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Through-Plane Water Distribution in a Polymer Electrolyte
Fuel Cell: Comparison of Numerical Prediction with
Neutron Radiography Data
Yun Wanga,*,z and Ken S. Chenb,*
aRenewable Energy Resources Lab and National Fuel Cell Research Center, Department of Mechanical
and Aerospace Engineering, The University of California, Irvine, Irvine, California 92697-3975,
USA
bEngineering Sciences Center, Sandia National Laboratories, Albuquerque, New Mexico 87185, USA

A multidimensional mathematical model is presented for simulating the coupled phenomena of gaseous fuel/reactant flows, species
�including liquid water� transport, heat transfer, hydrogen oxidation, and oxygen reduction reactions in a polymer electrolyte fuel
cell �PEFC�. The present work focuses on elucidating water distribution in the through-plane direction, in particular across the
membrane electrode assembly �MEA� and gas diffusion layer �GDL�. Two-dimensional model predictions are computed numeri-
cally and compared with available experimental data from neutron radiography or imaging. Using the same set of model param-
eters, reasonably good agreements are obtained quantitatively between the computed water profile in the MEA–GDL component
and the neutron-imaging data reported by two separate research groups, and qualitatively between model prediction and the data
from another �third� group. Case-study simulations are carried out for PEFC operation at various temperatures, relative humidities,
and current densities. It is found that liquid-water content is lower at higher cell temperatures due to greater water evaporation and
stronger water diffusion in the vapor phase, as expected. Without strong water diffusion in the vapor phase, the liquid-water
profiles are found to increase with current density in the cathode GDL but indicate a complex trend in the anode. Effect of varying
GDL thermal conductivity on water distribution is also examined.
© 2010 The Electrochemical Society. �DOI: 10.1149/1.3498997� All rights reserved.

Manuscript submitted January 21, 2010; revised manuscript received September 14, 2010. Published October 27, 2010.

0013-4651/2010/157�12�/B1878/9/$28.00 © The Electrochemical Society
Polymer electrolyte fuel cells �PEFCs� have been receiving a
great deal of attention in the scientific research community recently
due to their potential to reduce our petroleum-based energy use and
pollutant emissions associated with petroleum-based energy genera-
tion. Phenomena involved in a PEFC are complex and encompass
the fundamentals of heat transfer, species transport, multiphase
flows, and electrochemical reactions. Multiphase flow originates
from water production by the oxygen reduction reaction �ORR� in
the cathode of a PEFC. When the local water vapor partial pressure
reaches its saturation value, condensation occurs and liquid emerges,
leading to the co-existence of gas and liquid and resultant two-phase
flow �see Fig. 1�. Liquid water must be efficiently removed from the
reaction sites in the catalyst layer �CL� where the ORR takes place,
through the gas diffusion layer �GDL�, and eventually out of the
flow channels of a PEFC in order to avoid its adverse impact on the
oxygen-reactant supply and thus sustain the electrochemical energy
conversion.

Numerous PEFC modeling activities have been conducted by
many groups. Two comprehensive reviews on the PEFC modeling
work were recently provided by Wang1 and Weber and Newman,2

respectively. Early studies primarily focused on the PEFC phenom-
ena in reduced dimensions �e.g., 1D models by Springer et al.,3

Bernardi and Verbrugge,4 and Rowe and Li,5 and 2D models by
Nguyen and White,6 Gurau et al.,7 and Um et al.8� and most of them
excluded the presence of liquid water and its transport. Early PEFC
models incorporating liquid-water transport were presented by sev-
eral research groups.9-12 These pioneering efforts provided a frame-
work for the subsequent more complex models that consider full
three dimensions, additional physics, or more detailed characteris-
tics of PEFC components. Among these subsequent models, authors
in Ref. 13-18 reported isothermal fuel cell models and they investi-
gated the two-phase transport and impacts without considering tem-
perature variation. Nonisothermal condition was included by authors
in Ref. 19-25, who explored the interaction between heat transfer
and liquid transport. A new mechanism for water/heat transport
similar to the heat pipe effect was identified.24,25 Luo et al.26 and
Wang27 extended the two-phase flow from the cathode to the anode
and found that flooding may appear under the anode land even at
low humidity operation. These authors further expanded their model
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capabilities to capture the single-/two-phase transition in the diffu-
sion media, which requires advanced numerical schemes to describe
the sharp interface. Two-phase flow in PEFC reactant channel was
analyzed and the importance of the channel liquid flow on reactant
delivery was addressed in several studies.2,28 Nam and Kaviany19

and Wang et al.30 investigated the impacts of GDL characteristics
�e.g., carbon paper versus carbon cloth, media tortuosity, and carbon
fiber properties� on species transport, water flow, and PEFC perfor-
mance. Very recent studies were carried out by Basu et al.31 on the
phase change �water vapor condensation, liquid-water evaporation�.
Lastly, pore-scale species and charge transport through the cathode
catalyst layer were modeled via direct numerical simulation by
Mukherjee and Wang32 and the mesoscopic modeling of two-phase
behaviors in a PEFC was carried out by Mukherjee et al.33

Though great progress has been made on modeling PEFCs and
some comparisons between model predictions and experimental data
have been reported,27,28,30,34-36 more model validation is needed, in
particular in the two-phase operating regime in which liquid water is
present. The lack of such direct comparisons is partly due to the
great difficulty in probing the in situ liquid-water profile within an
operating PEFC, particularly the through-plane water profiles be-
cause most PEFC components are very thin at the microscale. The
through-plane profiles are extremely helpful in understanding the
transport characteristics across the membrane electrode assembly
�MEA�, GDL, and channel. Many neutron imaging studies aiming at
probing liquid-water distribution within the active areas of an oper-
ating PEFC have been reported in the open literature37-42 but the
through-plane water profiles obtained via neutron imaging were ob-
tained only until recently when the high-resolution neutron radiog-
raphy became available.43-46 In Hickner et al.’s high-resolution neu-
tron imaging work,44 the through-plane water profiles were
measured, using a pixel size of �15 �m, across the MEA–GDL in
wide ranges of temperatures and current densities. In addition, Hick-
ner et al.’s pioneering high-resolution neutron experiments provided
the direct evidence for the anode flooding. Following Hickner et
al.’s work, quantitative through-plane water content profiles ob-
tained by neutron imaging were also reported by the fuel cell re-
search group at Las Alamos National Laboratory �LANL�.45,46 In
addition to neutron radiography, other techniques such as magnetic
resonance imaging47 and X-ray imaging48 have also been employed
to probe liquid-water content in PEFCs.

A direct comparison between the predicted water through-plane
profiles and neutron imaging data was attempted recently by Weber
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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and Hickner.36 Their model prediction agrees reasonably well for the
80°C case �though no liquid is shown in the anode�, but a 300%
discrepancy or factor of 4 difference46 exists for the 60°C case.
Weber and Hickner attributed the large discrepancy to their pseudo
two-dimensional �2D� �or 1 + 1D� approach in which the ribs are
neglected; and they pointed out that model improvement is needed
for an accurate prediction, e.g., a more refined and validated mem-
brane model and a full 2D model including rib/channel effects are
needed. Reference 24 also demonstrated that the in-plane direction
is also important for the water vapor diffusion and heat pipe process.
The present work sought to elucidate the water through-plane pro-
files by developing a full 2D PEFC model to account for both rib
and channel effects and incorporate a detailed MEA model. Model
validation was performed by direct comparisons of the computed
water through-plane profiles with the neutron-imaging data from
Hickner et al.44 of Sandia National Laboratories and Mukundan and
Borup45 and Borup46 of LANL. The validated model was then ap-
plied to elucidate the effects of current density, relative humidity
�RH�, and temperature on water distribution and PEFC performance.
Effect of varying GDL thermal conductivity was also examined. It
should be noted, this paper is not intended to focus on modeling new
phenomena. Rather, we make one of the first attempts to address an
important issue of comparing the prediction from a fuel cell model
with the neutron imaging data in terms of water through-plane dis-
tribution.

Mathematical Model

Governing equations.— In the present paper, we consider the
electrochemical and transport phenomena in the key components of
a PEFC, namely, the MEA consisted of the catalyst layers and mem-
brane, GDLs, gas flow channels, and bipolar plates. Two-phase
transport is modeled in the regions of the CLs, membrane, and
GDLs. Since the current mathematical treatment for the mi-
croporous layer �MPL� region, as demonstrated by Weber and Hick-
ner’s model predictions, appears unable to describe the smooth
water-content transition at the MPL–GDL interfaces �which was ob-
served in experiments�, we decided not to explicitly model the MPL
in the present work; rather, we account for the MPL effect by ad-
justing CL properties. Note that it is possible that MPLs extend into
the GDL pore space which leads to the smooth transition. However,
to our knowledge no experimental studies have been conducted to
quantify the extension �e.g., what degree of the extension exists and
how properties change in the transition� and modeling the extension
has not been well developed. In addition, detailed electrochemical
reactions �hydrogen oxidation reaction or HOR in the anode and
ORR in the cathode� within the catalyst layers are included. The
membrane swelling is also excluded in the present work as its im-
pacts are not yet fully understood and no validated models have
been developed. We also model the heat and electron transport in the
graphite bipolar plates. The governing equations are based on the
conservations of mass, momentum, species, charges, and energy,
and can be presented in a general form as follows

Continuity equation: � · ��u�� = 0 �1�

Momentum conservation:
1

�2 � · ��u�u�� = − � P + � · �� + Su

�2�

Energy conservation: � · ��T�cpu�T� = � · �keff � T� + ST �3�

Reactant species conservation: � · ��ku�Ck� = − � · G� k,diff + Sk

�4�

Water conservation: � · ��wu�Cw� = − � · �G� w,diff + G� w,perm�

− � · ��mfl
k

Mk −
Cg

k

�
� j�l	 + Sw �5�
g
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Charge conservation �protons�: 0 = � · ��m
eff � ��m�� + S��m�

�6�

Charge conservation �electrons�: 0 = � · ��s
eff � ��s�� + S��s�

�7�

where � the multiphase mixture density, u� the superficial fluid ve-
locity vector, p the pressure, Ck/Cw the molar concentration of
reactant/water, T the temperature, ��m�/��s� the electronic/
electrolyte phase potentials. G� diff includes the diffusion fluxes in
gaseous, liquid, and solid electrolyte phases. G� w,perm represents the
hydraulic permeation water flux through the membrane. The elec-
trochemical and transport processes are coupled together through the
model parameters and source terms. Table I lists the expressions for
several sources terms. Details of the parameters and source terms
can be found in Ref. 24 and 27. The key aspects regarding the model
and electrochemical/transport phenomena that are closely related to
the topic of this paper are elaborated below.

Electrochemical kinetics.— The electrochemical reactions take
place within the catalyst layers as follows

HOR in the anode: H2 → 2H+ + 2e− �8�

ORR in the cathode: O2 + 4e− + 4H+ → 2H2O �9�

The Butler–Volmer equation is customarily adopted to describe the
electrochemical reaction rate

j = ai0
exp� �a

RT
F · 	� − exp�−

�c

RT
· F · 	�� �10�

where the surface-to-volume ratio a evaluates the roughness of po-
rous electrodes. The presence of liquid water in the catalyst layer
may reduce the reaction area as follows

a = �1 − s��aa0 �11�

where the liquid-water saturation s is defined as the volume fraction
of liquid water in the void space.

In PEFCs, HOR is fast, thus yielding a relatively small anode
overpotential. Therefore, Eq. 10 for the anode can be adequately
simplified to a linear kinetic equation. For ORR, sluggish kinetics
results in a large cathode overpotential. Consequently, the Butler–
Volmer equation can be approximated by the Tafel kinetics. In ad-
dition, the reaction rate of the ORR highly depends on temperature
as described by the Arrhenius expression. The HOR and ORR ki-
netic rate expressions are thus simplified to the following

anode: ja = ai0,a
ref�CH2

CH2
ref �1/2��a + �c

RT
· F · 	� �12�

Table I. Source terms of several conservation equations.1,24,27

Su SCk
SCw

S��m�/S��s�

Bipolar plates - - - -/0

Gas channels − � P 0 0 -

GDL
−

�

KGDL
u�

0 0 -/-

Anode
catalyst layer −

�

KCL
u� −

j

2F

0 j /− j

Cathode
catalyst layer −

�

KCL
u�

j

4F
−

j

2F

j /− j

Membrane - 0 0 0/-
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cathode: jc = − ai0,c
ref exp�−

Ea

R
� 1

T
−

1

353.15
�	�CO2

CO2
ref �


exp�−
�cF

RT
· 	� �13�

where Ea denotes the activation energy for ORR at the Pt/Nafion
electrode and the surface overpotential is defined as

	 = ��s� − ��m� − Uo �14�

The equilibrium potential Uo is a function of temperature.1,24,27

Two-phase transport in porous media.— Two-phase transport in
PEFCs originates from water production by the ORR. In a PEFC,
both the GDL and catalyst layer are highly porous media, allowing
heat and species transport. Liquid may emerge in the pore when the
water vapor partial pressure reaches its saturation pressure, resulting
in two-phase flow. The two-phase mixture density is defined as49

� = s��l� + �1 − s���g� �15�

The saturation s can be obtained from the mixture water concentra-
tion Cw

s = �0, Cw � Csat

Cw − Csat

��l�/Mw − Csat
, Cw � Csat  �16�

One major interaction between the two-phase flows is described
through the relative permeabilities kr

�l� and kr
�g�, defined as the ratio

of the intrinsic permeability of liquid and gas phases, respectively, to
the total intrinsic permeability of a porous medium. Physically, these
parameters describe the extent to which one fluid is hindered by
others in pore spaces, and hence can be formulated as a function of
liquid saturation. One formula for the relative permeabilities is as
follows

kr
�l� = s3 and kr

�g� = �1 − s�3 �17�
In addition, residual liquid may be present as observed by Hickner et
al.,44 who probed the through-plane distribution of residual water at
vanishing current. Modeling residual liquid impact has been at-
tempted by several studies.29,50-52 In the present work, we exclude
the residual water due to the following two considerations: �1� there
are no accurate/validated models on residual water for the carbon-
fiber-based GDL in PEFCs; and �2� the data of in situ residual water
are not available for cases with various currents which will be used
for model validation. Without the direct data from the in situ experi-
ment, adding residual water �and its spatial distribution� becomes
arbitrary and may be unsuitable to be used for elucidating the water
profile in an operating fuel cell.

Fuel, oxidant, and water transport.— In the gaseous phase, hy-
drogen, oxygen, and water follow similar transport mechanisms.
Modeling their transport can be found in our previous paper,27 there-
fore not repeated here. To account for the liquid impact, we modify
the effective diffusivity by

D�g�,eff = ���1 − s���dD�g� �18�

The convection corrector factor � is a function of s

�k =
��g�

��g��1 − s�
and �w =

�

Cw
� �l�

Mw
+

�g�

��g� Csat� �19�

where �l/g� the relative mobilities of individual phases. The capil-
lary pressure Pc, which may be the primarily driving force for
liquid-water transport, is given as follows

P�g� − P�l� = Pc = � cos��c�� �

K
�1/2

J�s� �20�

where � is the surface tension. J�s� for the hydrophobic diffusion
media considered in the present work is given by27
Downloaded 06 Nov 2010 to 134.253.26.12. Redistribution subject to E
J�s� = 1.417s − 2.120s2 + 1.263s3 �21�

Once the capillary pressure is calculated, the flux j��l� in the water
equation of Eq. 5 can be obtained through

j��l� =
�l��g�

�
K� � Pc + ���l� − ��g��g�� �22�

Water transport in the Nafion membrane.— Water in the Nafion
membrane is bonded with the sulfonic acid groups in the ionomer.
The water content  is typically adopted to characterize the mem-
brane hydration level and defined as the number of water molecules
per sulfonic group. It is related to the equivalent water concentration
through the following equation

Cw
�m� = �

��m�

EW
�23�

where ��m� and EW are the density and equivalent molecular weight
of the membrane, respectively. In the above equation, we use � to
account for several factors that may affect the water content within
the membrane, such as membrane swelling due to hydration by wa-
ter �which reduces the membrane density�, compression due to load
or force applied at the external wall surfaces �which results in less
water than one would expect theoretically�, and incomplete disso-
ciation of proton. Two processes may shape the membrane water
content profile: one is the water electro-osmotic drag, the other is
water back transport including diffusion and hydraulic permeation
�see Fig. 1�. The coefficient of the electro-osmotic drag nd depends
on the local water content53

nd = �1.0 for  � 14

1.5

8
� − 14� + 1.0 otherwise  �24�

The water diffusion coefficient in the membrane is also a function of
water content and the diffusive flux is given by

G� w,diff = − Dw
�m� � Cw

�m� �25�
where54

Dw
�m� = 
3.1 
 10−3�e0.28 − 1� · e�−2436/T� for 0 �  � 3

4.17 
 10−4�1 + 161e−� · e�−2436/T� otherwise
�

�26�

Figure 1. �Color online� The schematic of water in a PEFC.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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As to the catalyst layers or Gore™ membranes, the diffusivity in the
portion of the ionomer is modified by

Dw
�m�,eff = �m

�mDw
�m� �27�

Assuming local microscopic thermodynamic equilibrium be-
tween ionomer and surrounding fluid, one can combine the diffusive
transport in the void space and ionomer by defining an effective
diffusion coefficient

Dw
eff = ��dDw

�g� + �m
�m

��m�

EW

RT

Psat

d

da
Dw

�m� �28�

where ��m� is the density of a dry membrane and the membrane
water content is calculated following Spring et al.,3 Luo et al.,26 and
Wang27

 = 
0.043 + 17.81a − 39.85a2 + 36.0a3 for 0 � a � 1

14 + 8s for 0 � s � 1
�

a =
Cw

Csat
and Csat�T� =

Psat�T�
RT

, where

log10 Psat = − 2.1794 + 0.02953�T − 273.15� − 9.1837


 10−5�T − 273.15�2 + 1.4454 
 10−7�T − 273.15�3

�29�
In addition to diffusion, hydraulic permeation may be another

mechanism for water transport in the membrane. The permeation
flux is determined by the membrane permeability Km and liquid
pressures27

G� w,perm = −
Km

Mw��l� � P�l� �30�

Here, we assume liquid-water pressure in the membrane is linear in
the through-plane direction, determined by the difference of P�l� s at
the membrane surface.

Heat transfer.— Fuel cell produces waste heat during its opera-
tion. The major heat generation mechanisms are the reversible/
irreversible electrochemical processes, Ohmic resistance, and phase
change. The source term ST in the energy equation can be general-
ized by

ST = j�	 + T
dUo

dT
� +

i�m�2

�m
eff +

i�s�2

�s
eff + Sfg �31�

where Sfg represents the heat release/absorption due to water
condensation/evaporation and the associated phase change rate can
be calculated through the water two-phase transport equation. Note
that some terms in Eq. 31 may vanish in some fuel cell components,
e.g., in the anode GDL there is no ionic currents, therefore the sec-
ond term on the right disappears. In the bipolar plates, only the third
term on the right is nonzero in the above thermal source.

Boundary conditions.— Equations 1-7 form a complete set of
governing equations with eight unknowns: u� �with three compo-
nents�, P, Ck, Cw, T, ��m�, and ��s�. Their corresponding boundary
conditions are briefly described as follows:

Flow inlet boundaries: The inlet velocity u� in in a gas channel is
expressed by the respective anode or cathode stoichiometric flow
ratio, i.e., �a or �c, defined at the average current density I as

��u� in,a

u� in,c
� · n��

inlet

= −
IAm

F ��
�a

2CH2Aa

�c

4CO2Ac

��
inlet

�32�

where Aa, Ac, and Am are the flow cross-sectional areas of the anode
and cathode gas channels and the membrane, respectively. The inlet
Downloaded 06 Nov 2010 to 134.253.26.12. Redistribution subject to E
molar concentrations are determined by the inlet pressure and hu-
midity according to the ideal gas law.

Outlet boundaries.— Fully developed or no-flux conditions are
applied.

Walls.— No-slip and impermeable velocity condition and no-flux
condition are imposed for the mass, momentum, proton, and species
conservation equations. The boundary conditions for the electronic
phase potential ��s� and temperature T at the bipolar plate outer
surfaces can be expressed as

� ���s�

�n
�

cathode
= −

IAm

�effAc,wall
;

�33�
���s��anode = 0 ; �T�anode/cathode = Tcell

where Ac,wall is the area of the cathode outer surface. At other wall
surfaces, symmetry conditions are applied for these two variables.
Further details can be found in Ref. 27.

Numerical Procedures

The governing equations, Eq. 1-7, along with its boundary con-
ditions are discretized by the finite volume method and solved in the
commercial CFD software package, Fluent �version 6.0.12�, by
SIMPLE �semi-implicit pressure linked equation� algorithm. The
SIMPLE algorithm updates the pressure and velocity fields from the
solution of a pressure correction equation, solved by algebraic mul-
tigrid method. Following the solution of the flow field, the energy,
species, proton, and electron equations are solved. The source terms
and physical properties are implemented in a user-defined function
and the species/charge transport equations are solved through the
software’s user-defined scalars. The mesh of a single-channel 2D
PEFC employed for the numerical study is shown in Fig. 2. Totally
�50 gridpoints are adopted in the through-direction for the GDLs
�both anode and cathode� to precisely capture the through-plane liq-
uid transport. Twelve gridpoints are employed to capture transport in
the fuel cell land-channel structure. The geometrical and operating
parameters are listed in Table II. In all the simulations to be pre-
sented in the next section, the converged values of species imbal-
ance �i.e., H2, O2, and H2O� are all less than 1% and equation
residuals are smaller than 10−6.

Results and Discussion

The water saturation and temperature distributions in both anode
and cathode GDLs for three operating temperatures and the current
density of 0.75 A/cm2 are displayed in Fig. 3 and 4. From the water-
content �in terms of liquid saturation� contours in Fig. 3, it can be
seen that part of the cathode GDL is free of liquid water for the
80°C case, whereas it is fully wetted for the other two cases �60 and

Figure 2. �Color online� The computational domain of the 2D PEFC.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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40°C�. This can be explained by the water-vapor-phase diffusion,
which is stronger at a higher operating temperature and may be
comparable with water production rate.24 This mechanism drives
water vapor from the region under the channel to that under the
land, thus enhancing the local saturation under the land at higher
operating temperature. This explanation can also be applied to de-
scribe the trend in the anode: part of the GDL is in single-phase
region for all the cases, and the two-phase region enlarges with
lowering operating temperature. In addition, these figures indicate
that a very fine mesh �which is made feasible in a 2D geometry
across the MEAs and GDLs� and 2D geometry are necessary to
capture the through/in-plane water distribution due to the very dis-
tinct water profiles in the regions under the channel and land, re-
spectively.

The temperature contours in the three cases �40, 60, and 80°C�
look similar but differ in magnitude as shown in Fig. 4. The tem-
perature gradients can be observed in two major directions: one
from the region under the channel to that under the land, the other
from the catalyst layer to the land. It is important to note that the

Table II. Geometrical, physical, and operating parameters.

Quantity

Channel depth/width and land width
Catalyst layer/membrane thickness
Anode/cathode GDL thickness
Anode/cathode pressures, P
Porosity of GDLs/catalyst layers, �
Humidification in the anode and cathode
Water concentration correction factor, �
Volume fraction of ionomer in catalyst layers,�m

Electronic conductivity of GDLs/bipolar plates, �s
ef f

Viscosity of liquid water, ��l�

Permeability of GDL/membrane, KGDL/Km

Surface tension, liquid-water-air �80°C�, �
Thermal conductivity of the membrane/catalyst
layer/GDL/bipolar plate
Contact angle of the GDL, �c

Exchange current density 
 reaction surface area, a0i0,a/a0i0,c

Figure 3. �Color online� The contours of the liquid water saturation at the
operating condition of 0.75 A/cm2, RHa/c = 100/100%, and �a� 40°C and
0.59 V, �b� 60°C and 0.65 V, and �c� 80°C and 0.67 V.
Downloaded 06 Nov 2010 to 134.253.26.12. Redistribution subject to E
temperature gradient is the driving force for the water vapor diffu-
sion in the two-phase region. In addition, at a lower temperature
operating condition, the temperature variation is slightly higher,
which is due to the larger voltage loss arising from the irreversible
process.

Figure 5 shows the distributions of the water content in the mem-
brane for the three cases. It can be seen that the water-content con-
tours in the 80°C case is quite different from those in the other two
cases: the under-channel membrane region has a lower water content
at 80°C. This can be explained with the aid of the water distribu-
tions in the anode in the previous figures where at 80°C a large
under-channel area in the anode side is dry or free of liquid. For the
40 and 60°C cases, the contours are similar to each other.

In Fig. 6, the through-plane water profiles computed from the
present 2D simulation are compared with the neutron-imaging data
from Hickner et al.44 at three operating temperatures. Agreement
between model prediction and experimental data is seen to be rea-
sonably good. In the cathode, the liquid volume fraction drops from
the catalyst layer to the channel side, indicative of the direction for

Value

1.0/1.5 and 1.0 mm
0.01/0.052 mm
0.406/0.34 mm
2.2/2.2 atm
0.7/0.5
100/100%
0.15
0.2
500/2000 W m−1 K−1

3.5 
 10−4 kg/m s
10−12/5 
 10−20 m2

0.0625 N/m
0.95/3.0/3.0/20.0 W/m K

120°
1.0 
 109/0.5 
 104 A m−3

Figure 4. �Color online� The contours of temperature at the operating con-
dition of 0.75 A/cm2, RHa/c = 100/100%, and �a� 40°C and 0.59 V, �b�
60°C and 0.65 V, and �c� 80°C and 0.67 V.
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liquid drainage or water removal. The trends of water across the
anode/cathode GDL and MEA can be readily explained by the de-
tailed 2D water distributions shown in Fig. 3.

In order to provide a simple direct analysis on the through-plane
water distribution in the cathode GDL, one can assume the capillary
pressure as the only driving force for liquid movement. A 1D �the
through-plane dimension or denoted as x here� analysis in the cath-
ode can be performed to equate the capillary flux to the net liquid-
water flux

Figure 5. �Color online� Water content contours in the membrane at
0.75 A/cm2 and RHa/c = 100/100%.

Figure 6. Comparison of water profiles in the MEA and GDLs from the
model prediction and experimental data at 0.75 A/cm2 and RHa/c
= 100/100% �the experimental data are from Ref. 44�.
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kr
�l�K

��l�
dPc

dx
= � �1 + 2��

2F
I − Gvapor�Mw �34�

where Gvapor represents the portion taken away or added by the
water-vapor diffusion. Furthermore, rewriting the above equation
leads to

− Dc
ds

dx
= � �1 + 2��

2F
I − Gvapor�Mw �35�

where Dc = −�/���� cos��c��K��1/2kr
�l�dJ�s�/ds.55 The above simple

analysis indicates that the capillary action is similar to a diffusion
process, with the “diffusion coefficient” as a function of the liquid
saturation s. Note that a number of the factors, including current
density I and water vapor-phase flux Gvapor, may affect the profile of
the through-plane water content. For the 80°C case, more water can
be transported via the vapor phase;24,36 therefore Gvapor becomes
larger �hence the right side becomes smaller� in the diffusive flux
formula of Eq. 35, which may contribute to its lower cathode water
profile observed in this figure.

In addition, similar analysis can be applied in the anode where
the trend is slightly different with that in the cathode as shown in
Fig. 6: at or near the anode channel/GDL interface �dimensionless
position = 0�, the liquid volume values for 60 and 80°C are about
the same whereas that for 40°C is much higher. Figure 3 shows that
a very small portion of anode GDL exhibits single phase at 40°C
whereas a large portion for 60 and 80°C, which is the reason for the
higher liquid volume for 40°C. However, the strong vapor phase
diffusion in the anode at 80°C leads a high liquid saturation under
the land as compared with 60°C, which may explain the comparable
liquid volume values for these two temperatures.

In addition, protons may dissociate incompletely from the back-
bone, which can directly affect the water content in the membrane.
Other factors such as membrane swelling, compression due to load,
or force applied at the external wall surfaces may also affect water
content in the membrane, as explained previously. In the present
work, an � value of 0.15 was used and this value renders a reason-
ably good or satisfactory agreement on the water profile between the
model prediction and the experimental data. Weber and Hickner36

adopted a value of unity for �, which results in a much larger de-
viation � � 300%� or factor of 4 difference46 between their pseudo
2D �or 1 + 1D� prediction and experimental data. A value of �
lower than unity is physically more plausible. We also use the same
� value to compute water profile across the MEA–GDL and com-
pare with the experimental data reported by Mukundan and Borup45

and Borup46 of LANL, and the comparison results are shown in Fig.
7. Here, we adopt the model geometry to match the LANL’s experi-
mental setup �e.g., the N117 membrane and GDL�. It can be seen
that our model prediction agrees reasonably well with their data at
two different current densities. In addition, the LANL data show a
similar trend on water profile to that from Hickner et al.,44 particu-
larly in the membrane.

It is worthy to mention that application of neutron imaging in
fuel cell is relatively new and the probed curves are also affected by
several uncertainties such as geometric blur in neutron imaging,
detector resolution, fuel cell misalignment, and other mishandlings.
Geometric blur is determined by several factors such as the dis-
tances between detector and object, h, and between detector and
neutron source, L, and the size of the neutron beam source, d, �the
geometric resolution = d 
 h/L; for an excellent discussion on this
topic, see http://physics.nist.gov/MajResFac/NIF/geometric.html.�
Misalignment might introduce a considerable error given the small
thicknesses of the GDL and MEA, for an example, a misalignment
of 1° �the angle � between the neutron beam and fuel cell MEA
plane� will introduce an error of �350 �m � � sin � 
 Lp� given
that the projected length Lp of the fuel cell is 2 cm. By comparing
with the experimental data from the two separate, reputable groups
using one set of model parameters, we can minimize the effect of
uncertainties involved in neutron imaging on our model validation.
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In addition, despite the reasonable good agreement we also admit
that there exists discrepancy between the model prediction and neu-
tron imaging data �at some location the error is close to 20%�, which
is likely due to the above mentioned uncertainties such as the “geo-
metric blur” and detector resolution, and exclusion of MPLs and
anisotropic properties of GDLs/membrane in the model. Moreover,
discontinuities of water profiles at the MEA–GDL interface are
shown in the model prediction, but not in the neutron imaging
curves. A water depth discontinuity likely exists in a real fuel cell as
membrane water concentration is several orders of magnitude higher
than the gas phase. One possible reason of the smooth curves in
neutron imaging data is the “geometric blur,” which may “blur” or
smooth the discontinuities. To approximate the effect of the “geo-
metric blur,” we applied the Gaussian blurring �or smoothing�
technique56,57 to the model prediction, as was done by Preston et
al.58 In this smoothing technique, a Gaussian kernel g��,x�
= 1/�2��e−x2/2�2

is adopted to transform the value at a point �simi-
lar to a pixel in the neutron image� by the weighted average of itself
and points in the neighborhood, i.e., F�x� = �−�

+�f�x��g��,x�
− x�dx�, where � is the standard deviation, x location, f�x� the curve
prior to smoothing, and F�x� the smoothed curve. The smoothing
process or detailed procedure adopted in the present work for a
discrete set of points � f i� in the model prediction is as follow:

1. Create a new set of data � f i� at uniform gridpoints based on
the linear interpolation of a model prediction;

2. Choose a Gaussian kernel �here we used a seven points dis-
crete kernel58 �gm� where m = −3, −2, −1, 0, 1, 2, 3�;

3. Calculate a set of new data �Fi� by using Fi = �mfi+mgm;
4. Replace � f i� by �Fi� and repeat Steps 1–3 till a sufficient

degree of smoothing is achieved �in the present work five to ten
repeats were carried out�.

The final data set �Fi� was then used to plot the smoothed curve,
which was also shown in the figure. It can be seen that the discon-
tinuities disappear, better matching the neutron imaging profiles.
However, it is worthy to note that capturing such water discontinuity
is important for understanding of the liquid-water behavior in a fuel
cell. Hopefully, our present work will motivate the experimentalists
to obtain more accurate data using neutron imaging, X-ray, or other

Figure 7. Comparison of the predicted water profiles and experimental data
for RHa/c = 100/50% and 40°C �the experimental data are from LANL
�Ref. 46��.
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techniques. We also hope that our present work will motivate mod-
elers to develop higher fidelity models so as to more accurately
predict water distribution.

Figure 8 displays the computed current density profiles for the
three cell temperatures considered in the present work. As the aver-
age current density is set at 0.75 A/cm2, variation of the local cur-
rent is around this average value. Small variations are observed for
the three cases with the largest one appearing at 80°C. Its explana-
tion can be aided by Fig. 5: as this operation is controlled by the
Ohmic resistance, the lower water content under the channel at
80°C leads to a higher Ohmic polarization, causing a relatively
lower local reaction rate. However, the variation is small due to the
membrane being highly hydrated for the three cases as shown in Fig.
5.

Figure 9 shows the current density variations at 40°C operating
temperature and various RHs. At low RH, the membrane hydration
levels may be quite different between the regions under the channel
and land; consequently, the Ohmic resistance will differ greatly from
location to location. This figure indicates that large current density
variations take place for the two cases of dry anode �i.e., the anode
RH is 50%�. For the other cases where anode is fed with fully
humidified gas, the degree of variation is small even for the case in
which 50% RH is used in the cathode.

Figure 10 shows the detailed liquid-water distribution within the
anode and cathode GDLs for the three dry cases. It can be seen that
in the driest case �50% RH on both sides� liquid water still appears
but the region is limited in a minute area under the land, while vast
portion of the GDL �both anode and cathode� is subjected to dry
operation. Comparing with the cases of 50% RH in the anode and
cathode �the other side is 100% RH, i.e., RHa/c = 50/100% and
100/50%, respectively�, the dry anode indicates a smaller wetted
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region in the GDL, particularly in the anode side. For the case that
only cathode is dry �i.e., RHa/c = 100/50%�, all the region of the
MEA is in the two-phase operation; consequently, a higher water
content is secured in the membrane, leading to a small variation of
the current density as shown in the previous figure.

Figure 11 shows the water profiles across the MEA–GDL for

Figure 10. �Color online� Liquid water saturation distributions for varying
RH at 0.75 A/cm2 and 40°C: �a� RHa/c = 50/50% �0.51 V�, �b� RHa/c
= 50/100% �0.56 V�, and �c� RHa/c = 100/50% �0.60 V�.

Figure 11. Liquid water profiles at 40°C operating temperature for �a� vary-
ing RH at 0.75 A/cm2 and �b� different current densities at RHa/c
= 100/100%.
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various RHs �Fig. 11a� and current densities �Fig. 11b�. It can be
seen from Fig. 11a that the anode water content directly increases
with the RH value in the anode whereas in the cathode side, part of
the GDL for the case of RHa/c = 100/50% is even higher than that
at 50/100%. Figure 11b displays the water-content profiles at vari-
ous operating current densities for RHa/c = 100/100%. It can be
seen that the cathode water-content profile increases with the current
density; however, the anode side indicates a complex pattern:
0.75 A/cm2 gives rise to the highest water content in the anode.
Figure 12a shows the detailed 2D water saturation for the case of
1.5 A/cm2 and RHa/c = 100/100%. It can be seen that the part of
the anode GDL is free of liquid water which is due to the impact of
the strong water electro-osmotic drag at high current density. Lastly,
the thermal conductivity of GDL is also critical to liquid-water dis-
tribution within fuel cell. Figure 12b presents computed liquid satu-
ration using parameters the same case as Fig. 12a but with a differ-
ent thermal conductivity, namely, 1.0 W/m K. It can be seen that the
liquid region is smaller than that shown in Fig. 12a where a GDL
conductivity of 3.0 W/m K is used, particularly in the anode. This
can also be explained by the stronger water vapor phase diffusion at
lower GDL thermal conductivity which causes a larger temperature
gradient. In addition, the vapor phase diffusion enhances the liquid
level under the land,24 which explains the higher water saturation
under the land in this figure comparing with Fig. 12b. A larger GDL
thermal conductivity will depress the vapor phase diffusion. Figure
12c shows such a case with the GDL conductivity doubling that of
Fig. 12a and indicates a larger two-phase region in the anode. Simi-
lar trend between the two-phase region and thermal conductivity
was also indicated from the neutron imaging results of Kandlikar et
al.59

Conclusions

A multidimensional model was developed and employed to elu-
cidate the water distribution across the MEA–GDL component in a
PEFC. The present model is based on the conservations of mass,
momentum, species �including liquid water�, energy, and charges.

Figure 12. �Color online� Liquid water saturation contours in the GDL at
1.5 A/cm2, RHa/c = 100/100%, and 40°C when using different GDL ther-
mal conductivities: �a� 3.0 W/m K, �b� 1.0 W/m K, and �c� 6.0 W/m K.
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2D simulation results were computed using the model. We found
that liquid-water content may be lower at higher cell temperatures
due to greater water evaporation and stronger water diffusion in
vapor phase. At 40°C operation where water diffusion in vapor
phase is relatively weak, the liquid-water content was found to in-
crease monotonically with current density in the cathode GDL but a
complex trend was observed in the anode. It was also found that
changing the RHs in the anode and cathode profoundly affects the
liquid-water profile in the PEFC. Moreover, reducing the GDL ther-
mal conductivity may shrink the size of two-phase region in the
PEFC. Results from the present study also show that 2D �through-
plus in-plane dimension� fuel cell simulation is required to be able
to predict the water distribution across the MEA–GDL. Lastly, pre-
dictions computed from the present model were compared with the
neutron-imaging data reported by two separate groups in terms of
the water through-plane profiles and reasonably good agreement was
obtained. Qualitative comparison with neutron imaging data from a
third group was also made and good agreement was achieved.
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List of Symbols

C molar concentration, mol/m3

D mass diffusivity of species, m2/s
F Faraday’s constant, 96 487 C/equivalent

G� species diffusion/permeation flux, mol m−2

I current density, A/cm2

i� superficial current density, A cm−2

j transfer current density, A cm−3

j��l� mass flux of liquid phase, kg m−2 s−1

K permeability, m2

kr relative permeability
M molecular weight, kg/mol
P pressure, Pa
R gas constant, 8.134 J/mol K
s liquid saturation
S source term in transport equations
T temperature, K

Uo equilibrium potential, V
u� velocity vector, m/s

Greek

� water concentration correction factor
�c correction factor for species convection
� porosity
	 surface overpotential, V
 membrane water content

�k� mobility of phase k
� kinematic viscosity, m2/s
� density, kg/m3

� surface tension, N/m
��� shear stress, N m−2 � phase potential, V

Superscripts and Subscripts

a anode
c cathode
d electro-osmotic drag

eff effective value
g gas phase
k species; liquid or gas phase
l liquid

m membrane
o reference value

perm permeation
sat saturate value

s liquid saturation or solid phase
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