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A mass transfer model that modifies the Bruggeman equation for oxygen diffusion in the gas diffusion
layer (GLD) has been proposed and validated by experiments. The experimental results indicate that the
modified model can accurately simulate the actual working conditions of proton exchange membrane
fuel cell (PEMFC) during concentration polarization. The differences of numerical simulation results
between before and after modification are further compared, and the distribution characteristics of liquid
water in porous media are explored. The results reveal that liquid water saturation and oxygen
concentration predicted by the traditional Bruggeman equation are both higher, and for different models
the smaller the value of S (or the absolute value of &) is, the more the liquid water will be. The liquid

water is accumulated and oxygen mass transfer resistance is enhanced due to increased current density.
The reaction rate decreases during concentration polarization, and the generation rate of liquid water
slows down accordingly. The growth rate of liquid water and the decrease rate of oxygen concentration
under rib are larger than those under channel. The liquid water accumulates much more significantly
under rib than under channel at a common working voltage of around 0.55 V. As GDL porosity
decreases, liquid water under channel increases almost linearly while the change of liquid water
saturation under rib exhibits a parabolic trend. On the whole, liquid water is slightly saturated when
porosity is greater than 0.65. Smaller GDL pore size will considerably increase ‘flooding’ risk, and
thinner GDL thickness is beneficial to the removal of liquid water.
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1. INTRODUCTION

Featuring in high energy density, fast starting speed, strong endurance, efficient energy
conversion and environmentally-friendly emission, proton exchange membrane fuel cells (PEMFCs) are
considered to be one of the most promising vehicle power sources in the future [1-3]. The low-
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temperature proton exchange membrane fuel cell (LT-PEMFC) works at a temperature of less than 100
°C, thus some of the water that is generated in the fuel cells is in a liquid phase. If excess liquid water is
not timely discharged, the continuously accumulated liquid water will block mass transfer channel and
affect gas transportation and distribution. The substances covered on the surface of the catalyst will
reduce the utilization rate of the catalyst and cause a sharp decline or even failure in the cell performance,
resulting in so-called ‘liquid water flooding’. The greater the power density is, the more likely the
problem will occur. Therefore, in order to further increase the power density and accelerate the
commercialization of PEMFC, it is of great importance to effectively prevent ‘flooding’ from happening.

Scholars have conducted lots of simulation and experimental researches on liquid water
distribution of PEMFC. The numerical models range from simple 1D (one-dimensional) single-phase
flow to a complex 3D (three-dimensional) multi-phase flow, which are used to predict ‘flooding’ or
study its influence on cell performance. Djilali et al. [4] developed a non-isothermal and non-isobaric
1D model of PEMFC water transportation and analyzed fuel cell performance and water transport in
certain range of working current. The results indicated that the non-uniform distribution of temperature
and pressure had a significant impact on predicting liquid water in the gas diffusion layer. Rowe et al.
[5] developed a 1D non-isothermal model of PEMFC, and investigated the influences of various
operating conditions on the cell performance. It was found that the temperature distribution of PEMFC
was affected by the change of water phase in the electrode. The 1D model can demonstrate the influences
of different working conditions on PEMFC performance better without considering the multi-
dimensional effect, so it is suitable for studying unidirectional mass transfer. Lee et al. [6] developed a
2D (two-dimensional) pore-network model to study the water transport in the gas diffusion layer of
PEMFC. The numerical results showed that the water transport in the gas diffusion layer was strongly
influenced by capillary pressure. Sun et al. [7] developed a two-phase model based on the model of
mixture flow to study the influences of operating temperature, pressure and humidity on the
transportation of oxygen, vapor and liquid water. The 2D numerical simulations of PEMFC mostly
involve the influences of different operating conditions on the cell performance, while little attention is
paid to the detailed characteristics of liquid water distribution in porous media. In recent years, more and
more 3D models [8-11] are used in PEMFC numerical simulations, but there are common problems such
as larger amount of calculation and difficulty in convergence. By contrast, the 2D model not only owns
a smaller amount of calculation, but also completely displays the detailed characteristics of liquid water
distribution, thus facilitating the comparison on the differences of liquid water distribution between
under channel and under rib. In terms of experiments, Banerjee et al. [12] used X-ray imaging technology
to study the similarities and differences of different gas diffusion layer microstructures and droplet
aggregation behavior. Ge et al. [13] used synchrotron radiation X-ray imaging to measure the penetration
behavior of water droplets in the microporous layer, and input the results of measurement to the 1D
model. Cho et al. [14] used neutron imaging technology to evaluate the formation and transportation of
liquid water in the serpentine flow field.

The “flooding’ in the porous media is often more complicated than that in the channels due to the
clogging of water liquid in the pores. Since water is mainly produced on the cathode side, it is particularly
important to study the liquid water in the porous media of the cathode. Although lots of researches have
been carried out on water management, less attention has been paid to the detailed characteristics of the
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liquid water distribution in the cathode porous media, and there is less modeling for the cathode porous
media area.

In order to further improve PEMFC water management and prevent ‘flooding’ from happening,
a 2D, two-phase, isothermal model of the cathode porous media area is established in this study. The
Bruggeman equation for oxygen diffusion in this model is modified, and the reliability of the modified
model is verified by experiments. Aiming at the liquid water distribution characteristics in porous media
under low voltage (high current density), this study also further explores the relationship between liquid
water and concentration polarization and investigates the influences of various working conditions and
GDL structural characteristics on the liquid water distribution, striving to provide guidance for
optimizing PEMFC water management.

2. EXPERIMENTAL METHOD

2.1. Computational domain of numerical model

The computational domain of cathode porous media is shown in Fig. 1, including gas diffusion
layer (GDL) and catalyst layer (CL). In this study, in order to improve the efficiency of calculation,
symmetrical boundary conditions are used, and upper boundary of GDL is channel width (half) and rib
width (half) combined.

Channel (inlet) Rib
\

GD:!

CL
Figure 1. Computational domain.

2.2. Assumptions

(1) Ideal gas law is applied to all the gas species.

(2) The PEMFC is operated at steady state.

(3) Isotropic material properties are considered.

(4) Mass transfer of gas species adopts Maxwell-Stefan equation.

(5) No compression of porous media through rib.

(6) Catalyst structure uses spherical agglomerate model [15], assuming each spherical
agglomerate include solid electrode (Pt/C), electrolyte (ionic polymer) and outer liquid water film, from
inside to outside, the microstructure is shown in Fig. 2.
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Liquid water film

Figure 2. Spherical agglomerate catalyst model [15]

2.3. Governing equations

In this study, the two-fluid model is used to establish numerical model of PEMFC. In the
numerical simulation, gas phase governing equation and liquid phase governing equation need to be
solved separately. Gas phase (hydrogen, oxygen, water vapor, and nitrogen) is solved with the mass
conservation equation, momentum conservation equation, energy conservation equation (gas phase and
liquid phase are shared) and component diffusion equation. Liquid phase is solved with liquid water
transport equation. Charge conservation equation and electrode kinetic equation are also needed to be
solved.

2.3.1. Mass conservation equation

At steady state, mass conservation in porous media is described by the continuity equation:
Vpu=Q, (1)
where p is gas mixture density, which is given by Eq. (2); u is velocity vector, Q, is mass source

term; V is differential operator, di+i+—.
X

p=—ti_— @)

where p is working pressure, T is working temperature, X; is the mole fraction of each
component, M; is the mole mass of each component, R is gas constant.
2.3.2. Momentum conservation equation

Using Navier-Stokes equation to describe velocity and pressure variation in porous media:
V:(puu) =-Vp+V(uVu)+R, (3)
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where the term on the left of the equation refers to convection, the former two terms on the right
of the equation refer to diffusion, and the last term refers to momentum source term. x is fluid viscosity,

which is given by Eq. (4) [16]:
X-ﬂi M i0.5

Mo = = :1n (4)

Z x.M i0.5
i=1

As velocity and velocity gradient in porous media is relatively small, fluid inertia and viscosity
can be neglected, thus momentum equation is simplified by Darcy’s law:

u=-=vp (5)
U

where « is porous media relative permeability.

2.3.3. Energy conservation equation

For the steady-state model, the energy conservation in any region of PEMFC can be described

as follows:
(pcp)eff (UVT) = v(keffv-r) + Se (6)

wherec is the specific heat capacity of the mixture, kis the thermal conductivity, S is the
energy source term. The subscript eff represents the effectivity of the porous media [17]:

(pcp)eff = (1_8)pscp,s +gﬂ:p (7)
£ l-¢

k. =—2k b 8

eff s+[2ks+k+3k ] ( )

where ¢ is porosity of porous media, p,. C k, represents density, specific heat capacity and

p,s ™

thermal conductivity of solid mixture respectively.

2.3.4. Charge conservation equation

To describe ion transfer balance (In the CL) and electron transfer balance (In the CL and GDL):

V(o,Ve)=] 9)

Vi, Véy) =] (10)

where ¢, is electric potential, 4, is ionic potential, ] is transfer current density. o is effective
conductivity of electron, given in Eq. (11); o, is effective conductivity of ion given by Eq. (12) :

o, =0(&pyc )1-5 (11)
o,, =(0.0051391 —0.00326) exp[lZGS(% - Tl)] (12)

where €euc is the ratio of platinum to carbon in the catalyst, and in Eq. (12), A4 is water content,
given in Eq. (13):
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0.043+17.81a, , —39.85¢ , +36.0cr] 5 @1 <1

A=4140+14(a, 0 -1 1<ay <3 (13)
16.8 Ao >3
where «, o is water activity, given in Eq. (14):
o =Xy o ——+25 (14)

sat

where Xy, o is mole fraction of water vapor; P, is vapor saturation pressure, given in Eq. (15); s

is liquid water saturation, which is defined by the ratio of liquid water volume to total porous volume,
using the weighted average method of reference [18] for the calculation of liquid water saturation.
Py, =9.531x107*(T —237)* —3.123x107*(T —237)° +3.451(T —237)°

(15)
+20.96(T —237) +611.0

2.3.5. Electrode kinetic equation

Electrochemical reaction takes place in the CL, Butler-Volmer equation that describes activation
polarization and concentration polarization is given by:

p02 -
Cref [exp(

02%0p

aciﬁc )—eXp( (1—0[,: ) F77c )]

i.=adl i
c Pt/C R RT

(16)
where ag . is the effective specific area of the CL, i is the exchange current density, Po, IS
ref

partial pressure of oxygen, ¢, is reference oxygen concentration, H, is Henry’s law constant of oxygen,

a, is cathode transfer coefficient, F is Faraday constant. The overpotential 77, is defined as the potential
difference of ¢,, ¢, , and cathode equilibrium potential ¢, as shown in Eq. (17):

n.= ¢s _¢m _¢|eq (17)
2.3.6. Component diffusion equation
Using Maxwell-Stefan mass transfer equation to describe diffusion and convention:

Vi-po 3D (Vo +o 2 ) (- 0) P ol =R (18)
j=1 p

ij

J n

“I"js effective diffusion coefficient of binary gas in porous media, which is a function of

where D;

effective porosity e, and the relationship is given by Bruggman equation [19], where 1.5 is the
Bruggeman correction factor, as shown in Eq. (19). D; is the diffusion coefficient of binary gas, given
by Eq.(20) ~ Eq.(22); M, is the mole mass of each component, M is the average mole mass, as shown
in Eq. (23). o, . o;andx; is the mass fraction and mole fraction of each component respectively, R; is

the source term of each component.
Di?ff — DIJ (Seff )1.5 (19)
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Do, 11,0 = 0.282 x10™(T /308.1)"° (20)
Do, y, =0.22x107*(T / 293.2)** (21)
Dy,0_n, =0.256 x10~*(T /307.5)"° (22)
M, = Z:, XM, (23)

-

eff
where ¢ s effective porosity of porous media, as given in Eq. (24):
88” 28(1—5) (24)

2.3.7. Liquid water transport equation

Applying volume average theory to the continuity equation, and apply Darcy's law to liquid phase
and vapor phase, thus the liquid water transport equation can be described as follows::
I,1,.9
V(o Dvs- Lt yry < M 5 (25)
where p|. is liquid water density, M, is mole mass of water, x°and x., are kinetic viscosity of
vapor and liquid water respectively, k’and k: are relative permeability of vapor and liquid water
respectively, D, is diffusion coefficient, as presented in Eq. (26) [20]:

K! L dJ(s)

D, = —Zracos(ec)(ge”kp)z (26)

where ois surface tension, 6 is contact angle, Kk is relative permeability, J(s)is Leverett

function [21].
Besides, the model also takes net water transport through proton exchange membrane into
consideration. Therefore, source term of vapor in the CL is reaction generation, net water transportation

and phase change combined, as shown in Eq. (27):

Sy =Ry (1+2X) - S\:v (27)
where x is net water transport coefficient through the membrane.

The source terms involved of above equations are shown in Table 1 and Table 2.

2.4. Bruggeman equation modification

At present, almost all PEMFC numerical models have adopted the Bruggeman equation [22] to
predict gas diffusion in porous media, as shown in Eqg. (19). Bruggeman equation can also be written as
Eg. (28) and Eq. (29) combined:

Dy = §(1— s)’-D, (28)

r=¢" (29)
where « is parameter related to pore distortion of the dry GDL, and S is parameter related to

liquid water distribution of the aqueous GDL, which are two important parameters determining the
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effective gas diffusion coefficient. « represents the pore distortion of the porous media, and the greater
the absolute value of « is, the larger the resistance of gas diffusion will be; £ represents the influence of

liquid water on gas diffusion, the greater the value of £ is, the larger the influence of liquid water will
be. So far, almost all PEMFC numerical simulations have used the traditional Bruggeman equation and
parameters empirically taken asa =-0.5, [ =1.5[23-25]. However, traditional Bruggeman equation
is an empirical correlation based on sand medium permeability theory, which does not necessarily apply
to oxygen diffusion process in the GDL with a small pore diameter, while accurately revealing oxygen
diffusion characteristics in the GDL is necessary for PEMFC numerical simulations.

The traditional Bruggeman equation considers oxygen diffusion to be related only to the average
porosity of porous media and average liquid water saturation, ignoring the influences of pore size and
liquid water distribution. In recent years, some scholars had found that using the traditional Bruggeman
equation to predict effective oxygen diffusion coefficient in the GDL, when takinga =-0.5, f=15,
the predicted accuracy of oxygen diffusion is poor [26, 27]. Other studies [28-30] had pointed out not
only the average porosity and average liquid water saturation, but also the pore size distribution and
liquid water saturation distribution, affecting the effective oxygen diffusion coefficient in the GDL. In
order to accurately predict effective oxygen diffusion coefficient, scholars had done lots of theoretical
and experimental researches [31-33], focusing on the modification of two main parameters affecting
effective oxygen diffusion coefficient « and B . A three-dimensional pore network model was used by

Wu et al. [34] to determine the effective oxygen diffusivity in the GDL, where parameters were
empirically taken as f=2.6. Martinez-Rodriguez et al. [35] performed complementary

characterizations for GDL by using scanning electron microscopy (SEM) images, pore size distribution
(PSD) and fuel cell performance, in which parameters were empirically taken as « =-2.8,=38. A

pore network model of GDL is developed and validated by Gostick et al. [36], and the model idealized
GDL as a regular cubic network of pore bodies following respective size distributions, where g =5.0

was used in this study. As can be seen that the range of « given by these models is currently -0.5~3.0,
and the range of S is 1.5~5.0, but the values of « and £ are still controversial.

Wang and Wang [37] used the principle of galvanic cells to design an experimental measuring
device for effective oxygen diffusion coefficient in the GDL. The device can accurately measure
effective oxygen diffusion coefficient in the dry GDL and the aqueous GDL. Experimental results
indicate that effective oxygen diffusion coefficient predicted by the traditional Bruggeman equation is
much higher than actual situation. Therefore, the traditional Bruggeman equation cannot be used to
accurately quantify the performance of PEMFC. The influences of pore size distribution and liquid water
distribution must be considered when predicting the oxygen diffusion coefficient in the GDL. For the

GDL made of carbon paper, when the functions of pore size distribution and liquid water distribution
are lacking, the approximate prediction can be made by further modifying parameter « and g in the

Bruggeman equation, with the modification values of @ =—-3.0and £ = 4.0 respectively. Therefore, the

modified Bruggeman equation can be shown by:
Di?ff = Dij (5ieﬁ)4 (30)
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Table 1. Source terms

Source terms Unit Domain
Q=M Q2 +M,S;, kgm?3st GDL and CL
R j mol m CL
0, =" 5= -1
: 4F s
R i mol m CL
H20 =~ 5 -1
2F s
e(l-s)x]
Koon T(X“% P? = Pe) XuP” 2 Py mol m™3 GDL and CL
Sy = <) st
keva#(psat —XyP?) XIp® < Py

w

Note: K ,, and K,,, are condensation rate and evaporation rate respectively.

Table 2. Conservation of water in vapor, dissolved and liquid phases

Unit (mol m3s?) CL GDL
Water vapour S -Sy-s; -S,
Liquid water S| Sy + Sy Sw

Dissolved water S;, Sy’ =Sy 0

Note: superscripts meaning : v (vapor), | (liquid), d (dissolved), vl (vapour to liquid), vd (vapour
to dissolved), dl (dissolved to liquid).

2.5. Boundary conditions and numerical solution

The water content on the CL-membrane interface is defined as the Dirichlet boundary with the
value according to Eq. (13). The liquid water saturation at the inlet is also defined as the Dirichlet
boundary with the value of zero. The inlet boundary conditions of each component are given by Eqg. (31)
~ Eq. (33). Main parameters of numerical simulation are shown in Table 3.

_ buRH

H,O0,in —
P (31)
Xo,in = 0.211- XHZO,in) (32)
XNz,in = 079(1_ XHZO,in) (33)

In this study, multi-physics coupling analysis software COMSOL Multiphysics5.4 is used to
solve the numerical model. The numerical solution of all equations is based on the finite element method
(FEM). The meshing method uses a structured method and encrypts the thickness direction of GDL and
CL. The calculation domain consists of 2,250 elements, and all the calculation models have been verified
by grid independence.
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Table 3. Physical parameters and properties
Symbol Definition Value
Physical constant and properties
F Faraday’s constant (C mol™?) 96,485
R Universal gas constant (J mol*K™) 8.314
M, Molar mass of oxygen (kg mol™) 0.032
M, Molar mass of nitrogen (kg mol™) 0.028
o Molar mass of water (kg mol?) 0.018
Lo Dynamic viscosity of oxygen (Pa s) 2.34968x10°
Ly, Dynamic viscosity of nitrogen (Pa s) 2.03572x10°
Lo Dynamic viscosity of water vapor (Pa s) 3.54064x10*
Doy Density of Platinum (kg m) 21,450
Pe Density of Carbon (kg m=) 2000
O Conductivity of carbon phase (S m?) 1000
Geometry properties (base case)
deoL Gas diffusion layer thickness (um) 250
de, Catalyst layer thickness (um) 15
d, channel width (mm) 1.0
d rib width (mm) 1.0
EpL Porosity of GDL 0.65
el Porosity of CL 0.35
g Agglomerate radius (nm) 200
o, Platinum radius (nm) 5
J, Thickness of Nafion layer coating agglomerates 15
(nm)
Electrochemical properties
a, Charge transfer coefficient 0.5
Ccf)ef Oxygen reference concentration(mol m=) 0.85
pteff Utilization rate of specific Pt surface area 0.6
adl . Effective specific area of the catalyst layer (m™) 3.6x10°
m" Platinum loading (mg cm?) 0.4
i Exchange current densities (A m?) 0.075
H, Oxygen Henry’s law constant 0.64
Operating conditions (base case)
T Operating temperature ( K) 353
P Operating pressure ( Pa) 1.5x10°
RH Cathode relative humidity 100%
Xo Inlet oxygen mole fraction 0.14455
X0 Inlet water vapor mole fraction 0.31169
Inlet nitrogen mole fraction 0.54376

XN

2
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3. RESULTS AND DISCUSSION

3.1. Model verification

In order to verify the accuracy of the modified model in this study, polarization curves of the
simulation (base case) under the same operating condition are compared with polarization curves of the
single cell measured by experiment. Experiment conditions include working temperature at 80 °C,
absolute pressure at 1.5 bar, and air is completely humidified, and hydrogen is not humidified, and
stoichiometry of hydrogen and air are 1.5 and 2.5 respectively. The membrane electrode assembly
(‘CCM’ MEA, including catalyst layers and proton exchange membrane) with thickness of 60 pm from
W. L. Gore & Associates (GORE®PRIMEA®MEA) is used, and platinum loading is 0.4 mg cm for
cathode and 0.1 mg cm for anode respectively. GDL adopts Toray (Toray Industries) carbon paper with
a thickness of 250 pum.

The comparison between the polarization curves of the numerical simulation and experimental
results is shown in Fig. 3. From the trend of polarization curves, it can be found that the numerical
models have less difference at low current density, but there is a significant difference at medium and
high current density, especially during concentration polarization. Obviously, the modified model in this
study agrees better with experimental results compared to other numerical models, which verifies the
reliability of the modified model. For fuel cell water management, it is necessary to focus on the
distribution of liquid water at medium and high current density in order to find an effective solution to
the “flooding’. Since the modified model is more in line with the actual working conditions of PEMFC
at medium and high current density, the numerical simulations in this study will mainly use the modified
model for further researches.

—=— Traditional model [23-25]
1.0 e Modified model [37]
k. — 4 Wu model [34]
Y v Martinez model [35]
08|l ¥ +  Gostick model [36]
’\ . —4— Experimental results
— ‘1:7-7!
b LS S Sy S
o 06} L S
g L NN 7. “m
— \, N
g * * A ‘w
04t « \y \
e
v -
0.2t .
" 1 " 1 " 1 L 1
0 5000 10000 15000 20000

Current density (A m'z}

Figure 3. Comparison of simulation polarization curves and experimental results

3.2. Analysis of the relationship between liquid water and concentration polarization

At high current density, the concentration polarization of PEMFC is intensified, which is not
beneficial to the improvement of power density. Increasing current density means more water generated,
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and the water accumulation is closely related to concentration polarization. The further analysis made
for this relationship is as follows. In order to facilitate the extraction of simulation results, three
geometric coordinate points under rib are recorded as point 1, point 2, and point 3, respectively, and
three geometric coordinate points under channel are respectively recorded as point 4, point 5, point 6, as
shown in Fig. 4.

Chaqlel (inlet) Rib

GDL—|
5

=

o CLJ \

Figure 4. Geometric model of numerical simulation

With fuel cell voltage (‘U’) at 0.8 V, 0.7 V, 0.6 V and 0.5 V, liquid water saturation distribution
in porous media is shown in Fig. 5. It can be seen that as the voltage decreases, that is, the current density
increases, liquid water saturation in porous media keeps increasing, and the farther away from the inlet,
the larger the liquid water saturation. As shown in Eq. (24), effective porosity decreases as liquid water
saturation increases, when voltage decreases from 0.8 V to 0.5 V, maximum liquid water saturation of
the modified model increased by about 3.7 times, and effective porosity of GDL decreased by 8.2%.
Compared with the modified model, numerical results of the traditional model are obviously larger in
liquid water saturation, and the lower the voltage is, the larger the deviation of liquid water saturation
will be.

max:0.03 max:0.03
mnﬂow min:0.02
(a-1) U=0.8 VV (a-2) U=0.8 V
max:0.06 max:0.05
el | -
1 0.04 H
A ﬁ 0.03
min:0.02 min:0.02

(b-1) U=0.7 V (b-2) U=0.7 V
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__~ & _— ﬂ
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Figure 5. Liquid water saturation distribution in porous media with different voltages

The variation of the liquid water film thickness of the CL (point 5) is shown in Fig. 6. It is found

that the liquid water film thickness of the CL predicted by different models shows obvious differences,
and the smaller the value of S (or the absolute value of ) is, the greater the liquid water film thickness

will be. This is because oxygen diffusion coefficient increases as / decreases according to the

Bruggeman equation, which results in a increase in the electrochemical reaction rate and the generation
rate of liquid water increases accordingly. As voltage decreases from 0.9 V to 0.1 V, water film thickness
of the modified model increases from 1.3 nm to 6.3 nm. During concentration polarization, due to a large
amount of liquid water covering the catalyst surface, the resistance of the oxygen transportation
increases, resulting in a decrease in the electrochemical reaction rate and the generation rate of liquid
water slows down accordingly. Therefore, the increased tendency of the water film thickness is flattened
during concentration polarization. The oxygen concentration under rib at different locations is shown in
Fig. 7. As the voltage decreases, the oxygen concentration in porous media drops rapidly, and the oxygen
concentration maintains at a low level during concentration polarization. In addition, since porous media
is clogged with liquid water, the further distance away from the inlet is, the lower the oxygen
concentration will be.
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Figure 6. The variation of the liquid water film thickness of the CL
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Figure 7. The oxygen concentration under rib at different locations

3.3. Liquid water distribution characteristics under different working conditions

When designing gas flow channels of PEMFC, the width of channel is often slightly larger than
the width of rib. It can be seen from Fig. 5 that most of the liquid water is distributed under rib, and
liquid water saturation under channel is lower. The rib obviously increases the resistance of the liquid
water removed from porous media. Therefore, when designing the gas flow field, reducing the width of
rib properly helps to enhance the capacity of liquid water discharge.

The comparison of liquid water saturation of the modified model between under channel and
under rib is shown in Fig. 8. As the voltage drops, the growth rate of liquid water saturation under rib is
greater than that under channel. At low voltages, liquid water saturation under rib is about 1.4 times
under channel, and the liquid water accumulates much more significantly under rib than under channel
at a common working voltage of around 0.55 V, thus reducing the width of rib slightly can effectively
prevent ‘flooding’ happening. The variation of oxygen concentration under channel and under rib is
shown in Fig. 9. As the voltage drops, the oxygen concentration under rib decreases faster than that
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under channel due to the restriction of rib on oxygen transportation. During concentration polarization,
the oxygen concentration under rib only about 30% under channel. Meanwhile, it shows that the oxygen
concentration in porous media predicted by the traditional Bruggeman equation is higher, which agrees
well with the experimental results of Wang and Wang [37], and further confirms the reliability of the
modified model.
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Figure 8. The comparison of liquid water saturation between under channel and rib
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Figure 9. The variation of oxygen concentration under channel and rib

3.4. Influence of GDL structural characteristics on the liquid water distribution

3.4.1. Influence of GDL porosity on the liquid water distribution

The porosity and pore size are important parameters of GDL, which have important influences
on the cell performance. Under the typical operating conditions with working voltage at 0.6 V, the
comparison of liquid water saturation under channel and rib (point 5 and point 2, modified model) in
porous media at different porosity is shown in Fig. 10. As the porosity decreases from 0.8 to 0.4, liquid
water saturation under channel increases almost linearly, while liquid water saturation under rib



Int. J. Electrochem. Sci., Vol. 15, 2020 6732

increases first and then decreases, showing a parabolic trend. When the porosity is 0.65, liquid water
saturation under rib reaches maximum. Therefore, in order to ensure better performance of water
discharge, GDL porosity should not be less than 0.65, and overall liquid water saturation is smaller at
this time.
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Figure 10. Liquid water saturation under channel and rib at different porosity

3.4.2. Influence of GDL pore size on the liquid water distribution

The pore structure of GDL is irregular. This study assumes that pore structure is round and pore
size is the same, the pore size is 2.5 pm, 5.0 um and 25 pum, respectively. The variation of the oxygen
concentration of the modified model at different pore size (point 5) is shown in Fig. 11, and the variation
of the liquid water saturation of different models at the corresponding position is shown in Fig. 12. It is
found that pore size has little effect on oxygen transportation in porous media, while the smaller the pore
size is, the larger the liquid water saturation will be, the more likely ‘flooding” will occur. Therefore,
GDL pore size should not be too small to prevent liquid water from blocking mass transfer channels.
Meanwhile, it is also found that for different models, the smaller the value of S is, the greater the liquid
water saturation will be, which is consistent with the changing trend of the liquid water film thickness
of the CL in Fig. 6.
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3.4.3. Influence of GDL thickness on the liquid water distribution
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GDL thickness has an important influence on mass transfer in porous media. In this study, GDL
thickness is selected as 100 um, 150 pm, 200 pwm, 250 um, and 300 pm, respectively. The variation of
the oxygen concentration at the interface between GDL and CL under channel (point 5) is shown in Fig.
13, and the variation of the liquid water film thickness of the CL at the corresponding position is shown
in Fig. 14. As the voltage decreases, thinner GDL thickness results in higher oxygen concentration at the
interface. This is because thinner thickness brings out smaller resistance of the oxygen transportation
through GDL and more oxygen reaching CL. It is also found that thinner GDL thickness results in thinner
liquid water film thickness of the CL, which is beneficial to the removal of liquid water. Therefore,
PEMFC optimized design should try to choose a thinner GDL.
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Figure 14. The variation of the liquid water film thickness of the CL

4. CONCLUSIONS

This study proposes a modified mass transfer model of cathode porous media, which modifies
the traditional empirical value ¢ =-0.5, f=1.50f the Bruggeman equation for oxygen diffusion to

a=-3.0, F=4.0. Combined with experimental verification, the reliability of the modified model is

confirmed. Aiming at the liquid water distribution characteristics in porous media, the differences of
numerical results between before and after modification are further compared, and the influences of
various factors on the liquid water distribution are investigated. Conclusions are as follows:

(1) The numerical models have less difference at low current density, but there is a significant
difference at medium and high current density, especially during concentration polarization. The
modified model in this study agrees better with experimental results compared to other numerical
models. The liquid water saturation and oxygen concentration predicted by the traditional Bruggeman
equation are both higher, and the lower the voltage is, the larger the deviation will be. Meanwhile, Liquid
water predicted by different models shows obvious differences, and the smaller the value of £ (or the

absolute value of ¢ ) is, the more the liquid water will be.
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(2) The liquid water is accumulated and oxygen mass transfer resistance is enhanced due to
increased current density. The reaction rate decreases during concentration polarization, and the
generation rate of liquid water slows down accordingly. The farther distance away from the inlet is, the
larger the liquid water saturation will be, and the lower the oxygen concentration will be. The growth
rate of liquid water and the decrease rate of oxygen concentration under rib are larger than those under
channel. The liquid water accumulates much more significantly under rib than under channel at a
common working voltage of around 0.55 V, thus reducing the width of rib slightly can effectively
prevent ‘flooding’.

(3) As porosity of GDL decreases, liquid water under channel increases almost linearly, while
liquid water under rib increases first and then decreases, exhibiting a parabolic trend. On the whole,
liquid water is slightly saturated when porosity is greater than 0.65. The pore size has little influences
on oxygen transportation, but smaller GDL pore size will considerably increase the risk of ‘flooding’.
The thinner GDL thickness is beneficial to the oxygen diffusion and the removal of liquid water.
Therefore, in order to prevent ‘flooding” of porous media area, GDL porosity should not be less than
0.65, and larger pore size and thinner thickness should be adopted appropriately.
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