid/gas velocity. Its discretization is

given by:

X
f

4f ¼0 (1.1)

where 4f is the volume flux across the surface of individual

grid.

Phase conservation equation:

vC
vt

þV , ðuCÞþV , ½ð1�CÞCur� ¼ 0 (2)

where u denotes liquid/gas velcocity, C is volume fraction of

liquid phase and ur is relative velocity between liquid and gas.

Its discretization is given by:

Cnþ1 � Cn

Dt
¼ � 1

DV

X
f

ðFu þ lFsÞn (2.1)

where the left term uses the Forward Euler Scheme with Dt

the time step; DV denotes the volume of computational grid,

and f denotes the surface of a computational cell. l is 1 at the

interface and 0 elsewhere. Fu ¼ 4f Cf and

Fs ¼ 4f Cf þ 4rf Crf ð1� CÞrf � Fu, where 4f and 4rf denote the

volume fluxes across the surface and interface, respectively.

Momentum equation:

vru
vt

þV , ðruuÞ¼ �VpþmV2uþ skVC (3)

where r denotes density of gas/liquid, p is thermodynamic

pressure, m is dynamic viscosity of gas/liquid, s is surface

tension at gas/liquid interface and k is the mean curvature of

the phase interface. Its discretization is given by:

rnþ1up � ðruÞn
Dt

DV þ
X
f

�
rf4f

�n
uf ¼

X
f

mnþ1
f

�
V⊥

f u
�
DS (3.1)
Fig. 1 e (a) A serpentine flow field of a 200 cm2 PEM fuel cell; an

flow channels and (c) stratified flow observed in a thin gas flow
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where up is the predicted velocity and V⊥
f the surface gradient

operator acting on u.

The physical properties of the two-phase mixture are

determined by the water and air properties using their cor-

responding volume fractions as the weights:

r¼ rwCþ rað1�CÞ (4)

m¼mwmþ mað1�CÞ (5)

where rw and ra are densities of water and air, respectively, mw

and ma are dynamic viscosity of water and air.

The effective velocity u and relative velocity ur are given by:

u¼Cuw þ ð1�CÞua (6)

ur ¼uw � ua (7)

The continuity equation for incompressible flow applies

for the air flow because it is under low velocity and thus the

air density can be assumed constant. In the phase conser-

vation equation [33], the phase fraction C takes the value of

0 or 1 if the cell is full of air or water, respectively. A value of

C between 0 and 1 indicates that the cell contains an air-

liquid interface. To account for the effect of surface ten-

sion at the gas-liquid interface, the continuum surface

force(CSF) model [31] is adopted to add a force source f ¼ skV

C to the momentum equation, where s is the surface tension

and k is the mean curvature of the phase interface given by

� V,n ¼ � V

�
VC
jVCj

�
.

When the interface contacts a solid wall of a given contact

angle q, the surface unit normal n is determined by the

following equation:

n¼nw cos qþ tw sin q (8)

where nw is the unit vector normal to the wall and twis the unit

vector tangential to the wall. In this study, the contact angle q

is changed to investigate its impacts on two-phase flow

pattern, pressure drop, and interface shape. In addition,

channel flows with two walls set at different contact angles

are also investigated.
d optical visualization of: (b) two-phase flow in regular gas

channel [7,28].

wo-phase flows in a thin gas flow channel of PEM fuel cell using a
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Table 1 e Physical properties and model parameters.

Name Symbol Value

Air density rg 1:19 kg m�3

Liquid density rl 998kg m�3

Air kinematic viscosity yg 1:55� 10�5m2s�1

Liquid kinematic viscosity yl 1� 10�6m2s�1

Channel dimension e 164mm� 3mm� 0:3mm

Contact angle q 5
�
;10

�
; 20

�
; 30

�
;40

�

Surface tension coefficient s 7:2� 10�2 N m�1

Superficial air velocity vg 1:69 � 5:08 m s�1

Superficial liquid velocity vl 5� 10�5 � 1� 10�2 m s�1

Temperature T 20
�
C

Ambient pressure P0 1 atm

Time step in VOF e 1� 10�6 s
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Initial and boundary conditions

The channel has a dimension of 164 mm by 3 mm by 0.3 mm

(L�w� h). For the air or water inlet, an air or water velocity is

set according to experimental conditions. For flow outlet, the

gradients of velocity and pressure along the channel direction

are set to zero. The no-slip boundaries are imposed on the

solid walls, where a contact angle q is set as well. For no-slip

boundary condition, both gas and liquid velocities are set

zero at thewall surface. Initially, there is no liquidwater in the

channel.

Numerical procedures

The micro-channel, computational flow field, was discretized

with a total of 100,000 hexahedral meshes and fine grids used

close to the wall, as shown in Fig. 2. Mesh independent study

was carried out, showing the selected computational domain

is adequate to capture the two-phase flow. The open source

software Open FOAM was adopted to perform the numerical

simulations and PIMPLE algorithm scheme, which combines

the pressure-implicit split-operator (PISO) and the semi-

implicit method for pressure-linked equations (SIMPLE) algo-

rithm, was used for the coupling solution of the pressure and

velocity. The open-MPI was adopted for parallel computation.

The time step was set 1 � 10�6 s. Each case took about one

week by using 28 Intel Xeon @2.93 GHz processors in parallel.

All the physical and model parameters are listed in Table 1.
Results and discussion

Fig. 3 compares the air-liquid interface along the channel at

the superficial air velocity 1.69 m/s and water velocity 0.01 m/

s. It is seen that a film is predicted as also observed experi-

mentally. The predicted thickness agrees with the experi-

mentally determined water thickness, except near the water

injection port which is set at the middle of the channel in

experiment, as shown in Fig. 4. The water film remains an
Fig. 2 e Computational domain of a thin gas flow channel.
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almost constant thickness along the channel due to no water

addition or evaporation after the water injection port, and the

two-phase flow remains steady possibly due to the thin

channel flow where the channel wall greatly influences the

flows and the two-phase interaction occurs only at the very

small phase interfacial area. Because of the large impact from

the wall, experimental water film shows irregular pattern in

local possibly due to roughness or impurity at the wall, which

is not taken into account in the VOF simulation. Furthermore,

experimental uncertainty, to be shown in Fig. 5, may also

contribute to the discrepancy between the VOF prediction and

experimental data.

Fig. 5 compares the predicted thickness of liquid water film

with experimental work, other model data and analytical

result. It shows that the data agree reasonablywell: as the flow

rate ratio increases, the liquid thickness decreases rapidly.

The analytical result of Wang's model [18] is based on the

exponential of the relative permeability nk of 1.159 and refers

to the liquid saturation or volume fraction in the channel.

Note that the residual liquid is assumed to be zero in the

simulation and analytical solutions, which may occur in

experiment. In addition, in all the simulated cases film flows

formed, as observed experimentally, thus the film thickness

can be directly measured through the two-phase interface. To

compare with the experimental optical measurement, the

thickness was evaluated by the liquid line at the transparent

plate.

Fig. 6 presents the two-phase interfaces at three contact

angles, i.e. 5�, 10� and 30�. Due to symmetry, half of the

channel is simulated with the bottom surface as the symme-

try plane. First, it can be seen that the upper wall's contact

angle changes the water-air interface in the local due to the

difference in wall attraction for the three cases. The interface

at the upper wall is around the specified contact angle, which

is primarily due to the dominant surface tension in compari-

son with the forces imposed by flow and gravity, as indicated

by a few dimensionless numbers for the water velocity (VÞ of
0.01 m/s: the Bond number Bo ¼ DrgL2

s
e1:0� 10�2, the Capillary

number: Ca ¼ mV
s
e1:0� 10�4, and theWeber number:We ¼ rV2L

s
e

1:0� 10�3, where Dr is the density difference, s the surface

tension coefficient, g the gravitational acceleration, L the

characteristic length, r the water density and m the dynamic

viscosity of water. In addition, it is evident that the liquid

water at the transparent plate is drawn up due to the hydro-

philic wall. In the optical observation through the transparent
wo-phase flows in a thin gas flow channel of PEM fuel cell using a
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Fig. 3 e VOF predicted liquid water location at the transparent plate, in comparison with the experimental image of water

film formation [28], at the superficial air velocity of 1.69 m/s, 30� wall contact angle, and water velocity of 0.01 m/s.

Fig. 4 e Comparison of the predicted water-air interface and experimental data at the superficial air velocity of 1.69 m/s, 30�

wall contact angle, and water velocity of 0.01 m/s.
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plate, the water line at the transparent plate was captured as

the water thickness of the channel flow, which raises uncer-

tainty in the thickness determination due to the meniscus

formation. The uncertainty in film thickness determination

using the optical method is small due to the thin thickness of

the channel, but could be large for a very small contact angle.
Fig. 5 e Comparison of VOF predicted water thickness

using 30� wall contact angle and experimental, theoretical

[32], and other model data.

Please cite this article as: Wu J et al., Three-dimension simulation of t
volume of fluid method, International Journal of Hydrogen Energy, h
For a completely wetting surface, liquid water spreading over

the surface makes it difficult to determine the film thickness.

In addition, to facilitate optical detection one channel wall will

be replaced by a transparent plate, allowing a direct obser-

vation of the two-phase flow. The transparent plate usually

has a contact angle different with the base plate. Fig. 6 (right)

presents the impacts of varying contact angle walls on the

interfacemorphology, showing that the contact angles of both

the upper and lower planes affect the shape of the two-phase

interface.

Due to liquid presence, the channel gas flow space narrows

down, leading to a raised pressure drop. Fig. 7 presents the

two-phase pressure drop along the channel versus single

phase one. It is seen an almost linear drop for both single- and

two-phase flowswith the two-phase pressure drop larger than

the single-phase one. In addition, the pressure contour in-

dicates the pressure varies little in the direction perpendicular

to the along-channel direction, similar to that of the single-

phase channel flow.

Figs. 8 and 9 compare the predicted two-phase pressure

drop with experimental data and predictions from the ho-

mogeneous, separated, and two-fluid models. It is seen that

the VOF prediction agrees well with these data. Effects of the

contact angle on the pressure drop are also presented, which

is negligible as long as the two-phase flow remains as a steady

stratified flow. For a contact angle above 40�, the VOF predic-

tion shows unstable flows in certain cases. At this stage, it is

unclear the observed unstable flows are due to the VOF nu-

merical scheme, selection of the time step, physical
wo-phase flows in a thin gas flow channel of PEM fuel cell using a
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Fig. 6 e Predicted two-phase interface at a cross section of the channel for three contact angles (left) and two varying contact

angle (right). For the left plots, the lower plane is set symmetry. For the right plot, the above plane has a 20� or 40� contact

angle while the rest are set at 5�. The red denotes the liquid water phase and blue represents the air phase. (For

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7 e Predicted gas pressure contours at 30� wall contact angle (above); and pressure drop along the channel (below) at the

superficial air velocity of 1.69 m/s and liquid velocity of 0.01 m/s in comparison with the single-phase pressure at the

superficial air velocity of 1.69 m/s.
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Fig. 8 e Predicted pressure drop using various contact

angles, in comparison with experimental data [28].

Fig. 10 e Predicted pressure drop in a channel of varying

contact angle walls in comparison with experimental data

[28]. The two-phase interfaces are plotted in Fig. 6.
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phenomena, or droplet attachment (residual liquid) at thewall

surface [34]. The causes to instability under a contact angle

over 40� are under further investigation. In addition, it is

desirable to have a stable film flow pattern in the gas flow

channels of PEM fuel cells [1] because the stable two-phase

flow pattern will improve pressure prediction, reduce reac-

tant gas transport resistance to the reaction sites, and miti-

gate flow maldistribution among channels caused by flow

pattern shift or flow instability. Fig. 10 presents the compari-

son of the varying-contact-angle channels with experimental

data. Again, the contact angle has negligible impact on the air

pressure drop in the range of the selected contact angles,

despite the distinct interface shape as disclosed by Fig. 6.
Fig. 9 e Predicted pressure drop of the wall contact angle at

40� in comparison with various model results [35,36].
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Conclusion

In this study, the 3D VOF method was employed to investi-

gate the two-phase flow dynamics in a thin gas flow channel

of PEM fuel cell with a cross-sectional dimension of 3 mm�
0:3 mm. Various contact angles of the channel walls were

studied to investigate their impacts on the two-phase inter-

face, film thickness, and the pressure drop. The results were

compared with various empirical models, two-fluid model,

theoretical solution and experimental results, in terms of the

pressure drop and water volume fraction. We found that 1.)

the contact angle affects the two-phase flow interface in the

thin channel by altering its curvature near the wall. The

near-wall's two-phase interface shows an angle close to the

wall's contact angle due to the dominant force of surface

tension andwall impact. 2.) the VOF prediction indicated that

the contact angle may affect the optical observation of the

liquid water thickness due to the interface curvature, which

raises uncertainty in the experimental method of film

thickness determination. 3.) The predicted flow remains in

the stratified regime, as experimentally observed, for the

contact angle ranging from 5� to 40�. The water fraction

agreed well with the two-fluid model, analytical results, and

experimental data. 4.) The predicted gas pressure agreed

with the experimental data, two-fluid model, theoretical

solution and some empirical models. The contact angle

showed a negligible impact on the predicted pressure drop in

the range of 5� to 40� including varying contact angle walls of

a channel, in which the VOF predicted stable water film for-

mation. For the contact angle over 40�, the VOF predicted

unstable flows. The film instability is under further investi-

gation for future publication. The validated VOF method can

be applied to study two-phase flow in multi-channels,

channel-manifold interface, and U-turns in thin gas flow
wo-phase flows in a thin gas flow channel of PEM fuel cell using a
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channels and other components of PEM fuel cells including

GDLs and MPLs.
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