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" A fully coupled, non-equilibrium, anisotropic PEM fuel cell computational model is developed.
" The coupled water and heat transport processes are numerically investigated.
" Anisotropic property of gas diffusion layer has an effect on local cell performance.
" The boundary temperature greatly affects the cell local temperature and indirectly influences the saturation profile.
" The cathode gas inlet humidity slightly affects the local temperature distribution.
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a b s t r a c t

Water and thermal managements are the most important issue in the operation and optimization of pro-
ton exchange membrane fuel cell (PEMFC). A three-dimensional, two-phase, non-isothermal model of
PEMFC is presented in this paper. The model is used to investigate the interaction between water and
thermal transport processes, the effects of anisotropic characters of gas diffusion layer, different bound-
ary temperature of flow plate and the effect of gas inlet humidity. By comparing the numerical results of
different cases, it is found that maximum cell temperature is higher in the isotropic gas diffusion layer; in
contrast, the liquid saturation is lower than other case. Moreover, the boundary temperature greatly
affects the temperature distribution in PEMFC, and indirectly influences the water saturation distribution.
This indicates that the coupled relationship between water and thermal managements cannot be ignored,
and these two processes must be considered simultaneously in the optimization of PEMFC.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The proton exchange membrane fuel cell (PEMFC) has been
considered as one of the most promising alterative power sources
for automobile engine due to its high energy density and efficiency,
low operating temperature and emission. Although, many efforts
have been done to improve the performance of the PEMFC over
the past decade, the commercialization of PEMFC is still impeded
by cost and durability issues [1]. Furthermore, water and thermal
management problems have significant impact on the cost, dura-
bility and performance of PEMFCs.

Water balance must be ensured in PEMFC operation, because
sufficient water is needed for membrane to obtain higher ionic
conductivity, however, excess water could cause flooding issue in
gas diffusion layer (GDL) and catalyst layer (CL), which directly af-
fects the stability of PEMFC [2]. Meanwhile, thermal management
is another important issue since cell temperature influences nearly
all kinds of parameters in PEMFC, such as mass diffusion coefficient
[3], maximum theoretical voltage and electrochemical activity [4],
ionic conductivity [5] and so on. It is more important that the cell
temperature impacts the saturation pressure of water, hence, the
local drying and flooding in PEMFC components, significantly im-
pact the membrane hydration, so that, the performance and dura-
bility of PEMFCs. Furthermore, water and thermal managements
are inherently coupled due to the ‘‘heat pipe’’ effect [6].

The water and temperature distributions in a PEMFC depend
on many transport phenomena including charge transport,
multi-component gas transport, two-phase flow and heat transfer
in different components [7]. Due to the strong interaction of these
processes and the compact nature of a PEMFC, it is hard to obtain
detailed water and temperature data by in situ measurement. In
contrast, mathematical simulation is ideally suited to analyzing
PEMFC water and heat transport process, especially the interaction
between them.

As mentioned by Kandlikar and Lu [7] and Dai et al. [8], though,
many non-isothermal and two-phase model are developed in the
last decades [6,9–24], only a few of them focus on the coupled
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Nomenclature

Abbreviation
PEMFC proton exchange membrane fuel cell
GDL gas diffusion layer
CL catalyst layer

Symbols
a water activity
A area, m2

As specific area of catalyst layer, m�1

D diffusion coefficient, m2 s�1

F Faraday’s constant, 96,487 C mol�1

i reaction rate, A m�3

I average current density, A m�2

K hydraulic permeability, m2

R universal gas constant, 8.314 J mol�1 K�1

RH relative humidity
s liquid water saturation
T temperature, K
a transfer coefficient
e porosity

/ potential, V
g overpotential, V
r electrical conductivity, S m�1

f stoichiometric flow ratio
k membrane water content

Subscript and superscripts
a anode
av average value
c cathode
d dissolved
g gas phase
h hydrogen
irr irreversible
k species
l liquid
o oxygen
ref reference values
rev reversible
S source term
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effect of water and thermal management. Wang and Wang [16] re-
ported the mechanism of water transport via vapor-phase diffusion
under the temperature gradient in two-phase region. Later, Weber
and Newman [6] presented a 1-D model to investigate the trans-
port of water due to temperature gradient and the associated ef-
fects on cell performance. Their results showed that temperature
gradients and thermal management can significantly affect perfor-
mance and water distribution and fluxes. Recently, Basu et al. [18]
highlights the physical characteristics of liquid–vapor phase
change and its role in PEMFC operation, and the influence of oper-
ating condition on phase change is also examined. A similar work
has been done by Khajeh-Hosseini-Dalasm et al. [20]. It was found
that the local temperature and saturation greatly affect the phase-
change rate. Zamel and Li [19] conducted various parametric stud-
ies on temperature distribution in a cathode of a PEMFC.

The above researches are mainly based on the isotropic GDL;
nevertheless, the GDL used in PEMFC exhibits strongly anisotropic
property [25–27], e.g., permeability, thermal conductivity, and
electrical conductivity are highly anisotropic. By now, only several
workers integrated the anisotropic property of GDL to their non-
isothermal, two-phase model [26,28–30]. Pasaogullari et al. [28]
applied a 2-D model to investigate the effects of anisotropy of
GDL on temperature and saturation distribution. Bapat and Thynell
[29] developed a two-dimensional two-phase model based on the
classical two-fluid model to analyze the effect of anisotropic ther-
mal conductivities on the water transport process. He et al. [26]
employed a 3-D, two-phase model to investigate the effect of the
anisotropic GDL thermal conductivity on the heat transfer and li-
quid water removal process. Ismail et al. [30] investigated the ef-
fect of the anisotropic gas permeability and electrical
conductivity of gas GDLs on fuel cell performance. Their results
showed that the fuel cell performance was found to be very sensi-
tive to the electrical conductivity but almost insensitive to the gas
permeability of the GDL at a realistic range of transport properties.
However, there is no such a model which is 3-D, two-phase, non-
isothermal and can integrate all the anisotropic properties of GDL.

Furthermore, the former researchers did not pay sufficient
attention to the problem of thermal boundary conditions in PEMFC
model. Nearly all the researchers assume a constant boundary
temperature in their mathematical model. However, many
experiments showed that the temperature was not uniform on
the back side of flow channel [31–33]. More recently, Yang et al.
[34] developed a steady state, multiphase, non-isothermal model
with a capillary-extended sub-model in gas channel; water and
temperature distributions along the channel as well as their inter-
action were investigated. However, only the anisotropic thermal
conductivity was considered in this model, the anisotropic charac-
ters of other properties were ignored.

In this paper, a steady state, three-dimensional, two-phase,
non-isothermal model is developed. In order to clearly show the
interaction between water and heat transport process, the model
fully coupled fluid flow, electrochemical reaction, heat transfer
and non-equilibrium phase change processes. Moreover, all the
anisotropic properties of GDL are integrated in this model. Detailed
mathematical description is presented in the next section, then the
effects of anisotropic properties of GDL, boundary temperature and
inlet humidity on water and thermal management, especially, the
interaction between them are highlighted. Finally, some conclu-
sions are drawn.

2. Model development

2.1. Model assumptions

In order to make the numerical simulation more tractable, some
assumptions are made as follows:

(1) The gravity effect is ignored.
(2) The gas mixtures are assumed to be ideal gas.
(3) The liquid water in the gas flow channel is in a mist state, so,

the liquid saturation in gas channel is negligible.
(4) Contact resistance between different layers is ignored.
(5) The processes are in steady state.

These assumptions can be easily accepted except the third one.
Actually, the gas streams are humidified before feeding to PEM fuel
cell. Due to weak thermal management or the water generated in
CCL, liquid water normally exists and is removed in the flow chan-
nels. Many researchers [35–37] proved that this two-phase flow
significantly affect the liquid water transport and removal process
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of GDL and CL. However, to exactly simulate this two-phase flow is
very complex and computationally demanding. The present re-
search is focused on the coupled water and thermal transport phe-
nomena inside the cathode electrode of PEM fuel cell, typically
GDLs and CLs; therefore, to reduce model complexity, a simplified
mist assumption is made for the two-phase flow in the channel.

2.2. Model equations

A three-dimensional, two-phase, non-isothermal model is
established in this paper, which accounts for the conservation of
mass, momentum, species, electrical charge and energy. The gov-
erning equations are as follows.

2.2.1. Conservation of mass and momentum
For the gas phase, conservation equations of mass and momen-

tum are:

r � ðqgugÞ ¼ Sm ð1Þ

r � 1

ðeeff Þ2
qgugug

 !
¼ �rpg þr �

1
eeff

lgrug

� �
þ Su ð2Þ

In the above equations, eeff is the effective porosity, which is related
to the bulk porosity of the material, e, and liquid saturation, s, as

eeff ¼ eð1� sÞ ð3Þ

qg is the density of the gaseous mixture, ug is velocity vector for the
gaseous mixture, and lg is the viscosity of the gaseous mixture.

2.2.2. Conservation of species
The conservation equation of each gas species can be described

as:

r � ðqgugxkÞ ¼ r � ðqgDk;effrxkÞ þ Sk ð4Þ

where xk is the mass fraction of the kth species, including hydro-
gen, oxygen and water vapor. Deff

k is the effective mass diffusion
coefficient of species k. In gas diffusion layers, Deff

k is determined by

Deff
k ¼ f ðeeff ÞDi ¼ eeff

eeff � 0:11
1� 0:11

� �a

Di ð5Þ

where the constant a is 0.521 and 0.785 [38] for in-plane and
through-plane diffusions, respectively. In catalyst layer (CL) and
gas channel, Deff

k is calculated by

Deff
k ¼ e1:5

eff Di ð6Þ

Di ¼ D0
i

p0

p

� �1:0 T
T0

� �1:5

ð7Þ
Table 1
Source terms of different governing equations.

Equation Source term

Mass Sm = Sh + So + Sw

Momentum Su = �lgug/KKrg

Species So = �(ic/4F)Mo, Sh = �(ia/2F)Mh

Sw = Sd + Sl (in CL), Sw = Sl (in GDL)

Potential S/,s = �ia(in ACL), S/,s = �ic (in CCL)
S/,m = �ia (in ACL), S/,s = �ic (in CCL)
2.2.3. Transport of electrical charge
The governing equations for the electrical charge of electron

and proton can be written as:

r � ðrsr/sÞ ¼ S/s
ð8Þ

r � ðrmr/mÞ ¼ S/m
ð9Þ

where /s and /m are the solid phase and electrolyte phase potential.
For anisotropic gas diffusion layers, solid phase electrical conductiv-
ity rs has different value in in-plane and through-plane direction. It
is assumed that rs,in = 10rs,th in this paper, and the actual value is
listed in Table 2. The membrane electrical conductivity rm in
S m�1 is determined by an empirical correlation [5],

rm ¼ ð0:5139k� 0:326Þ exp 1268
1

303
� 1

T

� �� �
ð10Þ
where k means membrane water content, which is defined as the
number of water molecules per sulfonic acid group within the poly-
mer electrolyte, and will be described later, and T is in K. The source
terms S/ and S/m are related to volumetric current density in cata-
lyst layers. Considering the agglomerate structure of the catalyst
layer, the Bulter–Volmer equation used in this paper is modified
by an agglomerate model as follows [39]:

ia ¼ hAsia;ref
Ch

Ch;ref

� �1=2

exp
aanaF

RT
ga

� �
�

�
exp �ð1� aaÞnaF

RT
ga

� ��
ð11Þ

ic ¼ hAsic;ref
Co

Co;ref
exp

acncF
RT

gc

� �
�

�
exp �ð1� acÞncF

RT
gc

� ��
ð12Þ

Here, h is an effectiveness factor, which is a measure of how readily
reactants diffuse through the catalyst agglomerate. The definition of
h can be found in the literature [40].

ga and gc refer to over-potential in anode and cathode. They are
defined as

ga ¼ /s � /m ð13Þ

gc ¼ Voc � /s þ /m ð14Þ

The open circuit voltage (in V) is calculated as [41,42],

Voc ¼ 1:23� 0:9� 10�3 þ 2:3
RT
4F

logðp2
apcÞ ð15Þ

where T is in the unit of K, pa, pc is in the unit of atm.
The source terms in Eqs. (1), (2), (4), (8), and (9) are summarized

in Table 1. The source term in momentum conservation equation,
Su represents Darcy’s drag force imposed by the pore walls on
the fluid within the pores, and it usually results in a significant
pressure drop across the porous medium. The source term in mass
conservation (Sm) and species (Sk) conservation equations are the
volumetric sink or source terms due to the electrochemical reac-
tions and phase change in CL or GDL, and they are zero in other
parts of the computational domain. The source terms (S/s, S/m) in
charge conservation equations denote the generation or consump-
tion of electrons and proton in the catalyst layer.

2.2.4. Transport of liquid water
The conservation of liquid water is in terms of liquid saturation,

as,

r � ql

gg

gl

Krl

Krg
ug

� �
¼ r � ðqlDcrsÞ � Sl ð16Þ

where the diffusivity of liquid saturation Dc is expressed as follows:

Dc ¼ �
KKl

gl

dpc

ds
ð17Þ

here K is the absolute permeability. The absolute permeability of
GDL is different in in-plane and through-plane direction. According
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to Eq. (17), the liquid saturation diffusivity also has different value
in in-plane and through-plane direction.

The capillary pressure pc is defined as,

pc ¼ pg � pl ð18Þ

and can be expressed as,

pc ¼
K
e

� �0:5

rJðsÞ ð19Þ

JðsÞ ¼ cos hc½1:417ð1� sÞ � 2:212ð1� sÞ2 þ 1:263ð1� sÞ3�hc < 90o

cos hc½1:417s� 2:212s2 þ 1:263s3�hc > 90o

(

ð20Þ

where hc is the contact angle of GDL. In reality, the wetting property
of GDL is also anisotropic due to the non-uniform distribution of
PTFE contents during the coating process. However, the anisotropic
nature of wetting property is really complex, and in order to sim-
plify the numerical model, a uniform hc is assumed in this paper.
The source term Sl denotes the interfacial mass transfer between li-
quid and water vapor due to evaporation and condensation. It is
determined by the following equation [21]:

Sl ¼ Apore
ShcDw

d
ð1� sÞðqw � qsatÞqþ Apore

SheDw

d
sðqw � qsatÞ

� ð1� qÞ ð21Þ

where q is a switching function, and it is defined as [43]

q ¼ 1þ jðqv � qsatÞj=ðqv � qsatÞ
2

ð22Þ

In Eq. (21) Apore is the pore surface area per unit volume, Dw is mass
diffusivity of water, �d is characteristic length of water diffusion
nearby the evaporation/condensation interface, qsat is the satura-
tion water vapor density and is related to the saturation pressure
psat, which is given by the following equation [44]:

log10Psat ¼ �2:1794þ 0:02953T � 9:1837� 10�5T2

þ 1:4454� 10�7T3 ð23Þ

Shc and She are the dimensionless number (Sherwood number)
accounting for mass transport capability during condensation or
evaporation, respectively, which are calculated as [21]

Shce ¼ CmCs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RT

2pMw

s
d

Dw
ð24Þ

here Cm is an uptake coefficient that accounts for the combined ef-
fects of heat and mass transport limitations in the vicinity of the li-
quid/vapor interface, and Cs is an interfacial area coefficient that is
similar to Cm. The values of �d and Dw are not important here since
they will be cancel out in Eq. (21).

2.2.5. Transport of dissolved water
Dissolved water is important to the membrane ionic conductiv-

ity. The transport of dissolved water in the membrane and catalyst
layers is described as,

r � ðDwrcwÞ � r � nd
i
F

� �
¼ Sd ð25Þ

where Dw is the water diffusion coefficient in the membrane phase
and is determined by the following equation [5]:

Dw ¼ 2:1� 10�7 expð�2346=TÞcw ð26Þ

and nd is electro-osmotic drag coefficient, and is given by [5]
nd ¼
2:5k
22

ð27Þ

The source term Sd in the catalyst layer is expressed as follows:
In the anode catalyst layer,

Sd;a ¼ �caðcw;a � c�w;aÞ ð28Þ

In the cathode catalyst layer,

Sd;c ¼ �cdðcw;c � c�w;cÞ þ
ic

2F
ð29Þ

where C�w is the equilibrium water sorption value in the membrane,
and is obtained by an empirical expression as follows [5]:

c�w ¼
qmem;dry

Mmem;dry
ke ð30Þ

where qmem,dry and Mmem,dry are the density and equivalent weight
of a dry proton exchange membrane, respectively. ke is the equilib-
rium membrane water content, and is evaluated by the following
empirical formula [5]:

ke ¼
0:043þ 17:18a� 39:85a2 þ 36a3ð0 < a < 1Þ

14þ 1:4ða� 1Þð1 6 a 6 3Þ

(
ð31Þ

where a is the water vapor activity of vapor in the gas mixture, de-
fined as [45]

a ¼ xwp
psat

ð32Þ

ca and cd are the rate coefficients of the membrane absorption and
desorption, respectively, and their values at the anode and cathode
catalyst layers are determined by the empirical expression devel-
oped by Ge et al. [46].

ca ¼
1:14� 10�5fV

dcl
exp 2416

1
303
� 1

T

� �� �
ð33Þ

cc ¼
4:59� 10�5fV

dcl
exp 2416

1
303
� 1

T

� �� �
ð34Þ

here fv is the volume fraction of water in the electrolyte membrane
and it is calculated as

fV ¼
kVw

Vm þ kVw
ð35Þ

where Vw and Vw are the molar volumes of water and dry mem-
brane, respectively.

2.2.6. Energy conservation equation
The temperature distribution is important due to the sensitivity

of saturation pressure towards to temperature when modeling
two-phase phenomena in PEM fuel cell. Hwang and Chen [47]
developed a non-dimensional parameter to characterize the degree
of local thermal non-equilibrium (LTNE) in fuel cell electrode. It be-
came local thermal equilibrium (LTE) when that parameter is far
less than unit. The parameter is 0.018 in the condition of this pa-
per, so that, the LTNE effect is relatively small. Furthermore, for
reducing the model complexity, an LTE approximation was em-
ployed and the energy conservation equation can be described as,

r � ðqcpugTÞ ¼ r � ðkeffrTÞ þ ST ð36Þ

where keff is the effective thermal conductivity, and in porous media
it is defined as [44],

keff ¼ �2ks þ ðeeff =ð2ks þ kgÞ þ ð1� eeff Þ=3ksÞ�1 ð37Þ



Table 2
Transport property.

Parameter Value Reference

Hydrogen diffusion coefficient, Dh,ref 0.915 � 10�4 m2 s�1 [49]
Oxygen diffusion coefficient, Do,ref 0.22 � 10�4 m2 s�1 [49]
Water vapor diffusion, Dw,ref 0.256 � 10�4 m2 s�1 [49]
Plate electrical conductivity, rp 20,000 S m�1 [17]
Plate thermal conductivity, kp 150 W m�1 K�1 [14]
GDL electrical conductivity, rth, rin 500,5000 S m�1 [50]
GDL thermal conductivity, ks,th, ks,in 1.7,21 W m�1 K�1 [25]
Membrane thermal conductivity 0.95 W m�1 K�1 [13]
GDL gas permeability, kin,p, kth,p 8.69, 3.0 � 10�12 m2 [25]
Latent heat, hfg 2.308 � 106 J kg�1 [51]
Liquid water dynamic viscosity, ll 3.517 � 10�4 Pa S [10]
Surface tension, r 0.0625 N m�1 [10]
Contac angle of GDL, hc 110 [17]
Pore surface area per unit volume, Apore 20 m2/cm3 [52]
Uptake coefficient, Cs 0.001 [21]
Accommodation coefficient, Cm 0.01 [21]
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The solid phase conductivity ks in the anisotropic gas diffusion
layers exhibits different values in in-plane and through-plane
direction and their values are listed in Table 2. In Eq. (37), the li-
quid water thermal conductivity is not considered, since liquid
water thermal conductivity is small compare to the solid phase
thermal conductivity of GDL.

The last term in Eq. (36), ST , represents the heat source of en-
ergy conservation equation. Four kinds of heat sources are consid-
ered in the current model. They are the reversible heat release
during the electrochemical reaction, irreversible heat generation,
ohmic heating, and latent heat during condensation, respectively.
Thus,

ST ¼ ST;rev þ ST;act þ ST;ohm þ ST;con=eva ð38Þ

In the CL all four types of heat source are present and can be de-
scribed as

ST ¼ i gþ T
dE
dT

� �
þ I2

rm
þ I2

rs
þ Slhfg ð39Þ

where hfg represents the latent heat of water vapor condensation.
In the GDL both ohmic heating and condensation/evaporation

are present. Therefore, the heat source is

ST ¼
I2

rs
þ Slhfg ð40Þ

In the membrane layer the heat source only includes the ohmic
heating caused by protonic current flow

ST ¼
I2

m

rm
ð41Þ

In the gas flow channels, the heat sources are simply zero.
Fig. 1. Computational domain and representative plane.
3. Numerical implementation

The model equations presented above are discretized by the fi-
nite volume method. Then, the algebraic equations are solved iter-
atively by a self-written code [14,15]. The solution is considered to
be convergent when the relative difference of each dependent var-
iable between two consecutive iterations is less than 10�5. The
SIMPLE algorithm is utilized to deal with the coupling of the veloc-
ity and pressure. The governing equations are assumed to be appli-
cable for all regions throughout the fuel cell. Thus the interfacial
conditions at the interfaces of channel/gas diffusion layer, gas dif-
fusion/catalyst layer and catalyst/membrane layer are not needed.
Additionally, for the solution of the momentum conservation
equation, some tips are employed. A small permeability is set in
the porous medium, thus the momentum conservation equation
reduces to the extended Darcy’s law. While inside a pure fluid re-
gion, i.e., gas channel, it recovers the standard Navier–Stokes equa-
tion with the porosity being unity and the permeability being
infinite. And, the viscosity in the membrane and rib regions is as-
sumed to be infinite in order to ensure a zero fluid velocity in these
regions. For the species transport equation, the species mass diffu-
sivity in the membrane is set to zero. Thus non-permeable condi-
tion for the species concentration are implemented in the
membrane region.

The three-dimensional computational domain of the current
model is shown in Fig. 1. Pure hydrogen and oxygen are flowing
into the gas channel as a co-flow style. The conventional parallel
flow fields are adopted in this model. The model assumes that
the fuel cell structure is repeated periodically along the y-direction.
Hence, half of a gas channel is taken as the computational domain.
The domain includes bipolar plate, gas channel, GDL and CL on
both sides and a polymer electrolyte membrane in between. In
our previous work [15], the grid-independence test is performed
on six grid systems. Finally, a 32 � 22 � 40 (z � y � x) is chosen
considering both accuracy and economics. In this paper, both the
computational domain and numerical method are the same to that
paper. For convenience, we directly set the grid system in this pa-
per to 32 � 22 � 50 (z � y � x). Uniform grids are adopted along x
and y directions, and a non-uniform grid is used in z direction.
Additionally, the model parameters and material properties of each
layer are listed in Tables 2 and 3. Cell geometric parameters and
operating condition are in Table 4.

The computations were performed with a personal computer
with a 3 GHz Intel Dual Core central processor unit, 4 GB RAM,



Table 3
Model parameters.

Parameter Value Reference

Anode exchange current density multiply
specific area, Asia,ref

5.0 � 107 A m�3 [14]

Cathode exchange current density multiply
specific area, Asic,ref

120 A m�3 [14]

Reference concentration, ch,ref, ch,ref 56.4,
3.39 mol m�3

[42]

Anode transfer coefficient, aa 0.5 [13]
Cathode transfer coefficient, ac 0.5 [13]
Porosity egdl, ecl 0.6, 0.28 [14,51]
Faraday’s constant 96,487 C mol�1 [13]

Table 4
Cell geometric parameters and operating condition.

Parameter Value Reference

Gas channel length 0.05 m
Gas channel width 1 � 10�3 m
Gas channel height 1 � 10�3 m
Land width 1 � 10�3 m
Thickness of gas diffusion layer 2.54 � 10�4 m [24]
Thickness of catalyst layer 2.87 � 10�5 m [24]
Thickness of membrane 2.3 � 10�4 m [24]
Anode/cathode pressure, pa/pc 1/1 atm [53]
Inlet gas stoichiometric ratio, fa/fc 2/2 [17]
Inlet gas temperature, Tin 353 K [14]

Table 5
Different cases for simulation.

GDL property Gas humidity
at anode/cathode inlet

Boundary
temperature (K)

Case 1 Isotropic 1.0/0.2 353
Case 2 Anisotropic 1.0/0.2 353
Case 3 Anisotropic 1.0/0.2 Linearly increase

from 350 at inlet to
355 at outlet

Case 4 Anisotropic 1.0/1.0 353
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and the Windows 7 operating system. Typically, The CPU time is
about 5 h for running a case.

3.1. Boundary conditions

At the inlet of gas flow channels, the temperature and gas spe-
cies concentrations are specified. The inlet velocities are specified
by

ua;in ¼ fa
Iref

2F
Am

RTa;in

pa;in

1
wh;in

1
Ach

ð42Þ

uc;in ¼ fc
Iref

4F
Am

RTc;in

pc;in

1
wo;in

1
Ach

ð43Þ

where fa and fc are the reactant stoichiometric flow ratio of the an-
ode and cathode, respectively, and they are defined at the reference
current density of 1.0 A in this work. Am is actual active area of the
membrane which is equivalent to the surface area of gas diffusion
layer and Ach is the cross-sectional area of the gas channel.

At the outlet of gas flow channels, the local one-way assump-
tion is adopted for all the variables, and the outlet velocity is cor-
rected by a global mass conservation constraint [48].

For the boundary of x–z plane, symmetrical conditions are
adopted. That is, the gradient in the y-direction of each variable
is zero.

At the solid surface, the no-slip condition is applied for the
velocity and non-permeable condition for the species mass
fraction.

For the liquid saturation, the gradient of liquid saturation is set
to zero at the interface between the gas channel and the diffusion
layer.

For the electrical charge equations, the boundary conditions are
described as follows:

At the outer surface of the anode channel,

/s;a ¼ 0;
@/m

@z
¼ 0 ð44Þ
At the outer surface of the cathode channel,

/s;c ¼ Vcell;
@/m

@z
¼ 0 ð45Þ

At other surfaces,

@/s

@n
¼ 0;

@/m

@n
¼ 0 ð46Þ
4. Results and discussion

In order to investigate the effect of anisotropic property of GDL
on water and thermal management and clearly understand the
coupled phenomena between water transport and heat transfer
process, four different cases are simulated by the model presented
above. The computational conditions are listed in Table 5. For
revealing water and thermal interaction more obviously, the simu-
lated results of 0.4 V is discussed as follows.

4.1. Temperature distribution and the influence of anisotropic gas
diffusion layer

Figs. 2 and 3 display the temperature profile at plane X1 and Z1.
It can be seen that the temperature under the region of channel is
higher than that under the rib region. This is because current col-
lector rib has a high thermal conductivity compared with gas mix-
tures in gas channel. It means that heat generated under the rib
region can be quickly removed through the current collector rib;
however, the heat generated under the channel region cannot be
easily removed by the gas flow. This indicates that heat generated
in CL and GDL is mainly removed through current collect rib to
cooling channel. In addition, from Fig. 2 it can be seen that the tem-
perature in the cathode side is higher than that of the anode side.
This is due to the heat generated by electrochemical reaction and
water vapor condensation process. From Fig. 3, it is found that
the temperature increases along the flow direction. This is because
the inlet cell temperature is fixed to 353 K, and the exothermic
electrochemical reaction is conducted along the flow direction.

For the anisotropic case, the property of GDL in through-plane
(z-direction) and in-plane direction (x- and y-direction) is different,
as indicated in Table 2. Moreover, for the isotropic case, the prop-
erty of GDL is the same in x, y, z-direction, and the value is based on
the through-plane one of the anisotropic case.

The influence of anisotropic GDL on heat remove process can be
seen in Figs. 2b and 3b. It is found that both the maximum temper-
ature and temperature profile are different from isotropic case. The
maximum temperature (357 K) in the isotropic GDL is about 1 K
higher than that (356.2 K) in the anisotropic GDL. This is mainly
because the in-plane thermal conductivity in the isotropic GDL is
much lower than that in the anisotropic GDL. Also, due to the large
in-plane thermal conductivity in the anisotropic GDL, the temper-
ature gradient in y-direction is much smaller in the anisotropic
GDL than that in isotropic GDL. This phenomenon can also be
found in Figs. 3a and 3b. The difference in temperature distribu-



Fig. 2. Temperature distribution (K) at plane X1: (a) isotropic GDL, (b) anisotropic GDL, (c) effect of boundary temperature, and (d) effect of inlet humidity.

Fig. 3. Temperature distribution (K) at plane Z1: (a) isotropic GDL, (b) anisotropic GDL, (c) effect of boundary temperature, and (d) effect of inlet humidity.
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tions between the isotropic and anisotropic GDL further proves the
heat in CL and GDL is removed by conductivity from channel rib.

Lee et al. [54] experimentally studied the temperature distribu-
tion across a proton exchange membrane fuel cell by inserting
micro-thermocouples between a gas diffusion layer and membrane
electrode assembly. Their results showed a 2 K temperature in-
crease from cathode channel/GDL interface to CL/GDL interface.
From our numerical results, a temperature difference of 3 K was



Fig. 4. Cathode electrode water saturation distribution at plane X1: (a) isotropic
GDL, (b) anisotropic GDL, (c) effect of boundary temperature, and (d) effect of inlet
humidity.
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found at the cross section in the anisotropic case, and 4 K was
found in the isotropic case. Compared with the experiment result,
it is found that the temperature distribution of the anisotropic case
is closer to the experiment results.
Fig. 5. Cathode electrode water saturation distribution at plane Z1: (a) isotropic GDL, (b)
4.2. Liquid saturation distribution

Water in PEMFC comes from the water vapor in humid gas and
the oxygen reduction reaction (ORR). However, the state of the
produced water in the cathode catalyst layer by ORR is still an
argument in the literature. In this paper, it is assumed that water
generated in the catalyst surface is in the form of dissolved water
and then converts to gas phase. In this case, the liquid water in CL
and GDL comes from water vapor condensation process rather than
ORR. The condensation process occurred when water vapor partial
pressure is larger than water saturate pressure which is greatly af-
fected by temperature.

The liquid water saturation of different cases is shown in Figs. 4
and 5. From Fig. 4, it is found that the liquid water saturation in-
creases from the catalyst/membrane interface to the gas diffusion
layer/channel interface. It also can be seen that a relative high
water saturation region exits near the current collector rib. Accord-
ing to temperature distribution in Fig. 2, it can be seen that the low
water saturation area is corresponding to the high temperature
area which means high water saturation pressure; and the high
water saturation area is corresponding to the low temperature area
which means high water saturation pressure. In other words, less
water vapor condenses in the high temperature region which near
the membrane catalyst layer interface. In contrast, more water va-
por condenses in the low temperature region which near the cur-
rent collector rib. This phenomenon indicates a water transport
mechanism via temperature gradient. From Fig. 5, it can be seen
that the water saturation increases along the flow direction from
inlet to outlet. The reason includes the following two aspects. For
one hand, the water vapor partial pressure is increased along the
flow direction due to the accumulation of water vapor. It means
that the water condensation rate is increased along the flow direc-
tion. In other hand, liquid water flows from inlet to outlet by shear
force.
anisotropic GDL, (c) effect of boundary temperature, and (d) effect of inlet humidity.



Fig. 6. Polarization curve of isotropic and anisotropic cases.
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4.2.1. Influence of anisotropic GDL
By comparing Figs. 4a and 4b, it is found that both the satura-

tion level and profile are different in the isotropic and anisotropic
cases. The water saturation in the isotropic case is lower than that
of the anisotropic case. This is mainly because the temperature in
the isotropic GDL is higher. And the higher temperature leads to a
higher saturation pressure and much more water exists in vapor
phase. Moreover, the saturation profile along y-direction is more
uniform in the anisotropic case. The reason can be explained as,
in one hand, the temperature profile of anisotropic case is more
uniform in y-direction as indicated in Fig. 2b; in other hand, the li-
quid saturation diffusivity is large in the in-plane direction due to
the large permeability of GDL at in-plane direction.

4.2.2. Influence of boundary temperature
The temperature of the flow plate is a tradeoff between heat

generation rate in electrode and heat removing ability of cooling
channel and often exhibits a non-uniform distribution as indicated
in Section 1. In reality, the temperature profile of flow plate is sig-
nificantly affected by cooling conditions. However, it is difficult to
determine accurately the temperature distribution of the plates. To
simply simulate this non-uniform temperature distribution of flow
plate, it is assumed that both the anode and cathode boundary
temperatures linearly increase from 350 K at inlet to 355 K at out-
let. Compared with the constant boundary temperature at 353 K,
this temperature profile means a cooling process in inlet region
and heating process in the outlet region.

Under this temperature boundary condition, the temperature
distributions at planes X1 and Z1 are displayed in Figs. 2c and 3c,
respectively. From Fig. 3c, it is found that the temperature in-
creases slowly from inlet to outlet. However, under the constant
temperature boundary condition, the temperature raises quickly
at the very beginning of channel inlet. It means that the boundary
temperature greatly affects the temperature profile inside the
PEMFC.

Attention is now turned to the liquid water distribution shown
in Fig. 5c. Compared with Fig. 5b, the saturation level is slightly in-
creased in inlet region, and decreased in the outlet region. Accord-
ing to the temperature profile in Fig. 3c, the variation of saturation
level in this case can be easily understood. The reason is because
that the lower boundary temperature at the inlet results into the
condensation of water vapor presented in the incoming gas stream,
then the slightly incensement of saturation level in the inlet region.
It means that temperature boundary condition indirectly influence
the saturation profile.

4.2.3. Influence of gas humidity
By increasing gas inlet humidity, the influence of humidity on

water saturation is studied. The results are shown in Figs. 4d and
5d. It is found that the water saturation level becomes high in this
case, especially in the inlet region. With the increase of gas humid-
ity, more water vapor flows into the cell with gas mixture. It means
that the water vapor partial pressure is increased. In other words,
the capability of carrying water vapor of gas mixture is decreased
with the increase of gas humidity. Therefore, more water con-
denses to liquid phase, and then the water saturation is increased.
Moreover, the gas is fully humidified, so water vapor condensation
occurs immediately when gas flows into gas channel, this leads to
the much higher saturation level of the inlet region. In other hands,
the heat released in the condensation process will cause the in-
crease of cell temperature; and then slow down the condensation
process. Finally, a dynamic equilibrium will be reached between
the condensation/evaporation processes.

Then turn attention to Fig. 3d. It is found that the temperature is
indeed increased slightly in the gas inlet region. This is caused of
the heat released from vapor condensation process.
From the above results, it can be concluded that temperature
profile greatly affects the liquid water saturation level and local
distribution; liquid water also has an influence on temperature dis-
tribution. This indicates that water and thermal managements are
indeed inherently coupled with each other, and also proves that
they must be considered simultaneously in the optimization pro-
cess of PEMFC.

4.3. The effect of anisotropic properties on cell performance

4.3.1. Polarization curves
A comparison of polarization curves for case 1 and case 2 are

displayed in Fig. 6. Clearly, it is found that in low current density
region (<0.3 A cm�2), the two cases exhibit nearly the same perfor-
mance. The reason can be attributed to that the voltage lose in low
current density regions is mainly activation lose. With the increase
of current density, Ohmic lose and mass transport lose become
important, and the mass diffusivity and electronic conductivity
are higher in the anisotropic cases. It leads to a smaller voltage lose
of the anisotropic cases in a relative higher current density. As a re-
sult, a relative higher cell performance is found in the higher cur-
rent density region.

4.3.2. Local gas distribution
The effective diffusion coefficient of species in a fibrous porous

structure is defined in Eq. (5). In the current model, the porosity of
GDL is 0.6, and then, f(eeff) is about 0.277 in the through-plane
direction, but 0.347 in the in-plane direction. Figs. 7a and 7b dis-
plays the distribution of oxygen mass fraction in cathode electrode
of plane X1. Compare Figs. 7a and 7b, the oxygen mass fraction in
the region under rib of the anisotropic GDL is relatively higher than
that in the isotropic GDL. Minimum oxygen mass fraction is about
0.05 in isotropic case, but 0.25 in anisotropic case. Also, a uniform
oxygen mass fraction distribution is shown in the anisotropic GDL.
The reason is that the in-plane effective diffusivity of oxygen for
the anisotropic GDL is larger than that for the isotropic GDL, more
oxygen can diffuse to the under rib region; furthermore, the isotro-
pic case has a relatively higher current density under rib region
than the anisotropic case as can be seen in Figs. 8a and 8b, this
means that more oxygen is consumed under rib in the isotropic
case.

4.3.3. Local current density distribution
The local current density distribution at plane Z2 is displayed in

Fig. 8. From Eq. (12), it can be deduced that the ultimate profile of
current density is determined by the combined effects of oxygen



Fig. 7. Cathode electrode oxygen mass fraction at plane X1: (a) isotropic GDL and
(b) anisotropic GDL.
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concentration and over-potential changes. From Fig. 7, the mass
fraction is higher under the channel region than that under the
rib; however, from Fig. 8a, it is found that the current density is lar-
ger in the under rib region. It means that, the over-potential plays a
more important role than oxygen concentration in the determina-
tion of the current density in cathode catalyst layer. In contrast, a
qualitatively opposite profile of local current density distribution
is found in the anisotropic case, as displayed in Fig. 8b. The current
density under channel region is slightly higher than that under the
rib. This is mainly caused by the large transport coefficient in the
anisotropic GDL in-plane direction.

Wang and Liu [55] directly measured the current densities un-
der the channel and the shoulder in PEM fuel cells separately. Their
experimental results showed that the current density produced
under the channel is slightly higher than that under the shoulder
at 0.4 V and 1 atm. Compared the numerically simulated current
density distribution to the experimental results, it can be found
that the current density distribution of the anisotropic case agrees
Fig. 8. Local current density distribution (A m–3) at plane Z2: (a) isotropic GDL, (b) ani
well to the experimental results. While the isotropic case predicts a
wrong distribution.

The effect of temperature boundary condition is shown in
Fig. 8c. It is found interestingly that the increase of saturation level
at inlet region does not cause the decrease of current density;
rather, the current density is increased. Actually, liquid water not
only prevents the oxygen diffuse to the catalyst layer, but also in-
creases the water content of the membrane. It means that, in one
hand, liquid water plays the role of reducing current; however, in
other hand, liquid water plays the role of increasing current. The
increase of current density indicates that the role of membrane
hydration by liquid water is more important in this case. Together
with the liquid water saturation profile displayed in Fig. 5c, it is
found that cooling inlet region and heating outlet region has a po-
sitive influence on cell performance.

Finally, from Fig. 8d, a worse cell performance is found under
fully humidified gas, especially in the outlet region. According to
the liquid saturation level in Fig. 5d, it can be concluded that the
reduction of current density is caused by the flooding water.

5. Conclusion

In this paper, a three-dimensional, two-phase, non-isothermal
proton exchange membrane (PEMFC) model is developed. The
model fully coupled the transport processes and electrochemical
reaction, and also integrated the anisotropic property of gas diffu-
sion layer (GDL). With this model, the influence of anisotropic GDL,
temperature boundary condition and inlet humidity on water and
thermal management are numerically investigated. The coupled
effect of water and thermal managements are carefully analyzed.
From the numerical simulation results, the following conclusions
can be obtained:

(1) The profile of temperature and liquid water saturation are
greatly different between the isotropic and the anisotropic
GDL; in addition, for the isotropic case, the maximum tem-
perature is higher, however, the saturation level of the cath-
sotropic GDL, (c) effect of boundary temperature, and (d) effect of inlet humidity.



T.-F. Cao et al. / Applied Energy 112 (2013) 1115–1125 1125
ode GDL is much lower. Therefore, the assumption of isotro-
pic property of GDL will overestimate cell temperature and
underestimate saturation level.

(2) The temperature boundary condition greatly affects the cell
local temperature distribution and indirectly influences the
saturation profile. The numerical results indicate that with
a heat management strategy of cooling inlet region and
heating outlet region, a good cell performance can be
reached.

(3) By increasing the gas inlet relative humidity, the saturation
level of cathode GDL is increased, and the inlet region tem-
perature is also increased slightly.

(4) Modeling with anisotropic properties predict more accurate
current density and temperature distributions than that of
isotropic properties.
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