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AbstractDroplet purging in the gas diffusion layer (GDL) is the key to improving the performance of proton
exchange membrane fuel cells (PEMFCs). Lattice Boltzmann method (LBM) is used to study the dynamic behavior of
multiple droplets randomly distributed in the GDL under air purging. The GDL is randomly reconstructed. The effects
of rib width, initial water content, contact angle and air velocity are studied. By analyzing the dynamic distribution of
droplets in the GDL and the change of the remaining water content with time, it is found that the droplets are only a
small amount under the rib and accumulated mostly on both sides of the GDL at stabilization, which is caused by the
large velocity under the rib. The residual water content in the GDL increases with the increase of the initial water con-
tent, and decreases with the increase of the rib width, contact angle and air velocity. However, when the rib to channel
width ratio exceeds 1, the improvement of purging effect is not obvious, the purging time increases significantly, and
the increase of air velocity does not help much to remove the droplets accumulated on both sides of the GDL.
Keywords: Gas Diffusion Layer, Droplets Random Distribution, Air Purging, Lattice Boltzmann Method, Droplets Dynamic

Behavior

INTRODUCTION

The environmental problems caused by the consumption of fos-
sil energy promote the development of the world's energy system
towards renewable and environmentally friendly. Proton exchange
membrane fuel cells (PEMFCs) have received widespread attention
due to their zero emissions, high energy density and low noise [1-
3], and have been successfully applied in automobiles, ships, porta-
ble devices and other fields [4]. However, the issue of high perfor-
mance and long life has always been the key to restrict its commercial
application [5]. Among them, water management is one of the
factors affecting the performance of PEMFCs. If the water content
in the fuel cell is too low, the membrane will be dehydrated and
the proton conduction will be affected, and conversely, it will cause
flooding, affecting hydrogen and oxygen transport [6,7]. The gas
diffusion layer (GDL) plays an important role in PEMFC for elec-
tron transport, gas transport and generated water discharge. To
improve water management in PEMFCs, water transport processes
in GDL have been extensively studied.

The experimental research mainly considers the effect of fuel cell
operating conditions [8,9] and the design optimization of the fuel
cell structure [10], and visualization techniques such as electron
microscopy [11], neutron imaging [12], and X-ray radiation [13] can
be used to capture the water transport process. However, experi-
mental methods suffer from high cost and low resolution leading

to inaccurate measurements, and researchers have developed vari-
ous numerical models. Xu et al. [14] considered the effects of assem-
bly force, GDL thickness and flow channel structure to study the
water motion in GDL under compression by developing a inte-
grated model, and found that the drainage pressure increases with
the increase of assembly force, and the 0.2 mm thick GDL and
narrower rib are helpful for drainage. Shangguan et al. [15] used
the volume of fluid (VOF) method to study the influence of the
porosity distribution in the GDL on the transport process of liquid
water, and found that the higher the porosity gradient, the smaller
the water saturation. Chen et al. [16] coupled finite volume method
(FVM) and lattice Boltzmann method (LBM) to simulate fluid
flow in GDL, and found that this method can accurately capture
pore-scale flow information and save computational resources. Ira
et al. [17] investigated the effect of hydrophilic fiber content and
compression on water transport in the GDL using LBM and found
that appropriate hydrophilic fiber and compression facilitated water
drainage. Jeon [18-20] used LBM to study the water transport behav-
ior in two-dimensional GDL, and found that compression, chan-
nel rib width and rib structure have a great impact on the water
distribution. Kim et al. [21] studied the influence of microporous
layer and the surface wettability of multilayer porous transport lay-
ers on the water transport behavior in GDL using LBM.

The above studies focus on the process of liquid water flowing
from the bottom of the GDL to the flow channel during operation,
and mainly analyze the growth of liquid water and its distribution
within the GDL after reaching a steady state. Among them, the
studies of Jeon and Kim et al. used a reconstruction of the two-
dimensional GDL in the form of randomly generated circular solid



1624 G. Yang et al.

July, 2023

particles. However, the carbon fibers in the real two-dimensional
GDL are not circular particles. Yang et al. [22] showed that the non-
uniform pore distribution of the GDL has an important effect on
water transport, and the model reflecting the real GDL structure
should be used to study water transmission in GDL.

Water management also includes the purging process. After fuel
cell shutdown, gas purging is required to remove liquid water from
porous electrodes, especially at low temperatures, to prevent liq-
uid water from freezing and expanding in volume to damage the
porous media structure [23]. Although the purging process in the
GDL is also a gas-liquid two-phase flow problem, the difference is
that the gas flows in from the flow channel, and the droplets in the
GDL are discharged under the action of the gas. There have been
related studies on the process of gas purging droplets in the GDL.

Kakaee et al. [24] studied the influence of polytetraflfluoroeth-
ylene (PTFE) distribution and binder content on purging in the
GDL and found that the droplet removal is not affected by PTFE
distribution when no binder is included, and the addition of binder
hinders the droplet removal. Molaeimanesh et al. [25] investigated
the influence of the wettability gradient on the discharge of drop-
lets near the rib and near the microporous layer in the GDL, and
found that different wettability gradient directions have different
effects on the removal of droplets at different positions. They also
studied the influence of PTFE distribution on droplet removal within
the GDL and found that carbon fibers not treated with PTFE hin-
der droplet removal [26]. In addition, they also found that there
are two mechanisms of droplet removal within the GDL, inertial
jetting and evaporation, which are affected by the GDL contact
angle and initial droplet size [27]. They then investigated the influ-
ence of compression of GDL on droplet discharge and found that
proper compression can speed up droplet removal, but greater com-
pression will prevent droplet removal [28]. Niu et al. [29] studied
the flow of droplets at different locations under air purging and
found that the droplet located at the corner of flow channel is
more likely to pass through the GDL when the flow channel pres-
sure is higher. Chen et al. [30] studied the influence of rib width
and GDL contact angle on purging the droplet and found that the
larger the contact angle and the narrower the rib, the smaller the
residual saturation in the GDL.

From the above literature, it can be seen that the current stud-
ies mainly consider the effects of wettability (including PTFE dis-
tribution and gradient variation), droplet position, compression,
rib width, and binder content on the droplet purging effect in the
GDL, and they all focus on individual droplet flow. For the study
of wettability gradient, because a single droplet cannot experience
the whole process of wettability change, the research method is inap-
propriate. The results of ex situ experiments by Nam and Kaviany
[31] show that liquid water vapor randomly condenses into small
droplets or thin films in the GDL. In situ experiment by Turhan et
al. [32] using neutron images also observes that in an operating
PEMFC, this distribution of droplet separation is present for a
short period of time after cell start-up. This physical model for the
random distribution of droplets of different sizes in the GDL is
used in the studies of Chen et al. [33] and Mukherjee et al. [34] In
a recent study, Wang et al. [35] investigated the effect of randomly
distributed droplets within a GDL on mass transport. The experi-

mental observations as well as the physical structure used in the
researchers’ numerical simulations indicate that random distribu-
tion of droplets within the GDL exists and is of research signifi-
cance. Therefore, the research object of this paper is multiple droplets
with different radii randomly distributed in the GDL.

LBM is a mesoscopic simulation method without the limita-
tion of continuous medium assumption compared to traditional
computational fluid dynamics (CFD) methods, which gives the
method better accuracy in simulating microchannel flows. It is very
suitable for dealing with porous media flow problems due to its
unique advantages in complex boundary treatment. In recent years
LBM has been widely used to study gas flow at the micro- and
nano-scale [36-38], multiphase flows in porous media [39-41], etc.

In this paper, a random reconstruction method is used to gen-
erate a GDL model reflecting the real structure, and multiple drop-
lets of different sizes are randomly distributed in the GDL, and the
droplet transport process under air purging is simulated based on
a single relaxation time multi-component multiphase LB model to
investigate the effects of different rib widths, water contents, con-
tact angles and air velocities on the droplet motion in the GDL.
The dynamic distribution of droplets in the GDL and the variation
of the remaining water content with time are analyzed in detail. It
provides a theoretical reference for understanding the dynamic
behavior of multiple droplets in GDL in line with the actual situa-
tion during purging.

NUMERICAL METHODS

1. Multicomponent Multiphase LB Model
At present, many LB multicomponent multiphase flow models

have been proposed and applied. The common ones are the color
model [42], the pseudopotential model [43] and the free energy
model [44]. The above models have their own advantages and dis-
advantages. Among them, the pseudopotential model has received
extensive attention due to its features such as automatic tracking of
the phase interface, high computational efficiency, easy program-
ming, and easy handling of wall wettability. In this paper, the Shan
and Chen (SC) pseudopotential multicomponent model with inter-
particle force is used as the research model to simulate the multi-
phase flow process in the GDL, and the velocity format is D2Q9.
The evolution of the distribution function is as follows:

(1)

where the superscript  represents the fluid component; i is the
direction of the discrete velocity, i=1, 2, 3, ......9; fi

(x, t) refers to the
distribution function of the  particle at the x position at time t;
fi
(x+cit, t+t) is the distribution function of the  particle at the x

adjacent position x+cit after a time step t; the density  and veloc-
ity u of each component are obtained by the distribution function.

(2)

(3)
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(4)

 is the relaxation time of the σ particle, =cs
2(0.5), cs is the

lattice sound velocity, cs
2=1/3. fi

, eq(x, t) is the equilibrium state dis-
tribution function of the  particle, and the expression is:

(5)

where i is the weighting factor, 1, 2, 3, 4=1/9, 5, 6, 7, 8=1/36, 9=4/
9. u



eq is the equilibrium velocity of the  particle, which is also the
macroscopic velocity, and the expression is given in Eq. (6).

(6)

where F

 is the resultant force on the  particle, F

, coh is the fluid-
fluid interaction force, and F

, adh is the fluid-solid interaction force.

(7)

(8)

(9)

(10)

where 

 is the potential function of the  particle, 


=1exp(



). The subscripts  and  indicate different components, g is

the strength coefficient of the fluid-fluid interaction force, and w is
the strength coefficient of the fluid-solid interaction force. s is the
switching function, which is equal to 1 at the solid point and 0 at
the fluid point.
2. Model Validation

(1) Droplet test
The droplet test is used to verify whether the above multi-com-

ponent multiphase SC model conforms to Laplace’s law. The expres-
sion of Laplace’s law is given by Eq. (11).

(11)

(12)

where P is the pressure, P is the difference between the internal
and external pressures of the droplet,  is the surface tension, and
R is the radius of the droplet.

The specific implementation process is as follows: droplets of
different radii are placed in a square computational domain with a
lattice number of 100×100. The four boundaries of the computa-
tional domain are all periodic boundaries, and the droplets gradu-
ally tend to be stable under the flow-flow interaction force, and the
droplet radius and pressure difference at the time of stabilization
are recorded. The initial density is set to 2 for water and 105 for
air inside the droplet, and 105 for water and 2 for air outside the
droplet, and this density setting is also applied in Refs. [45,46].
According to the previous work [47], the fluid-fluid interaction force
strength coefficient takes the value g=0.09. Fig. 1(a) shows the simu-
lation results, and it can be seen that 1/R has a linear relationship
with P, and the slope is the surface tension, which is 0.239. It is
shown that the LB model satisfies Laplace’s law.

(2) Static contact angle test
The wettability of the wall is usually characterized by the static

contact angle. The wettability of the wall is changed by setting the
strength coefficient of the solid-liquid interaction force w. In a square
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Fig. 1. Model verification: (a) the relationship between the reciprocal of the droplet radius and the pressure difference, (b) the relationship
between the fluid-solid interaction force strength coefficient w and the contact angle.
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computational domain with a lattice number of 100×100, the bounce
boundary is applied to the upper and lower boundaries, and the
periodic boundary is applied to the left and right boundaries. The
droplet is placed on the lower wall, and after stabilization, the con-
tact angle is calculated using Eq. (13), (14) [48].

(13)

(14)

where R is the radius of the droplet,  is the contact angle between
the droplet and the wall, H is the height of the droplet, and L is
the length of the contact line between the droplet and the wall.
The relationship between w and  is given in Fig. 1(b). The simu-
lation results show that different w values have corresponding con-
tact angles. In this paper, the w values corresponding to 100o, 120o,
and 140o required for the simulation are 0.004, 0.012, and 0.02,
respectively.
3. Computational Domain and Boundary Conditions

The interdigitated flow field is widely used in fuel cells due to its
efficient flow field design [49], its structure is shown in Fig. 2(a).
The two-dimensional (2D) computational domain of this paper is
shown in Fig. 2(b). The 2D GDL is a section taken from the recon-
structed three-dimensional (3D) GDL. The 3D GDL reconstruc-
tion has been done in previous work [50]. Researchers have different
choices about GDL dimesion, as shown in Table 1. It can be seen
that the dimesion of 2,000×200m2 is chosen more often, and in
addition, the larger the dimesion is, the more computational resources
are required. Therefore, the GDL dimesion of 2,000×200m2 and
the rib width of 1,000m2 are chosen in this paper under the prem-

ise of satisfying the dimensional rationality and saving computational
resources. Other parameters of GDL are the same as those of Chen
et al. [30]. To verify the validity of the reconstructed 2D GDL
structure, the permeability in the in-plane direction and through-
plane direction are simulated and calculated, and the results are
3.58×1011 m2 and 2.12×1011 m2, respectively. The experimentally
measured permeability of Tory 090 GDL (0.80 porosity) by Gos-
tick et al. [51] is 8.99×1012 m2 in the in-plane direction and 2×
1011 m2 in the through-plane direction. The large result is mainly
due to the large porosity (0.87), and the result is reasonable and
acceptable.

To verify the grid independence, the computational domains
with grid numbers of 2,000×200, 3,400×340, 4,000×400, and
5,000×500 are simulated respectively, and it is found that the com-
putational domain with grid number of 4,000×400 meets the re-
quirements. At this time, 1 lattice represents 0.5m, and the length
unit conversion coefficient Cl is 0.5×m.

As shown in Fig. 2(b), blue represents air, red represents drop-
lets, and white represents carbon fibers and rib. The size and posi-
tion of the droplets in the GDL are randomly distributed at the
initial moment. After the droplets form a stable contact angle on
the solid wall, air is introduced into the flow channel inlet for
purging, and the air velocity is 1.5 m/s [30]. Keeping the Reynolds
number at the air inlet constant, the physical unit is converted into
a lattice unit (lu), the corresponding velocity is 0.008 lu, and the
velocity unit conversion coefficient Cv is 187.5 m/s. A time step
representing the physical time can be calculated as 2.67×109 s
based on Cl and Cv. The Zouhe velocity and pressure boundaries
[54] are used for the inlet and outlet of the channel respectively,
the left and right boundaries of the computational domain are
symmetrical boundaries, and the bottom of the GDL, carbon fibers
and rib are set as standard rebound boundaries.

RESULTS AND DISCUSSION

1. Effect of Different Rib Widths
This paper characterizes the rib width in terms of the width ratio

of the rib to the channel. The variation of droplet distribution in
the GDL from initial to steady state under air purging for differ-
ent rib widths is given in Fig. 3. The water distribution and water
content are the same at the initial moment. It can be seen that the
droplets preferentially choose large pores to flow out of the GDL.
In addition, the droplets flow under the ribs obviously, and the
droplets in the small pores are extremely difficult to be purged,
and they are mostly concentrated at the bottom of the GDL. Drop-
lets are easy to accumulate near both sides of the GDL, which is

R  
4H2
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8H
-------------------

  

180    arc L
2 H  R 
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 
 ,tan H R 

arc L
2 R  H 
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







Fig. 2. Interdigitated flow field of PEMFC: (a) top view, (b) compu-
tational domain.

Table 1. GDL dimesion in literature
Literature sources GDL dimesion/m2 Rib width/m
Yang et al. [22] 2,400×250 1,200
Molaeimanesh et al. [25] 2,000×200 1,000
Chen et al. [30] 2,000×200 1,000
Wang et al. [35] 2,000×200 1,000
Ding et al. [52] 2,200×215 1,300
Shi et al. [53] 2,000×250 1,000
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difficult to purge, and the droplets accumulated on the outlet side
are significantly more than those on the inlet side. The narrower
the rib, the more droplets accumulated on both sides of the GDL.
To explain this phenomenon, the pressure distribution and veloc-
ity vector diagram within the GDL at stabilization is given in Fig.
4. It is obvious that the closer to the air inlet, the higher the pres-
sure, and the wider the rib, the lower the pressure at the inlet, and
the more uniform the pressure distribution of the entire GDL, indi-

cating that the less the droplets block the pores. The velocity under
the rib is relatively large, and the closer to the rib, the larger the
velocity, and the velocity at the exit side near the rib is the largest.
The velocity on both sides of the GDL is almost 0, and it is diffi-
cult for the air to purge, so the droplets on both sides are difficult
to discharge. For the outlet side to accumulate more droplets than
the inlet side, this is because under the air purging, the droplets
flow to the outlet side and accumulate in the area where the air is
difficult to purge, while the droplets on the inlet side are mainly
the residues of the initial state, and there is no accumulation of
other droplets.

The curves of the remaining water content in the GDL with
time for different rib widths are given in Fig. 5. It can be seen that
before 120,000 time steps (0.32 ms), the narrower the rib, the greater
the water discharge rate. This is due to the higher inlet pressure.
With the increase of time, the droplets in the large pores under the
ribs are exhausted, and the accumulation of droplets on both sides
is difficult to be purged. The earliest to reach stability is the case of
rib-channel width ratio of 1 : 1, the time is 168,000 time steps (0.45
ms). The wider the rib, the lowest water content in the GDL when
stable. The case of rib-channel width ratio of 2 : 1 has the lowest
final water content of 6.73%, but it is only 0.51% less than the case

Fig. 3. The distribution of droplets in GDL varies with time under different rib-channel width ratios: (a) 1 : 2, (b) 1 : 1, (c) 2 : 1.

Fig. 4. The pressure distribution and velocity vector diagram in the
GDL: (a) 1 : 2, (b) 1 : 1, (c) 2 : 1.
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of channel width ratio of 1 : 1, and the time to reach stability is the
longest, 272,000 time steps (0.73 ms), which is 61.90% longer than
the case of the rib-channel width ratio of 1 :1. This conclusion differs
from Chen et al. [30], mainly because it only considers the purging of

Fig. 5. Change of residual water content in GDL with time.

Fig. 6. The variation of droplets distribution and water content with time in GDL: (a) 10%, (b) 22%, (c) 30%, (d) water content.

a single droplet in the middle of the GDL, and there is no droplet
accumulation on both sides, so the shorter the rib, the faster the
droplet is discharged and the lower the remaining water content.
2. Effect of Different Water Contents

Fig. 6(a)-(c) show the movement process of droplets in the GDL
with initial water content of 10%, 22%, and 30% under air purg-
ing, respectively. The comparison shows that the more the initial
water content in the GDL, the more the droplets inside the small
pores under the rib that are not purged. This is because the more
the initial water content in the GDL, the greater the probability of
droplets occupying the small pores or entering the small pores
during the purging process, and the shear force of the air on the
droplets is smaller than the capillary force on the droplets, the
droplets in the small pores are difficult to be discharged. The more
the initial water content in GDL, the more the droplets accumu-
late at the outlet side during the purging process. Due to the pres-
ence of a region on the outlet side where air is difficult to purge,
the droplets in this region will not be discharged.

Fig. 6(d) shows the variation of residual water content with time
during the purging process in GDL with different initial water
content. It can be seen that the smaller the initial water content,
the sooner the stability is reached, the smaller the remaining water
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content, and the smaller the amount of water discharged from the
GDL. The initial water content of 10%, 22% and 30% reaches the
stability time of 156,000 t (0.42 ms), 168,000 t (0.45 ms) and
172,000 t (0.46 ms) respectively, the remaining water content is
2.98%, 7.24% and 10.65% respectively, and the water volume swept
out of GDL is 7.12%, 14.76% and 19.35% respectively. Owejan et
al. [55] investigated the water content variation within the GDL
during purging by an experimental method combining ex situ and
in situ methods with neutron imaging diagnostics and found that
the higher the water saturation, the higher the remaining water con-
tent after purging and the longer the purging time. This result is the
same as the simulation result of this paper. In addition, the same
conclusion was obtained by the numerical simulation method by
Cho et al. [56] and Xu et al. [57]. The main reason is that the more
water content, the more droplets accumulated on both sides, and
the more droplets in the large pores that can be purged, resulting
in longer purge time.
3. Effect of Different Contact Angles

Fig. 7(a)-(c) show the movement process of droplets under air
purging at GDL contact angles of 100o, 120o, and 140o, respectively.
The initial liquid water content within the GDL is the same. As
the purge proceeds, the droplets flow toward the outlet. The drop-

lets that are not purged in the small pores under the rib decrease
with increasing contact angle. This is because the larger the GDL
contact angle, the greater the capillary force of the pores on the
droplets, and the more difficult it is for the droplets to enter the
small pores. In addition, the larger the contact angle, the less drop-
lets accumulated on both sides of the GDL at stabilization. The
main reason is that the larger the contact angle, the smaller the
fluid-solid force on the droplet. It can be seen from Fig. 4 that there
is still a small flow velocity on both sides of the GDL, so some
droplets can be discharged under a small air shear force.

Fig. 7(d) shows the variation of residual water content with time
during the purging process of GDL with different contact angles.
It is obvious that the larger the contact angle, the longer the stabili-
zation time and the smaller the residual water content. The GDL
with a contact angle of 140o has the longest time to reach stability
under air purging, which is 176,000 time steps (0.47 ms), and the
smallest residual water content, which is 5.84%. This is because the
larger the contact angle, the smaller the viscous force of the fiber to
the droplet, the easier the droplet is to be discharged, and the greater
the amount of drainage, resulting in a longer purge time.
4. Effect of Different Air Velocities

Fig. 8(a)-(c) show the movement process of the droplets with

Fig. 7. The variation of droplets distribution and water content with time in GDL: (a) 100o, (b) 120o, (c) 140o, (d) water content.
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the same initial distribution in the GDL under the air purging with
flow velocities of 0.006, 0.008, and 0.01, respectively. It can be seen
that when the air flow velocity is 0.006, the droplets in the GDL
are difficult to be purged, and there are a large number of drop-
lets under the rib and on both sides of the GDL when stable. With
the increase of the air flow velocity, the droplets remaining under
the rib are significantly reduced. Although there are still many
droplets accumulated on both sides of the GDL, it is significantly
reduced compared with the case where the flow velocity is 0.006.
This is because the greater the air velocity, the greater the shear
force on the droplets, which is sufficient to overcome the capillary
force of the small holes on the droplets, making the droplets easy
to be purged.

Fig. 8(d) shows the curve of the remaining water content in the
GDL with time during the purging process for different air flow
velocities. It can be seen that the larger the air flow velocity, the
faster the droplet flow, the smaller the remaining water content in
the GDL, and the longer the time to reach stability. The air flow
velocities of 0.006, 0.008, and 0.01 corresponded to 11.89%, 7.24%,
and 6.44% of the remaining water content in the GDL, respec-
tively, and the time to reach stability is 148,000 t, 168,000 t, and
176,000 t, respectively. In addition, increasing the air flow veloc-
ity from 0.006 to 0.008 increases the drainage rate ((initial water

content - remaining water content)/initial water content) by 21.17%,
but increasing the air flow velocity from 0.008 to 0.01 increases the
drainage rate by only 3.60%, indicating that increasing the air flow
velocity does not help much in removing the droplets accumu-
lated on both sides of the GDL.

CONCLUSIONS

Based on the pseudopotential multi-component SC model, the
dynamic process of the droplet being purged in the GDL is simu-
lated. By analyzing the effects of rib width, initial water content,
contact angle and air flow velocity, the following conclusions are
drawn.

(1) Droplets below the rib are easily purged, droplets on both
sides of the GDL tend to accumulate, and most of the remaining
water content at stabilization is on both sides of the GDL. This is
mainly because the velocity below the rib is large and the velocity
on both sides of the GDL is particularly small.

(2) The larger the rib width, the lowest water content in the
GDL at stabilization. However, the rib-channel width ratio of 2 : 1
is only 0.51% less than that of 1 : 1, and the time to reach stability
is 61.90% higher. Therefore, the wider the rib is not better, and the
actual need to be determined according to the water removal effi-

Fig. 8. The variation of droplets distribution and water content with time in GDL: (a) 0.006, (b) 0.008, (c) 0.01, (d) water content.
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ciency.
(3) The larger the initial water content, the larger the water con-

tent in the GDL at stabilization, and the longer the purging time.
The residual water content in the GDL decreased with the increase
of the contact angle and air velocity. However, the increase in air
velocity does not improve the purging effect significantly, and the
drainage rate only increases by 3.60% when the air velocity in-
creases from 0.008 to 0.01, indicating that increasing the air veloc-
ity does not help much in removing the droplets accumulated on
both sides of the GDL.
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