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Two-dimensional pore-scale investigation of liquid
water evolution in the cathode of proton exchange
membrane fuel cells

Wen-Zhen Fanga, Jin Lib, and Wen-Quan Taoa

aKey Laboratory of Thermo-Fluid Science and Engineering, Ministry of Education, Xi’an Jiaotong University,
Shaanxi, P.R. China; bZhengzhou Yutong Group Co., Ltd., Henan, P.R. China

ABSTRACT
Water management is crucial to the performance of proton exchange
membrane fuel cells (PEMFC). In this work, a pore-scale model is devel-
oped based on lattice Boltzmann (LB) method for the simulation of multi-
component multiphase reactive transport in an operating PEMFC, with the
aim to capture the water vapor generation, condensation, and subsequent
transport in the entire porous cathode, including the catalyst layer, gas dif-
fusion layer, and gas channel. The current LB model considers the effect of
liquid/vapor condensation on the dynamic evolution of liquid water. The
transportation of oxygen and dynamic water evolution is coupled by the
electrochemical reactions occurring at the active site of the catalyst layer.
Effects of the microstructure and wettability of gas diffusion layer, vapor
generation rate, temperature distribution, and existence of the rib on the
dynamic evolution of liquid water are elaborated. The insights provided in
this work would facilitate the understanding of liquid water evolution in
the PEMFC and reduce its water flooding issues.

ARTICLE HISTORY
Received 24 September 2020
Accepted 30 October 2020

1. Introduction

The proton exchange membrane fuel cell (PEMFC) is a promising power source for various
applications due to its advantages in high power density, high energy efficiency, and low emis-
sions. To achieve the high performance of PEMFC, the water management in the PEMFC, par-
ticularly in the cathode side, is of great importance [1–3]. Specifically, a certain humidity is
necessary to maintain the conductivity of the proton in membrane, or otherwise, the dehydration
of membrane would reduce the cell performance due to the great ohmic loss across the mem-
brane. On the other hand, water flooding issues would occur if the catalyst layer (CL), gas diffu-
sion layer (GDL), or gas channel (GC) in the PEMFC are filled with liquid water, which hinders
the transport of reactant gases and reduces the reactive surface, limiting the maximum achievable
current density. To tackle this issue, lots of experimental studies [4–7] and numerical simulations
[8–11] have been conducted to investigate the water management in the PEMFC. However, most
of them focused on the drainage process of liquid water within the hydrophobic GDL, in which
the non-wetting liquid water displacing the gas is dominated by the capillary pressure. Although
many visualization experiments [5–7] have been conducted to observe the dynamic transport of
liquid water in the PEMFC, direct observation is still difficult to fully understand water evolution
mechanisms in the complicated structure of GDL. By now, two typical liquid water transport
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mechanisms in the GDL have been proposed. One is the branching-type geometry of liquid water
distribution model proposed by Nam and Kaviany [12] with the aid of environmental scanning
electron microscopy (ESEM), through which the following processes can be observed: water vapor
condenses on the surfaces of micro-droplets which then agglomerate to be large macro-droplets,
and finally merge to form a continuous liquid water cluster flow. Another water transport mech-
anism is the fingering and channeling model proposed by Lister et al. [13] through an ex-situ
visualization experiment of liquid water transport in the GDL, in which the liquid water preferen-
tially intrudes into pores with the largest diameter and finally permeates through the GDL.
However, those models may not work for the transport of liquid water in a practically operating
PEMFC. In this regard, Hartnig et al. [6, 7] observed the water transport in an operating PEMFC
by the synchrotron X-ray radiography with a high spatial resolution of 3 mm. The in-situ visual-
ization experiments have demonstrated that the vapor condensation plays a crucial role in the
water transport in the PEMFC. Thus, the capillary pressure and vapor condensation should be
considered as two major factors contributing to the water evolution in an operating PEMFC.

Understanding the water transport mechanism in PEMFC by experiments alone is difficult,
and numerical models can help. In this regard, Basu et al. [14] adopted the multiphase mixture
model to reveal the effects of phase change on the water evolution inside the cathode of the
PEMFC, which needs empirical relations to close the model. Straubhaar et al. [15, 16] adopted
the pore network method to simulate the water vapor condensation within the GDL on the cath-
ode side. Nowadays, the lattice Boltzmann method (LBM) has been developed as a powerful tech-
nique to simulate the multiphase flow and mass transport processes, and it is particularly
successful in applications involving complex geometries [17–20]. Chen et al. [17] adopted multi-
phase LBM to investigate liquid water transport in GDL and GC, and found that liquid water
transport process is capillary fingering. Zhou and Wu [21] adopted the Shan–Chen multiphase
lattice Boltzmann (LB) model to simulate the water vapor condensation in the GDL, in which a
nonphysical source term is added at the GDL/CL boundary to represent the water vapor diffusing
into the GDL from CL. Molaeimanesh and Akbari [22, 23] developed a LB model to simulate the
single-phase, multi-species reactive flow in the cathode of PEMFC, but they neglected the effect
of liquid–vapor phase change.

As shown above, most of the existing simulations focused on the water transport in the GDL
without the detailed information in the adjacent CL. At the GDL/CL boundary, they usually
assumed all the entry water (from CL to GDL) to be the liquid phase or vapor phase [15, 16]. In
this work, we propose a new pore-scale model based on LB to investigate of multicomponent
multiphase reactive transport process in the entire cathode of PEMFC, including the CL, GDL,
and GC. In the CL, the oxygen consumption and water vapor generation at active sites are con-
sidered. The water state at the GDL/CL interface depends on the local condensation situation.
Besides, the present LB model can deal with a large liquid/vapor density ratio, which is close to
the real ratio at the operating temperature of 80 �C. To the authors’ knowledge, it is the first
pore-scale study to investigate the vapor generation, condensation, and subsequent water trans-
portation in the entire cathode of PEMFC with liquid/vapor density ratio close to reality.

The simulation process of the present article is described as follows. The oxygen transports
from GC to GDL and finally diffuses into CL, and then the oxygen is consumed while the water
vapor is gradually generated at the reactive site in the CL. Once the concentration of water vapor
exceeds the local saturation level, vapor condenses into liquid water and then transports in the
cathode of PEMFC. In general, it is a multicomponent multiphase reactive problem and the exist-
ing multicomponent multiphase Shan–Chen models can be adopted to solve those issues.
However, the existing multicomponent multiphase Shan–Chen model is restricted to the small
density ratio of liquid and gas [24, 25]. Therefore, we adopted a modified single-component
multiphase model to simulate water vapor condensation with a large liquid/vapor density
ratio (�2,000), by neglecting the effect of oxygen on the dynamic transport of water. The
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transportation of oxygen and dynamic evolution of water vapor are coupled by the electrochem-
ical reactions occurring at the active site of the CL. Although the water vapor condensation is
affected by the temperature distribution in the cathode, a given temperature distribution is
assigned in the computational domain instead of solving the energy governing equation for the
convenience of numerical simulation without loss of major physical characteristics.

The rest of this article is organized as follows. The numerical models are introduced in Section
2. Then, the accuracy of the present model is validated in Section 3. The influences of wettability
of GDL, reaction coefficient, temperature distribution, and existence of the rib in GC on the
transport of liquid water are discussed in Section 4. Finally, several conclusions are drawn in
Section 5.

2. Numerical method

2.1. MRT pseudopotential lattice Boltzmann method

We consider a D2Q9 LB model with a multiple-relaxation-time collision operator

fi x1cidt, t þ dtð Þ � fi x, tð Þ ¼ � M�1SMð Þij fj � f eqj
h i

þ dtFi
0 (1)

where x denotes the position, dt is the time step, fi is the density distribution function, and f eqi is
the equilibrium distribution function, given by

f eqi ¼ xiq 1þ ci � u
c2s

þ ci � uð Þ2
2c4s

� u2

2c2s

" #
(2)

where x0 ¼ 4=9, x1�4 ¼ 1=9, x5�8 ¼ 1=36: In Eq. (1), M is an orthogonal transformation
matrix

M ¼

1, 1, 1, 1, 1, 1, 1, 1, 1
�4, � 1, � 1, � 1, � 1, 2, 2, 2, 2
4, � 2, � 2, � 2, � 2, 1, 1, 1, 1
0, 1, 0, � 1, 0, 1, � 1, � 1, 1
0, � 2, 0, 2, 0, 1, � 1, � 1, 1
0, 0, 1, 0, � 1, 1, 1, � 1, � 1
0, 0, � 2, 0, 2, 1, 1, � 1, � 1
0, 1, � 1, 1, � 1, 0, 0, 0, 0
0, 0, 0, 0, 0, 1, � 1, 1, � 1

2
6666666666664

3
7777777777775

(3)

and S is a diagonal matrix

S ¼diagðs�1
q , s�1

e , s�1
1 , s�1

j , s�1
q , s�1

j , s�1
q , s�1

t , s�1
t Þ (4)

in which s� is the relaxation time coefficient related to the kinematic viscosity

st ¼ t
c2sdt

þ 0:5 (5)

In Eq. (1), Fi0 is the force term, calculated by

F0 ¼ M�1 I� 1
2
S

� �
M�F (6)

where F0 ¼ ðF00 , F10 , :::, F80ÞT, I is the identity matrix, and �F ¼ ð�F0, �F1, :::, �F8ÞT with
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�Fi ¼ xi
ci � F
c2s

þ uF : cici � c2s I
� �
2c4s

" #
(7)

The macroscopic density and velocity can be obtained by

q ¼
X
i

fi (8)

qu ¼
X
i

cifi þ dt
2
F (9)

where F ¼ (Fx, Fy) is the total force acting on the fluid particle, including the fluid–fluid inter-
action force Ff, fluid–solid interaction force Fs, and body force Fb. In this work, an improved
force scheme is adopted to improve the thermodynamic consistency [18, 26]

Fm ¼ M�F ¼

0

6uF1
12r Ff

�� ��2
w2dt se � 0:5ð Þ

� 6uF� 12r Ff
�� ��2

w2dt s1 � 0:5ð Þ
Fx
� Fx
Fy
� Fy

2ðuFx � vFyÞ
ðuFy þ vFxÞ

2
666666666666666666664

3
777777777777777777775

(10)

where r is a parameter that can be used to tune the mechanical stability condition, which can be
determined by a preliminary numerical test of a suspended circular droplet. In Eq. (10), Ff

�� ��2 ¼
ðF2f , x þ F2f , yÞ, in which Ff is the fluid–fluid interaction force

Ff ¼ �GwðxÞ
X
i

w jcij2
� �

w x1cið Þci (11)

where G is the interaction strength and w is the pseudopotential, defined as

wðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 pEOS � qc2s
� �

=Gc2
q

(12)

where pEOS is the non-ideal equation of state. In this work, the Peng–Robinson (P-R) equation of
state is adopted [27]

pEOS
¼ qRT

1� bq
� auðTÞq2
1þ 2bq� b2q2

uðTÞ ¼ 1þ 0:37464þ 1:54226x� 0:26992x2ð Þ 1�
ffiffiffiffiffiffiffiffiffiffi
T=Tc

p� 	h i2 (13)

where a ¼ 0:45724R2T2
c =pc and b ¼ 0:0778RTc=pc: The fluid–solid interaction force can be

calculated by

Fs ¼ �GwwðxÞ
X
i

w jeij2
� �

wðxÞS xþ eið Þei (14)

where S is the indicator function which equals 1 for solids and 0 for fluids, and Gw is used to
tune the wettability of the surface.
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2.2. Mass transport LB model

For the mass transport in the cathode of PEMFC, the evolution equation of distribution function
can be expressed as [11, 28]

gi x1eidt , t þ dtð Þ � gi x, tð Þ ¼ � 1
sD

gi � geqi

 �

(15)

where the equivalent distribution function geqi is defined as

geqi ¼ xiC (16)

where C represents the concentration. For the mass transport problem, the D2Q9 LB model can
be reduced to D2Q5 model without the loss of accuracy. In Eq. (16), xi is given by

xi ¼ x0

1� x0ð Þ=4
�

(17)

where the fraction x0 can be selected from 0 to 1. The concentration can be obtained by

C ¼
X
i

gi (18)

The macroscopic diffusivity is related to the relaxation time coefficient

D ¼ 1
2

1� x0ð Þ sD � 0:5ð Þ (19)

2.3. Computational domain and boundary conditions

The computational domain is the entire cathode in the PEMFC, which includes the GC, GDL,
and CL, as schematically shown in Figure 1. The thicknesses of the CL, GDL, and GC are set to
be 40mm, 160mm, and 136mm, respectively. The thickness of the GC is shortened to save the
computational resource. The computational domain is discretized into 600� 840 grids, and each
grid represents 0.4 mm. The solid surfaces in the CL domain are the reactive sites where the elec-
trochemical reaction takes place. If the solid surfaces in the CL domain are covered by liquid
water, they become inactive.

The periodic boundary conditions are applied at the x-direction. For the fluid flow, the top
and bottom sides of the computational domain are assigned to be wall conditions to trap all the
generated water vapor. While for the oxygen diffusion, a constant concentration is applied on the
top side. At the interface of fluid–solid boundaries at the GDL region, the bounce back treat-
ments are adopted to achieve the no slip or no flux conditions. Due to the low dissolubility of
oxygen in the liquid water, the liquid water is assumed to be insoluble to the oxygen.

As for the reactive boundaries at the CL region where electrochemical reactions take place, the
modified bounce back treatment is adopted to consider the additional vapor flux due to the reac-
tion. If the fluid–solid interface is put at the midway between two nodes (as shown in Figure 2a),
the modified bounce back conditions yield [29–31]

gi ¼ g�i þ D/g (20)

fi ¼ f�i þ
2xi

c2s
D/f (21)

where the subscript i represents the direction leaving from walls while �i toward walls. D/g and
D/f are the diffusive and advective flux due to the reaction for mass transport and fluid flow LB
models, respectively, and can be obtained by [32, 33]
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D/g ¼
sD

sD � 0:5
D
@C
@x

¼ � sD
sD � 0:5

kCO2 (22)

D/f ¼ qv ¼ kCO2 �MH2O (23)

where k is the reaction coefficient which can be obtained from the Butler–Volmer equation [34]

k ¼ As

4F
Iref

Cref
O2

exp
aFg
RT

� �
� exp � 1� að ÞFg

RT

� �( )
(24)

where As is the roughness factor, F is Faraday’s constant, Iref, Cref are the reference current dens-
ity and oxygen concentration, respectively, a is the transfer coefficient, g is the overpotential, and
T is the temperature.

If the lattice node is put right on the reactive surface (as shown in Figure 2b), the modified
bounce back conditions yield

ĝ i ¼ g�i þ D/0
g (25)

Figure 1. The reconstructed microstructure of the cathode in PEMFC, including the CL, GDL, and GC.

Figure 2. The schemes for the reactive boundaries at fluid–solid interfaces. (a) Interface located at the midway between two
nodes; (b) interface located at the reaction surface.
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f̂ i ¼ f�i þ
2xi

c2s
D/f (26)

where ĝ and f̂ denote distribution functions before streaming, and

D/0
g ¼ �kCO2 (27)

The oxygen concentration on the reactive surface is unknown. According to Kang et al. [35, 36],
the following expression can be used to calculate the concentration at the reactive surface

CO2 ¼
2g�i

kþ 2xi
(28)

It should be noted that the difference in the calculation of the diffusive flux between Eq. (22) and
Eq. (27) results from the truncation errors at the internal nodes and boundary nodes [35]. Their
effectiveness and accuracy will be validated in Section 3.2. The local properties of Eqs. (25)–(27)
make them easier to implement parallel computing, and thus we adopted the treatment of
Eqs. (25)–(27) to deal with the surface reactive boundary condition.

3. Validation

3.1. The pseudopotential multiphase LB model

As indicated above, the modified pseudopotential multiphase LB model is adopted to simulate the two-
phase flow in the cathode of the PEMFC. As reported in Ref. [18, 26], a smaller value of a in the P-R
equation of state improves the numerical stability. Thus, we choose a¼ 2/490. Besides, r¼ 0.118 (in Eq.
(10)) is determined after a series preliminary test of the two-dimensional suspension droplet. With the
determined parameters, the comparison of the coexistence curve of liquid drop and gas between numer-
ical results and Maxwell solutions [37] are shown in Figure 3a, which shows good agreement. In this case,
the reduced temperature can be as low as 0.5Tc, and the liquid–vapor density ratio can be over 10,000.

The fluid–solid interaction force can be tuned by the parameter Gw in Eq. (14) to control the
wettability of the wall. The variation of contact angle versus Gw is shown in Figure 3b. The sur-
face is hydrophilic for Gw < 0 with contact angle lower than 90� while hydrophobic for Gw > 0.

3.2. Surface reactive boundaries

Considering a one-dimensional diffusion problem in a channel with the reactive surface at the
boundary (x¼ l), the governing equations are

@C
@t

¼ D
@2C
@2x

Cðx, t ¼ 0Þ ¼ 1

@C
@x

����
x¼0

¼ 0;D
@C
@x

����
x¼l

¼ �kC

(29)

It has the analytical solution

C x, tð Þ ¼
X1
n¼1

4 sin ðknÞ
2kn þ sin ð2knÞ e

�k2nFo cos kn
x
l

� �
(30)

where

kn tan ðknÞ ¼ Da,Da ¼ kl
D
, Fo ¼ Dt

l2
(31)
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As discussed in Section 2.3, for the mass transport LB model, the surface reactive boundaries can
be dealt with using Eq. (20) or Eq. (25). Figure 4a shows the comparison of the concentration
profiles between numerical results and analytical solutions. It can be seen that the numerical
results with Eq. (20) and Eq. (25) agree well with the analytical solutions, which validates the
accuracy of the present model.

In the previous studies, most of the reactive flows use the passive approach in which one spe-
cies is considered as a solvent while others are considered as solutes. The velocity field is solved
for the solvent species, while other species are followed by the solutions of advection–diffusion
equations based on the assumption that their consumption or generation does not affect the
momentum of velocity field. However, in this work, when the electrochemical reaction occurs,
the water vapor is continuously generated, which significantly increases the momentum of water
vapor. To check the effectiveness of treatment of the surface reactive boundaries (Eq. (21) or Eq.
(26)) to capture the net advective flux, a single-phase fluid flow in a channel with a reactive
boundary is simulated, as shown in Figure 4b, in which the reactive surface can generate a net
advective flux qu ¼ �2� 10�5 (the minus sign indicating the flux direction toward negative x-
direction). When the flow reaches the steady state, the magnitude of the velocity is 2.002� 10�5

(q¼ 1 in the entire domain), which confirms the effectiveness of the present model.

4. Results and discussion

The simulation process is as follows: oxygen from GC diffuses into GDL and meets the CL where
a reaction rate is specified. As the water vapor generates at the reactive sites in the CL during the

Figure 3. Validation of pseudopotential LB model: (a) coexistence curve; (b) contact angle versus Gw.

Figure 4. Validation of surface reactive boundary conditions: (a) mass transport LB model; (b) fluid flow LB model.
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operation of PEMFC, the local concentration of water vapor increases and then diffuses into the
GDL and GC. If the concentration of water vapor exceeds the local saturation level, the water
vapor will condense.

In the following, the effect of cathode microstructure, temperature distribution, wettability of
GDL and rib of GC on the water vapor generation, condensation, and subsequent transport in
the entire porous cathode are presented.

4.1. Cathodes with regular microstructures

The water vapor condensation in the PEMFC is affected by many factors, including the wettabil-
ity of GDL, temperature gradient, vapor generation/transport rate, and microstructure. In this
work, two microstructures have been studied, one is regular and the other is random. We first
investigate the water evolution in a well-designed cathode with the regular microstructure. Figure
5 shows the water vapor generation, condensation, and subsequent transportation processes in
the cathode with a mixed-wettability (coexistence of hydrophilic and hydrophobic) GDL. In the
images, the black solids at the GDL domain are hydrophobic fibers with a static contact angle of
110� while the black solids covered by white surfaces denote hydrophilic fibers with a static con-
tact angle of 70�. The wettability of solid particles in the CL is assumed to be neutral. The poros-
ity of the GDL and CL in Figure 5a, b are 0.645 and 0.737, respectively, while the porosity of the
GDL in Figure 5c is 0.802. A prescribed linear temperature distribution is assigned in the entire
domain with the highest temperature of 0.56Tc at the CL side and the lowest temperature of
0.545Tc at the GC side.

From Figure 5a, b, we can find that the liquid water first appears in the CL domain, and then
water vapor condenses at the small pores surrounded by the hydrophilic fibers near the GDL/CL
interface. Subsequently, the water vapor condenses at the initial condensation positions in the
GDL and grows up to penetrate the neighbor pores. The liquid water preferentially penetrates the
hydrophilic pores other than hydrophobic pores due to the difference in the capillary pressure.
By contrast, the water vapor is not condensed at the hydrophobic sites in the GDL and liquid
water can not intrude into the hydrophobic GDL even when the CL is full of the liquid water
due to the high capillary resistance.

In Figure 5c, hydrophilic fibers and hydrophobic fibers are spatially separated from each other.
It can be seen that the hydrophilic site in the GDL near the GDL/GC interface is the initial con-
densation position. With the generation of water vapor, the liquid water continues to condense
inside the GDL. Then, the liquid water in the GDL are aggregated to a water cluster. Besides, the
liquid water in the CL is wicked from CL into GDL. Finally, the liquid droplet at the top of the
GDL intrudes into the GC. By the comparison of results among three different spatial mixed-
wettability of GDLs, we can find that the configuration of spatial mixed-wettability of GDL has a
great influence on the liquid water transport in the cathode, and a proper configuration (e.g.,
Figure 5c) facilitates the removal of liquid water out of GDL.

At the GDL, the phenomenon that the water vapor first condenses at the small pores sur-
rounded by the hydrophilic fibers can be explained by Kalvin’s equation

RT ln
p
p0

¼ 2cM
rq

(32)

where p is the vapor pressure on the curved surface, p0 is the saturated vapor pressure when the
surface is flat, c is the surface tension, and r is the curvature radius (positive for convex curvature
and negative for concave curvature). Kalvin’s equation reveals that the saturated vapor pressure at
hydrophilic pores is lower than that at hydrophobic pores, and also reveals that the saturated
vapor pressure at the small pores is lower than that at large pores for the hydrophilic surface
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(concave curvature). The above results mean that the vapor is easier condensed at the hydrophilic
small pores.

4.2. Cathodes with random microstructures

4.2.1. Effect of reaction rate
In the above discussion, both GDL and CL were assumed structured regularly. Generally speak-
ing, the GDL and CL in the cathode are random porous media. In the following, the cathodes
with random microstructures of the GDL and CL are investigated. The GDL is assumed to be

Figure 5. Dynamic evolutions of liquid water in cathodes with different spatial mixed-wettability of GDL: (a) Structure I, (b)
Structure II, and (c) Structure III. The black solids in the GDL are hydrophobic while black solids covered with white surfaces are
hydrophilic.
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hydrophobic with a static contact angle of 120� while the CL is assumed to be neutral with a
static contact angle of 90�. Likewise, a linear temperature distribution is assigned in the entire
domain with the highest temperature of 0.56Tc at the CL side and the lowest temperature of
0.545Tc at the GC side. In the PEMFC, the overpotential is related to the current density, and a
larger overpotential represents a higher electrochemical reaction rate on the reactive surfaces in
the CL, which means an intensified generation rate of water vapor. At different overpotentials,
the dynamic evolution of liquid water in the cathode with a random microstructure of GDL and
CL is shown in Figure 6. As shown in Figure 6a, at a lower water vapor generation rate (with a
small value of overpotential g¼ 0.28), the generated water vapor has enough time to transport
from CL into the GDL and GC, and the water vapor tends to condense at the top of GC due to

Figure 6. Dynamic evolutions of liquid water in the cathode at different overpotentials (a) g¼ 0.28, (b) g¼ 0.32, and (c) g¼ 0.34.
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its lowest local temperature. As g increases, the water vapor accumulates in the CL since the
water vapor transport rate is lower than the generation rate, resulting in the condensation of
water vapor in the CL, as shown in Figure 6b, c.

From Figure 6b, c, it can be seen that initial condensation positions in the GDL significantly affect
the water evolution in the cathode. The initial condensation positions serve as the embryo, and the
water vapor continues to condense on the surface of initial droplet embryo. Then, the droplets grow up
and are accumulated to form a large liquid water cluster. The liquid water in the GDL prefers to intrude
into larger pores due to their smaller capillary resistance. Meanwhile, according to Kelvin’s equation,
the saturated water vapor pressure on a large droplet is lower than that on a small droplet for the
hydrophobic surface (convex curvature), resulting in an easier condensation of water vapor on the
front of large droplets. As the result, the water vapor continues to condense on the front of water cluster
1 (denoted in Figure 6b3, 6c3) which preferentially intrudes into the large pores until penetrates
through the GDL, while water cluster 2 (denoted in Figure 6b4, 6c4) remains almost unchanged.

Figure 7 shows the corresponding oxygen concentration distributions in the cathode when
g¼ 0.32. Initially, the concentration distribution of oxygen is set to be unity in the entire domain.
It can be seen that the concentration of oxygen in the cathode decreases with time due to its con-
sumption in the CL. Besides, the liquid water in the GDL hinders the mass transportation of oxy-
gen from GC to CL (see the region of low oxygen concentration at CL in Figure 7b). Meanwhile,
because of the low solubility of oxygen in the liquid water, solid particles in the CL covered by
the liquid water no longer produce electrochemical reactions. Thus, the condensed liquid water in
the cathode will greatly reduce the performance of PEMFC.

The variations of the water saturation degree at the CL, GDL, and GC domains at different over-
potentials are shown in Figure 8. Here, the definition of water saturation degree at the porous media
is the ratio of liquid water volume to void volume. At g¼ 0.34, the liquid water first emerges in the
CL region, which later leads to a severe water flooding issue in the CL. In general, the water satur-
ation increases with time at CL, GDL, and GC, but occasionally the decrease of water saturation
could happen. It is mainly because the rapid condensation at one spot affects the quasi-steady liquid/
vapor interface at other spot, further leading to the evaporation and redistribution of water. Note
that the re-evaporation of already condensed liquid water can be seen in Figure 6b.

Figure 7. Oxygen concentration distributions in the cathode when g¼ 0.32 is at different moments: (a) t¼ 13,400,00 dt and (b)
t¼ 26,400,00 dt. Initially, the oxygen concentration is set to be unity. The upper concentration boundary is constant and set to
be unity.
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4.2.2. Effect of temperature distribution
In the above studies, a prescribed linear temperature distribution is assigned to the entire domain which
is decreasing from CL to GC. To study the effects of temperature distribution on the water evolution in
the PEMFC, a uniform temperature distribution with T¼ 0.55Tc is assigned to the entire domain while
other conditions remain unchanged compared with the case of Figure 6b, and the results are provided in
Figure 9. As shown in the figure, with a uniform temperature distribution, the generated water vapor
tends to condense in the CL domain. The liquid water can not penetrate through GDL into GC and the
water flooding issue in the CL becomes severe. Thus, the temperature distribution in the cathode has a
significant effect on the dynamic evolution of liquid water. A lower temperature near the GC can facilitate
the condensation of water vapor near the GC and reduce the water flooding issue in the CL.

4.2.3. Effect of wettability of GDL
In Section 4.2.1, the GDL is assumed to be hydrophobic with a static contact angle of 120�. To study
the effect of the wettability of GDL on dynamic evolution of liquid water, a hydrophilic GDL with a
static contact angle of 70� is studied while other conditions remain unchanged compared with the
case of Figure 6b. Figure 10 shows the dynamic evolution of water in a cathode with the hydrophilic
GDL. Clearly, the water vapor tends to condense at small pore sizes in the hydrophilic GDL. Then,
the growing liquid water fills in the small pores and is accumulated to occupy the large pores. Finally,
the liquid water tends to occupy the entire GDL, which certainly significantly hinders the transporta-
tion of oxygen from GC to CL and further reduces the performance of PEMFC. Hence, it can be con-
cluded that for the hydrophilic GDL, the liquid water in the GDL cannot intrude into the GC
because the liquid water prefers to adhere on hydrophilic fibers in the GDL.

4.3. Gas channel with rib

For the flow field plate in the PEMFC, the rib and GC are coexisted. Due to the high thermal conduct-
ivity of the rib, the heat can be easily dissipated through the rib, resulting in a lower temperature at the
region under the rib than others. Thus, in this study, a relatively low temperature is assigned at the
region under the rib. Figure 11 shows the dynamic evolution of liquid water in a cathode with a rib in
the GC. Here, the GDL is assumed to be hydrophobic with a static contact angle of 120�, while the wett-
ability of rib is assumed to be slightly hydrophilic with a contact angle of 80�. As shown in Figure 11a,

Figure 8. Variation of water saturation at CL, GDL, and GC domains versus time.
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at a low overpotential (g¼ 0.30), the liquid water in the GDL first emerges in the region under the rib.
Due to the low generation rate of water vapor, it has enough time to transport from CL into GDL and
GC, and then condenses in the region under the rib with a lower temperature. The existence of the rib
in the GC facilitates the condensation of water vapor in the region under the rib. Finally, the liquid
water under the rib gradually grows up and preferentially intrudes into the GC. This phenomenon is
similar to the in-situ visualization of water evolution in an operating fuel cell with a high-resolution
synchrotron X-ray radiography conducted by Manke et al. [5].

In contrast, at a larger vapor generation rate when g¼ 0.32, the liquid water in the GDL first
emerges at the region close to the CL, as shown in Figure 11b. With the condensation of water vapor,
the liquid in the GDL grows up to be a water cluster. Subsequently, another water cluster emerges at
the region under the rib. Finally, the water clusters are merged and intrude into the GC.

5. Conclusions

In this work, a pore-scale model based on the LBM is proposed to simulate the multicomponent
multiphase reactive transport process in a cathode of the PEMFC. The proposed model is adopted
to study the water vapor generation, condensation, and subsequent transport in the entire porous
cathode of the PEMFC, including the CL, GDL, and GC. The following conclusions can be drawn.

1. The water vapor prefers to condense at the small hydrophilic pores near the GDL/CL interface. The
configurations in the spatial mixed-wettability of GDLs affect the liquid water transport in the cath-
ode, and a proper configuration of GDL can facilitate the removal of liquid water.

Figure 9. Dynamic evolution of liquid water in the cathode with a uniform temperature distribution when g¼ 0.32.

Figure 10. Dynamic evolution of liquid water in a cathode with hydrophilic GDL when g¼ 0.32.
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2. Condensation plays an important role in the liquid water evolution. The water vapor tends
to condense on the surface of initial condensation embryos, and then penetrates into a pref-
erential path with the lower capillary pressure and saturated vapor pressure.

3. The vapor generation rate affects the condensation sites at the cathode, and vapor prefers to
condense on the GC at a low generation rate while tends to condense in the CL at a high
generation rate. A lower temperature on the GC side can reduce the water flooding issue in
the CL while a hydrophilic GDL would aggravate the water flooding.

4. The existence of the rib in the GC facilitates the condensation of water vapor in the region
under the rib.
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