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1. Introduction

In recent years, rapid startup of a polymer electrolyte fuel cell
(PEFC) from sub-zero temperatures, more commonly known as cold

start, has emerged as one of the key challenges in realizing PEFC
technology for automotive applications. Various studies delineat-
ing the fundamental mechanism of cold start have been published
[1–6]. It is recognized that product water becomes ice upon startup
when the cell temperature is below the freezing point of water. The
product water created in a sub-zero environment may diffuse into
the membrane if it is dry initially, or otherwise precipitates as ice
or frost in the cathode catalyst layer (CL), leading to CL plugging by
solid water and PEFC shutdown before the cell temperature rises
above freezing. It thus follows that a drier membrane prior to cold
start facilitates longer operation time during cold start. Typically
gas purge is performed for control and minimization of residual
water in a PEFC prior to engine shutdown. Therefore, detailed
understanding of gas purge is essential to establish effective gas
purge protocols to aid successful cold start of PEFC. In this context,
an effective purge can be defined as the one that provides a certain
high value of the membrane high-frequency resistance (HFR) in
the shortest amount of time, noting that membrane HFR is a direct
measure of membrane hydration.

∗ Corresponding author. Tel.: +1 814 863 4762; fax: +1 814 863 4848.
E-mail address: cxw31@psu.edu (C.-Y. Wang).

1 Present address: GM Global Research and Development, General Motors Fuel Cell
Activities, Honeoye Falls, NY 14472, United States.

0378-7753/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2008.05.078
he Pennsylvania State University, University Park, PA 16802, United States

ze residual water in a polymer electrolyte fuel cell (PEFC) is critical for
ero startup. In the present work, we present a two-phase transient model

PEFC under gas purge conditions. The role of back diffusion from the
uid water transport in the gas diffusion layers behind the drying front and
ying front is highlighted. The underlying ineffectiveness of cathode-only
redictions are compared with experimental results under various purge

experiments is obtained at higher purge temperatures whereas some
observed at lower temperatures. The role of drying front morphology in

nces between numerical and experimental results is hypothesized.
© 2008 Elsevier B.V. All rights reserved.

Water removal from PEFC during gas purge can be viewed
as a process similar to convective drying of a porous medium.
In the past, various macroscopic models have been proposed to
investigate convective drying of hydrophilic porous media for appli-
cations ranging from soil science to food processing. These models
have either adopted Luikov’s phenomenological approach [7] using
thermodynamics theory of irreversible processes to describe the
temperature, moisture and pressure distributions in a porous
medium during drying, or Whitaker’s volume averaging method

[8]. The majority of published models [9–14] follow Whitaker’s
approach, and thus treat convective drying as a classical problem of
coupled heat and mass transfer in porous media. At the macro-scale
drying is further divided into funicular stage in which liquid trans-
port due to capillary flow is dominant and pendular stage where
moisture movement is solely driven by vapor diffusion. Funicular
and pendular stages are distinguished at the onset of irreducible
liquid saturation in several macroscopic models [15,16]. Two-phase
Darcy’s law is generally used to investigate funicular stage, whereas
over the years several modifications have been proposed to address
liquid phase removal in pendular stage: liquid phase removal due
to evaporation only [17], incorporation of liquid transport through
liquid films along the corners [18] and mass transfer due to chem-
ical potential gradient [19], to name a few. In contrast, drying of a
hydrophobic porous medium has been scarcely researched. Most
recently, Shahidzadeh-Bonn et al. [20] experimentally investigated
the effect of wetting properties on drying and showed substantial
differences in drying rates of hydrophilic and hydrophobic porous
media. This investigation confirmed the absence of constant rate
period, an important characteristic of hydrophilic porous medium
drying, during drying of a hydrophobic porous medium. Tajiri et al.
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Nomenclature

a water activity
A area (m2)
Ck molar concentration of species k (mol m−3)
Dg

w diffusivity of water vapor (m2 s−1)
Dm

w membrane water diffusivity (m2 s−1)
EW equivalent weight of membrane
kr relative permeability
K absolute permeability (m2)
mw mass fraction of water
Mw molecular weight of water (kg mol−1)
n Brugemann factor
P pressure (Pa)
Pc capillary pressure (Pa)
Q purge gas flow rate (m3 s−1)
R gas constant (8.314 J (mol K)−1)
s liquid water saturation
t time (s)
T temperature (K)
�u velocity vector (m s−1)

the species equation is solved only for water. Here, the two-phase
mixture density, velocity and viscosity are given by [27]:

� = �l · s + �g · (1 − s) (1)

��u = �l · �ul + �g �ug (2)

Here, s and (1 − s) denote the volume fraction of the open pore space
occupied by liquid and gas phases, respectively. The liquid water
saturation, s, can be expressed as a function of mixture water mass
fraction, mw:
V volume (m3)

Greek letters
ε porosity
� contact angle
� membrane water content
�k mobility of phase k
� kinematic viscosity
� density (kg m−3)
� surface tension (N m−1)

Superscripts and subscripts
eff effective
g gas phase
l liquid phase
m membrane phase
o standard condition, 273.15 K, 1.013 kPa (1 atm)
sat saturate value

[21] developed an experimental method for gas purge in a PEFC for
the first time and presented purge curves under a wide range of

operating conditions.

Gas purge though analogous to convective drying of a porous
medium requires exhaustive investigations to delineate the under-
lying mechanisms. The need originates from the hydrophobic
nature of gas diffusion layer (GDL), thin layers of GDL (∼200 �m),
CL (∼10 �m) and membrane (10–50 �m), presence of current-
collecting lands obstructing water removal, and the presence of
ionomer in CL and membrane. Bradean et al. [22] showed, based on
a one-dimensional (1D) purge model, that the cell temperature is
the most sensitive parameter controlling purge effectiveness. How-
ever, no efforts were made to explain the underlying physics. Ge and
Wang [6] measured the membrane HFR as a function of purge time
and correlated HFR increase with the presence of liquid water in
CL and GDL. Sinha et al. [23] measured liquid water removal from
GDL by purge gas using X-ray microtomography. They showed that
purge gas erodes liquid water clusters in the GDL, giving birth to
small isolated clusters that can be removed only by evaporation,
resulting in exponential decay in drying rate. Most recently, Sinha
and Wang [24] presented an analytical purge model describing
GDL and membrane drying during gas purge. Although this model
sheds fundamental insight into gas purge phenomena, it ignores
er Sources 183 (2008) 609–618

liquid water transport behind the drying front and simplifies the
treatment of ionomer dehydration. Additionally, the model is for
the cathode only, thus neglects any water transport between the
cathode and anode sides through the membrane. These simplifying
assumptions limit the applicability of the analytical model in elu-
cidating complex processes of gas purge under realistic conditions.
In this article, we present a fully two-phase, multi-dimensional,
transient gas purge model with exhaustive treatment of GDL and
ionomer drying. The article is organized as follows: first, a detailed
description of the governing equations of gas purge is presented.
Subsequently, the role of capillary transport of liquid water, vapor
diffusion, and interaction between anode and cathode sides in
water removal during gas purge is discussed in detail. Finally, the
model predictions are compared with gas purge experiments.

2. Numerical model

The present three-dimensional two-phase transient gas purge
model is developed based on the previous work of Wang and Wang
[25] and Luo et al. [26]. Computational domain of the present model
consists of all the regions of a PEFC: gas channels, gas diffusion
layers, catalyst layers, bipolar plates on both anode and cathode
side, and the ionomeric membrane. The following assumptions are
made in the present model:

(I) ideal and incompressible gas mixtures;
(II) laminar flow due to small flow velocities;

(III) isotropic and homogeneous porous layers, characterized by an
effective porosity and a permeability;

(IV) isothermal due to large thermal mass of PEFC materials.

With the above assumptions, gas purge is governed by conservation
of mass, momentum and species summarized in Table 1. The impor-
tant species involved in gas purge are purge gas and water. Hence,
s = V l

Vpore
=

�mw − Cg
w,satMw

�l − Cg
w,satMw

=
�gmw − Cg

w,satMw

�l(1 − mw) + �gmw − Cg
w,satMw

(3)

The momentum equation is modified to be valid both in the
open channel and the porous layers, i.e. GDL and CL, reducing to
the two-phase Darcy’s law within the porous layers with a small
permeability. Inside the flow channel, porosity and permeability
are set to be unity and infinity, respectively. Since the available pore
space in the porous GDL and CL is shared by gas and liquid phases, a

Table 1
Two-phase, transient purge model: governing equations

Governing equations

Mass ∂(ε�)
∂t

+ ∇ · (��u) = 0

Momentum Flow channels (N–S Eqs.):
[

∂(��u)
∂t

+ ∇ · (��u�u)
]

= −∇p + ∇ · 	

Porous layers (Darcy’s Eqs.): 

K

�u = −∇p

Water ∂(ε�mw)
∂t

+ ∇ · (�w�mw �u) = ∇ · [Dcap ∇(mw)] + ∇ · [�gDg,eff
w ∇(mg

w)]
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Table 2
Membrane transport properties

Quantity Value

Membrane water
uptake (�)

� = [1 + 0.008 a2(T − 303.15)](14 a3 − 1

� = 0.18(T − 273.15) + 9.2

Membrane water
diffusivity

Dm
w =⎧⎪⎨

⎪⎩
2.692661843 × 10−6 for � ≤ 2

[0.87(3 − �) + 2.95(� − 2)] × 10−10 e(

[2.95(4 − �) + 1.64245(� − 3)] × 10−1

[2.653 − 0.33 � + 0.0264 �2 − 0.0006

Gore membrane Dm,Gore
w = 0.5 Dm

w[ ( )](
0.067 a3
Proton conductivity (�) � = exp 1455
1

303
− 1

T −0.

Note: water activity at the membrane-GDL interface is calculated by
a = C

Csat

a = s(�l/MH2O) + (1
Csat

relative permeability term, k˛
r , is introduced to represent the ratio of

intrinsic permeability of phase ˛ at a given saturation level, s, to the
total intrinsic permeability of the porous medium. Therefore, the
individual phase flux is expressed by Darcy’s law using the concept
of relative permeability as follows:

�l �ul = −kl
rK

�l
∇Pl (4)

�g �ug = −kg
r K

�g ∇Pg (5)

where the relative permeabilities of individual phases are assumed
to be proportional to the fourth power of phase saturations, i.e.:

kl
r = s4; kg

r = (1 − s)4 (6) �

Fig. 1. Cell geometry and m
er Sources 183 (2008) 609–618 611

Reference

13a) s = 0

s > 0
Assumed

(2416/T)) for 2 < � ≤ 3
728−(2416/T)) for 3 < � ≤ 4

× 10−10 e(7.9728−(2416/T)) for 4 < � ≤ 14

for

Ju et al. [31]

9 a2 + 0.068 a
)

011
Tajiri [32]

if s = 0

− s)Csat if s > 0
Pasaogullari
and Wang [33]

In addition, the mixture kinematic viscosity and the mobility of
each phase in the multiphase mixture are defined as


 =
(

kl
r

�l
+ kg

r

�g

)−1

(7)

�l = kl
r

�l
� = kl

r/�
l

kl
r/�l + kg

r /�g
�g = 1 − �l (8)

The diffusive mass flux of liquid phase, �jl, relative to the whole
two-phase mixture is expressed as follows:

jl = �l �ul − �l��u = K

�
�l�g ∇Pc (9)

esh configuration.
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Table 3 capillary transport that is proportional to the gradient in liquid
saturation.

The second term on the right-hand side of the water conserva-
tion equation represents the net Fickian diffusion fluxes within gas
phase. The gas phase diffusion coefficient of water, Dg

w, in anode
and cathode gas channels is calculated as a function of pressure
and temperature [29]. For GDL and CL, the diffusion coefficient is
modified to account for porosity and tortuosity of porous regions,
and is given by:

Dg
w = Dg

w,o

(
T

To

)3/2 (
P

Po

)
for gas channel

Dg,eff
w = εnDg

w for porous layers (15)

where ε and n are the porosity and Bruggemann factor of porous
layers, respectively.

The transient term given by the first term on left-hand side of
water conservation equation expresses the removal of liquid water
modified to account for the porosity of GDL and CL. It should be
mentioned that the diffusive flux, depicted by the second term
Geometrical parameters and physical properties

Description Value

Anode/cathode gas diffusion layer thickness 0.230 mm
Anode/cathode catalyst layer thickness 0.010 mm
Anode/cathode gas channel depth 0.5 mm
Anode/cathode gas channel width 1.0 mm
Height of cell in the in-plane direction 2.0 mm
Cell length 54.0 mm
Membrane width (Gore-select®) 0.030 mm
Dry membrane density (�mem) 2000 kg m−3

Equivalent weight of membrane (EW) 0.95
Porosity of anode/cathode gas diffusion layer (εGDL) 0.6
Porosity of anode/cathode catalyst layer (εcat) 0.6
Bruggemann factor of porous layer for water vapor

diffusion (n)
3

Volume fraction of ionomer in anode/cathode catalyst
layer (εmc)

0.26

Permeability of anode/cathode gas diffusion layers (KGDL) 4.0 × 10−12 m2

Permeability of anode/cathode catalyst layers (KCL) 4.0 × 10−12 m2

H2O diffusivity in the gas channels (Dg
w,o) 2.6 × 10−5 m2 s−1

Surface tension (�) 6.25 × 10−2 N m−1

Contact angle (�) 110◦

The capillary pressure, Pc, is defined as

Pc = Pg − Pl = � cos �
(

ε

K

)1/2
J(s) (10)
where ε is the porosity and K the permeability of porous layers,
� the contact angle of liquid water in porous layers. The Leverett
function, J(s), denotes the dimensionless capillary pressure that is
an increasing function of the nonwetting phase saturation (i.e. liq-
uid water saturation in hydrophobic GDL). The Leverett function,
J(s) is given as [28]:

J(s) =
{

1.417(1 − s) − 2.120(1 − s)2 + 1.263(1 − s)3 if �c < 90◦

1.417s − 2.120s2 + 1.263s3 if �c > 90◦

(11)

In Table 1, the second term on the left-hand side of the water
conservation equation represents the advective term, in which the
advection correction factor, �w is given by:

�w = �(�lml
w + �gmg

w)

(s�lml
w + (1 − s)�gmg

w)
=

{
�(�l + �g(CsatMw/�g))
(s�l + (1 − s)CsatMw)

(12)

Therefore, total water is advected by a modified velocity, �w �u, rather
than the original mixture velocity, �u. The first term on the right-
hand side for water conservation equation shows the transport
of water due to the relative motion between the phases, namely

Table 4
Pre-purge and base case purge conditions

Parameter Value

Pre-purge operation
Inlet RH (anode/cathode) 100%/100%
Stoichiometry (anode/cathode) 18.0/21.0
Flow configuration Co-flow
Operating temperature 55 ◦C
Operating current density 0.5 A cm−2

Cell voltage (simulation/experiment) 0.64 V/0.658 V

Base case purge conditions
Purge gas N2
Flow configuration Co-flow
Cell temperature 55 ◦C
Inlet RH 0.4
Flow rate 3.74 × 10−6 m3 s−1 (4.48 l min−1 for a

25 cm2 cell with 24 channel parallel
flow field design)
er Sources 183 (2008) 609–618
Fig. 2. RH variation in (a) anode gas channel and (b) cathode gas channel along the
flow direction for gas purge with 40% inlet RH, 4.48 l min−1 flow rate and 55 ◦C cell
temperature.
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on the right-hand side of water conservation equation, will go to
zero in the two-phase region whereas, the capillary flux term will
diminish in the gas phase region. In addition, there exists ionomer
or membrane phase in the catalyst layer. Therefore, the transient
term for water conservation equation in CL should incorporate the
removal of water content from ionomer phase, liquid and vapor
phase from catalyst layer pores. The removal of water from elec-
trolyte phase as well as CL pores is described through the effective
factor, εeff, in the species equation listed in Table 1:

εeff = εg + εm
dCm

w
dCw

= εg + εm
�m

EW
RT

psat
d�

da
(16)
where �m is the density of a dry membrane, EW the equivalent
weight of membrane, εm the membrane phase water content and
Cm

w the membrane phase water concentration. Note that the species
equation in Table 1, encompasses the water transport equation in
the anode and cathode catalyst layers, GDLs, and gas channels. In
the membrane water content, �, is solved from:

∂�

∂t
= ∇ · (Dm

w�) (17)

where Dm
w is membrane water diffusivity. Dm

w is correlated to mem-
brane water content, �, which in turn depends on membrane water
activity, a. In the present work, Gore-Select® membrane is used,
whose properties are listed in Table 2. In gas purge the hydration
of a membrane is measured by membrane HFR which can be deter-
mined from the membrane proton conductivity, �. Using resistance
network analogy, the cross-sectional average membrane HFR can
be easily derived as

wcell

HFR
=

∫ wcell

0

1∫ ımem

0
dx/�(�)

dy (18)

The contact resistance is also accounted for to compute the cell
HFR in accordance with experiments.

Fig. 3. Liquid saturation distribution as function of time at (a) inlet, (b) middle, and (c) ou
flow rate and 55 ◦C cell temperature.
er Sources 183 (2008) 609–618 613

2.1. Boundary and initial conditions

The above-described equations are solved for five unknowns: �u
(three components), P and mw (or � in the membrane). Velocity at
the gas channel inlet is specified as:

uinlet = Q

Achannel
(19)

where Q and Achannel denotes purge gas flow rate and channel cross-
sectional area. The inlet mass fractions are determined by the inlet
pressure and relative humidity according to ideal gas law. Since gas
purge is performed prior to engine shutdown, initial water distri-
bution in PEFC is imported from a steady-state simulation of PEFC
operation. More details of steady-state operation of PEFC can be

obtained from Luo et al. [26].

2.2. Numerical implementation

The governing equations, summarized in Table 1, along with
their appropriate boundary conditions are discretized by the
finite volume method and solved in a commercial flow solver,
STAR-CD®, by PISO algorithm (the pressure implicit splitting of
operators), using its user defined capabilities. PISO is based on
predictor–corrector splitting for unsteady problems. A constant
time step size of 0.01 s is used in all simulations. In the present
work, a single straight-channel PEFC with co-flow configuration,
as depicted in Fig. 1, is considered. Based on the mesh indepen-
dent study of Meng and Wang [30], the computational domain is
discretized in approximately 34,000 computational cells, with 20
cells along the flow direction.

3. Results and discussion

The main geometric parameters and transport properties used
in the present work are summarized in Table 3. Since gas purge

tlet location along the flow direction for gas purge with 40% inlet RH, 4.48 l min−1
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is performed prior to engine shutdown, water distribution inside
PEFC during pre-purge operation represents the initial condition
for gas purge process. A pre-purge operation with operating con-
ditions enlisted in Table 4 is simulated on the numerical mesh to
obtain a realistic water distribution. The predicted cell voltage is
found to be in good agreement with experimental data, as shown
in Table 4. The purge conditions used in the present work are also
mentioned in Table 4, and will be regarded as base case parameters
in the following discussion. The gas flow rate mentioned in Table 4 is
equivalent to 4.48 l min−1 flow rate in a fuel cell with 25 cm2 active
area and parallel flow field, assuming that flow is distributed uni-
formly in each channel. In the following, the flow rate will always
be referred to that in the 25 cm2 fuel cell.

Fig. 2 shows the RH variation along the flow direction in anode
and cathode gas channels with purge time. Water mass flux into
channel is inversely proportional to the distance of drying front
away from the GDL-channel interface; therefore RH shoots to a very
high value as purge starts. Less initial liquid saturation at the anode
side results in less increase in RH along the anode gas channel in
comparison to that in cathode gas channel. As the drying front pro-
ceeds further into porous layers, i.e. GDL and catalyst CL, RH in
gas channel decreases with purge time as shown in Fig. 2. Addi-
tionally, due to water uptake RH increases monotonically along
the flow direction. Fig. 3 displays the liquid water saturation as
a function of purge time at three representative locations along
the flow direction. At any location, the drying front first predomi-
nantly moves under the channel due to difficulty in water removal
under the land portion. Once all the water under the channel por-
tion is removed, drying front moves in the in-plane direction. The
observed through-plane drying followed by in-plane drying stages
is typical for gas purge. As can be seen, the drying time constant
increases along the flow direction due to water uptake in gas chan-
nels entailing a total drying time of 18 s at the inlet section whereas
41 s at the outlet section. It should be mentioned that the variation
of drying time along the flow direction is strongly dependent on
purge gas flow rate. Investigations show that purge gas flow rate
of 1.0 l min−1, while keeping rest of the parameters the same, pro-
vides outlet drying time constant of 58 s. At low flow rate, channel
RH increase along the flow direction due to water uptake is aggra-
vated incurring substantially higher drying time towards the outlet
section.

Variation of liquid water saturation with purge time in anode
side is substantially different from that of in cathode side, high-
lighting the role of back diffusion from cathode to anode during

gas purge. During pre-purge operation, cathode liquid water satu-
ration is higher due to water generation. As purge starts, cathode
liquid water saturation decreases due to water removal by evap-
oration and back diffusion through the membrane to the anode.
Whereas on the anode liquid water saturation varies due to water
removal by evaporation and water addition by back diffusion. The
combined effect of back diffusion from cathode to anode and water
removal by purge gas can be clearly seen in Fig. 4. Fig. 4 depicts
the variation of average liquid water saturation as a function of
purge time at three representative locations along the flow direc-
tions both in anode and cathode. In Fig. 4 at any location along the
flow direction, purge time is non-dimensionalized with the total
drying time constant at that location. In the beginning the average
liquid water saturation in anode, as shown in Fig. 4(a), decreases
with purge time. However, as purge time increases average liquid
water saturation in anode increases due to back diffusion from cath-
ode. Higher initial cathode liquid water saturation towards outlet
section entails larger back diffusion and thereby larger increase in
average anode liquid water saturation along the flow direction. As
drying proceeds decrease in cathode liquid water saturation weak-
ens back diffusion to anode that makes water removal by purge gas
Fig. 4. Variation of average liquid water saturation along the flow direction in (a)
anode and (b) cathode as a function of purge time for 40% inlet RH, 4.48 l min−1 flow
rate and 55 ◦C cell temperature.
a dominant factor, resulting in monotonic decreases in anode liquid
water saturation. The effect of back diffusion from cathode to anode
becomes more pronounced at lower purge gas flow rates. Fig. 5 dis-
plays the variation of average liquid water saturation as a function of
purge time when gas purge is conducted with 1.0 l min−1 flow rate
while keeping rest of the parameters same as before. Smaller gas
flow rate decreases the water removal rate from the channel and
thereby renders a larger increase in RH along the flow direction.
Higher RH in gas channel diminishes the water removal capacity
by gas purge increasing the relative contribution of back diffusion
from cathode to anode increases substantially, as seen in Fig. 5,
especially towards the outlet of gas channel.

Due to sandwiched structure of PEFC, membrane drying is
largely dependent on the evolution of the drying front in GDL.
Therefore, GDL drying first in through-plane followed by in-plane
drying incurs significant in-plane variation in the membrane water
content. To clearly demonstrate the in-plane variation, average
water content across the MEA under the channel and land por-
tion is plotted in Fig. 6(a) and (b), respectively. The simulations
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Fig. 5. Variation of average liquid water saturation along the flow direction in (a)
anode and (b) cathode as a function of purge time for 40% inlet RH, 1.0 l min−1 flow
rate and 55 ◦C cell temperature.
are conducted with the base case purge conditions. For simplic-
ity of analysis, water content is plotted at a middle cross-section
along the flow direction. Initially water content is higher in cath-
ode due to water generation during pre-purge operation. With the
inception of purge, variation of the water content in the catalyst
layers is governed by water removal by purge gas and back dif-
fusion from cathode catalyst layer (CCL) to anode catalyst layer
(ACL). At t = 2 s, a small increase in the water content of channel-
facing ACL due to back diffusion can be seen in Fig. 6(a). In contrast,
increase in water content of land-facing ACL is substantially higher,
as shown in Fig. 6(b), owing to substantially slower water removal
rate under the land portion. With further increase in purge time,
MEA water content decreases and consequently diminishes back
diffusion from CCL to ACL. It can be clearly seen in Fig. 6(a) that
under the present conditions channel-facing membrane dries out
at a very fast rate for first 10 s of purge whereas very little decrease
in membrane water content is observed for 10 s < t < 50 s, and can
be attributed to decrease in water concentration gradient across
GDL with time. The above-described variation of MEA water con-
tent with purge time become more pronounced at low purge gas
flow rates. Fig. 7(a) and (b) displays variation of average water con-
Fig. 6. Variation of average water content at a middle cross-section along the flow
direction across MEA (a) facing channel and (b) facing land portion as function of
purge time for 40% inlet RH, 4.48 l min−1 flow rate and 55 ◦C cell temperature.
tent across the MEA facing channel and land portion, respectively
when purge is simulated with 1.0 l min−1 flow rate keeping rest of
the parameters same. Low purge gas flow rate incur larger increase
in RH in gas channels along the flow direction decreasing water
removal capacity from PEFC. Therefore, the relative contribution of
back diffusion from cathode to anode becomes more significant in
membrane drying at low flow rates, as shown in Fig. 7(a) and (b). It
should be mentioned that the minimum value of membrane water
content is governed by the RH in gas channels entailing the mini-
mum membrane water content of three corresponding to channel
RH value of 40%, as displayed in Figs. 6 and 7.

Movement of drying front in PEFC is governed by vapor diffu-
sion ahead of the drying front and liquid water transport due to
capillarity from deep inside GDL to the drying front. The relative
magnitudes of the two mechanisms determine the drying rate, and
hence purge effectiveness. To evaluate the effect of capillary liq-
uid water transport on purge, a parametric study is conducted by
varying the contact angle in GDL and CL from 110◦ to 92◦ while
keeping the rest parameters the same. A decrease in contact angle
from 110◦ to 92◦ provides 10-fold decrease in liquid water transport
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Fig. 8. Variation of membrane HFR with time as a function of contact angle.
Fig. 7. Variation of average water content at a middle cross-section along the flow
direction across MEA (a) facing channel and (b) facing land portion as function of
purge time for 40% inlet RH, 1.0 l min−1 flow rate and 55 ◦C cell temperature.
behind the drying front. Fig. 8 shows the ensuing variation of mem-
brane HFR with purge time for the two cases. Minimal difference in
membrane HFR evolution with purge time as observed in Fig. 8 even
when the contribution of liquid water transport differs 10 times for
the two cases suggests that gas purge is mainly governed by evap-
oration and vapor diffusion ahead of the drying front. Therefore, it
can be further concluded that tailoring various material properties
and purge conditions rendering enhanced vapor diffusion will be
most effective to improve gas purge effectiveness.

It is imperative to compare the predictions of the present gas
purge model with experiments. Great effort has been made to carry
out validation experiments and to ensure the reproducibility of
purge data. Details of theses experiments can be found in Tajiri
et al. [21]. Fig. 9 plots the predicted and experimentally measured
membrane HFR variation with purge time under various purge con-
ditions. As can be seen, a good match with experiments is obtained
for 75.5 ◦C cell temperature whereas substantial differences exist
in the shape of HFR profile for 55 ◦C cell temperature. The largest
disparity between the predicted and experimentally measured pro-

Fig. 9. Variation of membrane HFR with time for (a) 55 ◦C cell temperature and (b)
75.5 ◦C. Experimental variation is shown by dotted lines.
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nger-
etatio
Fig. 10. Schematic representation of (a) compact drying front morphology and (b) fi
before GDL completely dries out. Liquid water is shown by blue color. (For interpr
version of the article.)

files is observed during the in-plane drying regime. This indicates
that a more accurate description of liquid water distribution in
GDL and CL is warranted during gas purge. The evolution of dry-
ing front morphology in PEFC can substantially affect membrane
HFR profile, as shown schematically in Fig. 10. Fig. 10(a) depicts
a compact morphology of drying front, inherently assumed in the
present two-phase Darcy’s law based macroscopic model, in which
membrane cannot feel the effect of drying GDL dries out completely
whereas, with finger-like morphology of drying front, as shown in
Fig. 10(b), membrane can be dried out via deep fingers reaching
membrane surface even before liquid water is completely removed
from GDL rendering higher membrane HFR than compact morphol-
ogy. Larger disparity between experimental and numerical results,
as displayed in Fig. 9, can be due to the evolution of drying front with
a compact morphology at high temperatures and with a finger-like
morphology at lower temperatures. Therefore, a detailed under-
standing of the drying front morphology evolution in a realistic
PEFC GDL is essential to address the observed differences in HFR

profiles. Pore-level modeling efforts using a pore-network model
[34] are currently underway to delineate the dependence of the
drying front morphology on GDL microstructure, surface wetta-
bility, and purge conditions, and will be presented in a separate
publication.

4. Conclusions

A fundamental understanding of gas purge mechanisms is
essential to establish effective and energy-saving gas purge pro-
tocols. In the present work, a detailed two-phase transient purge
model elucidating GDL and membrane drying is presented. It is
found that under the realistic PEFC conditions, water removal is
governed by capillary transport of liquid water from deep inside
GDL to a drying front, vapor diffusion ahead of the drying front and
water back diffusion through the membrane between the cathode
and anode. Back diffusion assists water removal from the cathode
but opposes water removal from the anode. The relative contri-
bution of back diffusion in wetting the anode during gas purge is
significant under the land portion and especially towards the out-
let of gas channel. In the beginning of purge, water uptake in gas
like morphology. Finger-like morphology provides path for membrane drying even
n of the references to color in this figure legend, the reader is referred to the web

channel along the flow direction reduces water removal capacity
of purge gas towards the outlet section enhancing the contribu-
tion of back diffusion in water removal. The investigations further
conclude that cathode-only purge will not be effective as substan-
tial amount of water can back diffuse to the anode and cannot be
removed easily rendering a larger drying time constant.

The relative contribution of capillary transport of liquid water
and vapor diffusion is also evaluated. A parametric study is con-
ducted to investigate the effect of contact angle on HFR evolution.
The results show that under realistic gas purge conditions, water
removal from PEFC is largely governed by vapor diffusion ahead of
the drying front. Therefore, it can be concluded that effective gas
purge protocols can be established by engineering material prop-
erties or purge conditions that enhances water vapor diffusion in
PEFC.

The model predictions are also compared with experimental
results under various purge conditions. A good match with experi-
ments is obtained at higher temperature whereas some differences

in HFR profile shape is observed at lower purge temperature. The
difference between numerical and experimental HFR profiles can
be attributed to liquid water distribution especially during the in-
plane drying regime. This warrants additional efforts to recognize
various parameters controlling the evolution of drying front mor-
phology in GDL as the drying front morphology can significantly
affect membrane HFR.
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