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The distribution and migration of liquids in various layers of a PEFC is commonly modelled

by the 3D flow equations. Given the fact these layers are very thin, there are major prob-

lems with such models, including heavy computational efforts and doubts in their appli-

cability to the gas diffusion layer (GDL). Recently, a new approach for modelling multiphase

flow through a stack of thin porous layers has been developed [Qin and Hassanizadeh, Int.

J. Heat Mass Transfer 70 (2014) 693e708]. In this approach, which is called “reduced continua

model”, each layer is modelled as a 2D domain with governing equations formulated in

terms of thickness-averaged properties. The mass exchange between layers is prescribed

by a new constitutive equation. The aim of this paper is to illustrate the implementation of

the reduced continua model and show its advantages in modelling liquid water flooding in

the GDL and micro porous layer (MPL) of a PEFC. We find that, in comparison to the

Richards model, the reduced continua model predicts quite similar water dynamics in the

MPL, but a lower steady-state water saturation in the GDL, particularly under the channel

area. We provide a quantitative indication of the enormous computational efficiency of the

reduced continua model as compared to the Richards model. Finally, the sensitivity studies

of major material parameters of the reduced continua model have been provided.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Two-phase flow through multilayers of thin porous media is

an important process in a number of industrial applications

and hygiene products. One of the typical applications is the

polymer electrolyte fuel cell (PEFC), which has received much

attention over the past two decades [1e4]. They convert

chemical energy in fuels (e.g. H2) to electricity by means of

electrochemical reactions, with the advantages of high effi-

ciency, low/zero emission, and quick startup [5].
84; fax: þ31 (0)30 253503
g.qin@gmail.com (C.Z. Q
35
y Publications, LLC. Publ
Usually, hundreds of PEFC units are connected in series, as

a stack, to provide useful power. A schematic representation

of a PEFC unit is shown in Fig. 1a. It consists of a cathode side

(where air is delivered) and an anode side (where hydrogen is

delivered), separated by a solid electrolyte membrane as an

electrical insulator [3]. Each side consists of one bipolar plate

(BP), one gas diffusion layer (GDL), one micro porous layer

(MPL), and one catalyst layer (CL). Several intricate transport

processes can occur in an operating PEFC, such as reactant

diffusion in the gas phase, airewater flow, heat transfer, as

well as electron and proton conduction [5]. An optimumwater
0.
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Fig. 1 e (a) Schematic representation of a PEFC unit; (b) simplified 2D computational domain used in the traditional Richards

model; and (c) two 1D computational domains used in the reduced continua model.
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balance is critical to the operation of PEFCs. On one hand, the

solid membrane needs to attain high water content for

effective ionic conduction; on the other hand, too much water

accumulating in the systemwould result in reactant transport

limitation and cell degradation [6e10]. Normally, such a situ-

ation is termed as ‘liquid water flooding’ in PEFCs.

In an operating PEFC, water is produced partly from the

humidification of inlet reactants and partly from electro-

chemical reactions in the cathode CL. At high current den-

sities and/or in humid environments, all diffusion layers (GDL,

MPL, and CL) and GCs can become flooded, particularly on the

cathode side [11]. In general, liquid water movement in a PEFC

can be categorized into three subprocesses, namely: (1) liquid

water production and transport in CL; (2) liquid water trans-

port in MPL and GDL; (3) liquid water emergence at GDL-GC

interface and its subsequent movement in GC. In modeling

these water transport processes, a number of difficulties have

been encountered with traditional Darcy-based models. First,

it is a major challenge to model imperfect physical contact

interfaces between neighboring porous layers with quite

different material properties; e.g. between MPL and CL

[12e14]. Second, there is no satisfactory approach for coupling

liquid water dynamics in GC and the description of water

transport in GDL [15e17]. This problem is commonly referred

to as the two-phase interface treatment between free flow and
porous media flow. Last but not least, it is very questionable

whether three dimensional (3D) Darcy-based models are

applicable to these extremely thin porous layers. It is known

that most macroscale PEFC models [2, 9, 10, and 16] are

formulated in terms of averaged quantities, which are defined

over an averaging domain known as the representative

elementary volume (REV). A major requirement of this REV is

that its size must be much larger (10e15 times) than the pore

size, but much smaller than the modeling domain size [18].

This criterion cannot be satisfied in the fibrous GDL as its

thickness is only 10e15 times its mean pore size. Based on the

pore-scale pore-network modeling of water transport in a

GDL, Rebai and Prat [19] illustrated the poor predictions of

traditional Darcy-based models. In addition, 3D modeling of

these interacting thin porous layers often requires heavy

computational efforts, which have hindered the stack-level

modeling of PEFCs.

It is interesting to point out that the conventional concept

of REV does apply to the MPL, although it is even thinner than

the GDL. This is because the mean pore size of MPL is several

hundred nanometers [3], which is about hundred times

smaller than its thickness (around 30 microns). This allows

the identification of an appropriate REV. Thus, we define ‘a

physically thin porous layer’ as a porous layer for which the REV

length scale requirements are not satisfied along the layer
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http://dx.doi.org/10.1016/j.ijhydene.2015.01.035


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 3 3 4 8e3 3 5 83350
thickness. In general, this means that the layer thickness is

only around one order of magnitude lager than its mean pore

size. We also define ‘a geometrically thin porous layer’ for which

the REV length scale requirements are satisfied but the layer

thickness is much smaller than its in-plane dimensions (e.g.

MPL and CL). Obviously, it could happen that a porous layer is

considered to be both physically and geometrically thin.

Over the past few years,much effort has been invested into

measuring GDL material properties, such as saturation-

dependent effective diffusivity, intrinsic and relative perme-

ability, and effective heat conductivity [20e23]. Thesematerial

properties were directly used in 3D Darcy-based PEFCmodels,

whereas they were all measured as thickness-averaged

properties. As illustrated in Fig. 2, in traditional approach,

the through-plane direction of GDL is discretized into many

computational grids. Then, the layer-scalematerial properties

are assigned to each computational grid. This is not accept-

able if the layer is heterogeneous.

Because of the failure of the traditional REV concept in

fibrous GDL, and extremely small thickness of MPL and CL, we

were motivated to model them as thin porous layers. This

approach was recently developed by Qin and Hassanizadeh

[24], to which they refer as the reduced continua model. In the

new approach, thin porous layers were treated as a set of 2D

interacting continua stacked in series (e.g. Fig. 1c). Then,

macroscale balance laws were formulated in terms of

thickness-averaged material properties. The interaction be-

tween neighboring layers was accounted for by exchange

terms for mass, momentum, and heat. Based on the exploi-

tation of the second law of thermodynamics and linearization

theory, the closed form of governing equations for
Fig. 2 e Schematic representation of GDL and MPL.
nonsiothermal multiphase flow through thin porous layers

were provided. Here, it is worth noting that the reduced con-

tinua model does take into account the through-plane trans-

port of thermodynamic quantities among layers. But, the

detailed distribution in each layer is lumped into thickness-

averaged values. In some cases, if the distribution in an indi-

vidual layer is needed, a pore-scale model such as pore-

network model [19] can be combined with the reduced con-

tinua model. This method is normally referred to as multi-

scale modeling.

In comparison with previous 3D macroscale models, the

new approach has the following distinctive advantages: (1) it

is developed from rigorous thermodynamic principles; (2) it is

formulated in terms of thickness-averaged material proper-

ties which are measurable; (3) it allows for modelling the ef-

fect of the contact surface between adjacent layers in a

natural way; and (4) it reduces 3Dmodeling to 2D, leading to a

very significant reduction of computational efforts. To the

best of our knowledge, over the past few years, most of 3D

PEFC numerical studies have been performed for a small part

of PEFC unit with only one or a few GCs on each side, because

of heavy computational efforts [25e27].

The main objective of this work is to apply the reduced

continua model to the numerical study of liquid water flood-

ing in the cathode GDL and MPL of a PEFC. In particular, we

have parameterized the material property which determines

the water exchange between layers. To illustrate the advan-

tages of the reduced continua model and its difference with

the traditional Darcy-based models, we conducted numerical

studies using a traditional Darcy-based model (i.e. the

Richardsmodel which has been widely used in PEFCmodeling

[28,29]) as well as the reduced continua model. We focus on

water dynamics in the two thin porous layers. Species trans-

port and electrochemical reactions are not considered in this

work. It is worth noting that this work is not aiming to provide

guidelines for optimum water management and fuel cell op-

erations; and it is not aiming to validate the reduced continua

model against the Richards model. But, we demonstrate that

the reduced continua model is able to capture key dynamic

behaviors of liquid water transport through the two thin

porous layers with different material properties.

The paper is organized as follows. First, the problem under

study is described. Then, the employed numerical models,

namely, the Richards model and the reduced continua model,

are presented in detail in Section Numerical models. In Sec-

tion Description of numerical simulations, we give the

description of numerical simulations in this work. Numerical

results are presented and discussed with an emphasis on the

comparison between the two models in Section Results and

discussion. Finally, we end up with main conclusions and

future perspectives.
Problem description

In the operation of a PEFC, the cathode side is prone to being

flooded first, because of water generation in the cathode CL

and water migration from the anode under the electro-

osmotic drag (EOD). Excessive liquid water in the CL mi-

grates through the MPL and GDL into the GCs under capillary

http://dx.doi.org/10.1016/j.ijhydene.2015.01.035
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action. Finally, most of water will be removed out of the cell

under gas drag force in the GCs. Fig. 1a shows a schematic

representation of a PEFC unit. It can be seen that on each side

many parallel channels are grooved in the BP which are used

to deliver humidified reactants into the system.

Here, we concentrate on liquid water dynamics in the

cathode MPL and GDL. The CL is assumed to deliver liquid

water to the MPL, and a simplified boundary condition at the

exit of GDL to the GC is employed. For simplicity and without

loss of generality, we assume a uniform water influx. As a

result, for the case of the Richards model, the 3D domain of

MPL and GDL reduces to a 2D modeling domain, which is

shown in Fig. 1b. Here, the cross section of the 3D domain

along the GC flow direction is used with two land areas and

one channel area (marked by a yellow rectangle in Fig. 1a) (in

web version). For the case of the reduced continua model, the

2D computational domain will be further reduced to two

interacting 1D domains which are in contact as shown in

Fig. 1c. For the reduced continua model, the boundary condi-

tions of the MPL inlet and the GDL outlet appear as source and

sink terms in the governing equations, respectively. We

emphasize that taking the cross sections of GDL and MPL as

the computational domain is just for simplicity. Its extension

to a whole PEFC unit is straightforward.
Numerical models

Richards model

Governing equations
The problem under study can be generalized as ‘isothermal

immiscible airewater flow from a fine porous layer to a coarse

porous layer’. The disparity in properties between air and

water allows us to make some assumptions for the system of

two-fluid equations. The Richards assumption states that the

air has sufficiently low viscosity that we can assume it to be

inviscid. In that case, it is infinitely mobile and can move

without any appreciable pressure gradients. However, in the

PEFC application, due to the consumption of gaseous re-

actants in CL, a small pressure drop builds up across diffusion

layers. As a result, the Richards model would slightly under-

estimate the water flooding [30]. Nevertheless, for the purpose

of this study, we select the Richards model for simplicity. Its

extension to the two-phase Darcy's law is straightforward.

First, the mass conservation of liquid water is written as:

v

vt
ðrwεswÞ þ V$ðrwvwÞ ¼ 0 (1)

where the superscript w denotes the liquid water, rw is the

mass density, ε is the porosity, sw is the water saturation, and

vw is the Darcy velocity (i.e. superficial velocity). The latter is

given by the two-phase Darcy's law:

vw ¼ �krk
mw

ðVpw � rgÞ with k ¼
�
ki 0
0 kt

�
(2)

where k is the intrinsic permeability tensor composed of the

in-plane permeability ki and through-plane permeability kt, k
r

is the water relative permeability, m is the dynamic viscosity, p

is the pressure, and g is the gravity vector. Note that both
intrinsic permeability and relative permeability are material

properties which need to be determined by experiments. In

addition, the two phase pressures are linked by the macro-

scopic capillary pressure as:

pa � pw ¼ pc (3)

where pa is the air pressure, and pc is the capillary pressure

which is traditionally assumed to be a function of only water

saturation. Because a constant air pressure is assumed, Eq. (3)

can be recast as:

Vpw ¼ �Vpc ¼ �dpc

dsw
Vsw (4)

Due to the small dimensions of computational domain, we

can neglect the gravity effect. Then, substitution of Eq. (2) and

Eq. (4) into Eq. (1) yields the Richards form of water transport

equation:

v

vt
ðrwεswÞ þ V$

�
rw

krk0

mw

dpc

dsw
Vsw

�
¼ 0 (5)

In the PEFC modeling, the Leveret-J function has been

widely used to give the capillary pressure as a function of

water saturation [9]:

pc ¼ s cos q

�
ε

kt

�1=2

JðswÞ (6)

JðswÞ ¼
�
1:417ð1� swÞ � 2:12ð1� swÞ2 þ 1:263ð1� swÞ3 q � 90+

1:417sw � 2:12ðswÞ2 þ 1:263ðswÞ3 q>90+

(7)

Here, s is the airewater surface tension, and q is the contact

angle of porous medium. The relative permeability is also

assumed to be a function of saturation: kr ¼ ðswÞ3.
Finally, to solve thewater transport equation (5), additional

MPL-GDL interface boundary conditions are needed. We as-

sume the continuity of water flux and water pressure. This

also ensures the continuity of capillary pressure. The resulting

interface conditions are:

Pressure continuity:

s cos q

�
ε

kt

�1=2

JðswÞ
�����
MPL

¼ s cos q

�
ε

kt

�1=2

JðswÞ
�����
GDL

(8)

Flux continuity:

�rw
krkt

mw

dpc

dsw
vsw

vy

����
MPL

¼ �rw
krkt

mw

dpc

dsw
vsw

vy

����
GDL

(9)

Here, the subscript MPL denotes that the variables before the

vertical bar are evaluated on the MPL side, whereas the

subscript GDL denotes the variables are evaluated on the GDL

side. Under the condition of pressure continuity, because of

the difference in capillary pressure curves, water saturation is

expected to be discontinuous at the interface.

Boundary conditions
The condition of uniform water flux is imposed at the bottom

of MPL, which is given as:

jw ¼ I
2F

MH2O

rw
(10)

http://dx.doi.org/10.1016/j.ijhydene.2015.01.035
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where I is the operating current density, F is the Faraday's
constant, andMH2O is themolecular weight of water. Note that

we assume that on the cathode side the back-diffused water

through the membrane just balances the water from the EOD.

At the top of GDL, no-flux condition is imposed at the two

land areas, whereas a known water saturation is assumed at

the channel area. As in most previous studies, we assume the

saturation to be zero. That can be justified by the fact that high

gas flow rates in the GC will remove emerging liquid water

droplets effectively. Otherwise, water coverage effect [31,32]

will be of concern which is beyond the scope of the present

study. At the side boundaries, no-flux conditions are assumed.

Reduced continua model

Governing equations
In the reduced continua model, the 2D computational domain

is reduced to two 1D domains as shown in Fig. 1c. Consistent

with the Richards assumption, here we only focus on liquid

water transport in the two thin layers. The gas phase is

assumed to be at constant pressure. First, the mass conser-

vation equations of liquid water in the two layers are given as

[24]:

v

vt

�
b1r

w
ε1s

w
1

	þ v

vx

�
b1r

wvw
1

	 ¼ ST
w

��
1
þ SB

w

��
1

(11)

v

vt

�
b2r

w
ε2s

w
2

	þ v

vx

�
b2r

wvw
2

	 ¼ SB
w

��
2
þ ST

w

��
2

(12)

where the subscripts 1 and 2 denote the MPL and GDL,

respectively, b is the layer thickness, v is the superficial in-

plane water velocity, x is the in-plane direction, SB
w

��
1
is the

water input through the bottom of MPL which is pre-specified,

ST
w

��
2
accounts for the water transport out of the GDL through

its top, and the water exchange through the MPL-GDL inter-

face is taken into account by ST
w

��
1
and SB

w

��
2
.

One difficulty is how tomodel the dynamicwater exchange

at the MPL-GDL interface. Our previous thermodynamic

studies [24] show that the mass exchange of any phase be-

tween the two layers arises from the differences in the sum of

temperature-weighted Gibbs free energies, kinetic energies,

and internal energies between the two layers. If we assume

slow flow in thin porous layers (this is quite true in the PEFC

application where water velocity is on the order of 10�4 m/s),

the effect of kinetic energies can be neglected. Then, Qin and

Hassanizadeh [24] have shown that the layerelayer mass ex-

change of water can be approximated by:

ST
w

��
1
¼ �SB

w

��
2
¼ Pm

�
pw
2 � pw

1

	
(13)

where Pm [s/m] is a material property of the two layers, pw
1 is

the average water pressure in the MPL, pw
2 is the average water

pressure in the GDL. In principle, the coefficient Pm should be

determined experimentally. But, in the absence of experi-

mental data, in this work, we propose an equation for it, based

on the properties of MPL and GDL, in the following form:

Pm ¼ 2
b1 þ b2

rw
kt

mw
f
�
sw1 ; s

w
2

	
(14)

where kt is referred to as the effective intrinsic through-plane

permeability of the two layers, and a general saturation
function f(s1,s2) is used to represent the relative permeability

for liquid water transport through the layerelayer interface,

which is assumed to be a function of the two saturations. It is

worth noting that our postulation of Eq. (14) is partially based

on assuming the layer-scale two-phase Darcy's law in the

through-plane direction. Its validation and improvement need

to be done by further experimental studies.

Based on the layer-scale single-phase Darcy's law, the

effective intrinsic permeability of the two layers can be given

as:

kt ¼ b1 þ b2

b1kt
2 þ b2kt

1

kt
1k

t
2 (15)

The saturation function f is assumed to have the following

form:

f
�
sw1 ; s

w
2

	 ¼
�
sw1
	g1 þ �sw2 	g2

2
(16)

where g1 and g2 are the two fitting parameters. One essential

feature of fðsw1 ; sw2 Þ should be that it becomes unity when the

two thin layers are fully saturated with liquid water.

According to the thermodynamic studies [24], the full form

of fluid motion equation in each thin layer may be given as

(note that themotion is in the in-plane direction, and uniform

layer thickness is assumed):

vw
1 ¼ �kr

1k
i
1

mw

�
vpw

1

vx
� rwgx þUw

1

sw1

vsw1
vx

� rw

b1
TB
1

�
(17)

vw
2 ¼ �kr

2k
i
2

mw

�
vpw

2

vx
� rwgx þUw

2

sw2

vsw2
vx

� rw

b2
TT
2

�
(18)

where U is the wettability potential [24], TB
1 is the in-plane

stress input from the bottom of MPL, and TT
2 is the in-plane

stress input from the top of GDL. Both are zero in the pre-

sent case studies.

If we neglect gravity effect and non-Darcian terms, we

obtain the following 1D two-phase Darcy equations for water

transport in the two layers:

vw
1 ¼ �kr

1k
i
1

mw

vpw
1

vx
(19)

vw
2 ¼ �kr

2k
i
2

mw

vpw
2

vx
(20)

In order to get a closed set of governing equations, we still

need to specify equations for the water input to the bottom of

MPL, SB
w

��
1
, and the water flux out of the top of GDL, ST

w

��
2
. The

equation for SB
w

��
1
is similar to the boundary condition (10) for

the Richards model:

SB
w

��
1
¼ I

2F
MH2O (21)

The water flux out of the GDL, ST
w

��
2
, is assumed to be given

by an equation based on the Darcy's law:

ST
w

��
2
¼ �rw

kr
2k

t
2

mw

pw
2 � p0

b2=d
(22)

where p0 is the water pressure in the GC, and coefficient d is a

geometric constant related to the location of average pressure
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Table 1 e Geometric, physical, and operating parameters.

Parameter Value þ units

GDL dimensions: x � y 2ee3 � 3ee4 m

MPL dimensions: x � y 2ee3 � 3ee5 m

GDL/MPL porosity 0.6/0.4

GDL intrinsic permeability,

in-plane/through-plane [13].

1.5ee13/1.5ee13 m2

MPL intrinsic permeability 3ee14 m2

GDL/MPL contact angle 110�/110�

Air-water surface tension 0.0625 N/m

Operating current density 2e4 A/m2

Air gauge pressure 0 Pa

Faraday's constant 96487 C

Water density at 80� 972 kg/m3

Dynamic viscosity of water 3.5ee4 Pa s

Molecular weight of water 0.018 kg/mol

Relative location of average

pressure in GDL, d

2.0/1.5 (assumed)

Three fitting parameters in

the mass exchange term: g1=g2

2.96/3.13 (fitted from

the Richards model)

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 3 3 4 8e3 3 5 8 3353
in the GDL. If the value of average pressure can be assigned to

themiddle of GDL, then d¼2.0. If there is no liquid water in the

GC, we set p0 to zero. This is in correspondence with the upper

boundary condition for the Richards model where we

assumed saturation in the GC to be zero. Finally, under the

land areas (i.e. 0 � x � 0.0005 and 0.0015 � x � 0.002), no water

can go out of the GDL. Therefore, ST
w

��
2
is set to zero.

Combining equations (11)e(16) and (19)e(22) results in the

following two equations, that combined with equations (6)

and (7), can be solved for the average saturations sw1 and sw2 :

v

vt

�
b1r

w
ε1s

w
1

	þ v

vx

 
b1r

wk
r
1k

i
1

mw

dpc
1

dsw1

vsw1
vx

!

¼ � 2
b1 þ b2

rw
kt

mw

�
sw1
	g1 þ �sw2 	g2

2

�
pc
2 � pc

1

	þ I
2F

MH2O

(23)

v

vt

�
b2r

w
ε2s

w
2

	þ v

vx

 
b2r

wk
r
2k

i
2

mw

dpc
2

dsw2

vsw2
vx

!

¼ 2
b1 þ b2

rw
kt

mw

�
sw1
	g1 þ �sw2 	g2

2

�
pc
2 � pc

1

	

�

8><
>:

0 under land

rw
kr
2k

0
2

mw

�pc
2 � p0

b2=d
under channel

(24)

Boundary conditions
Compared to the 2D modeling with the Richards model, the

boundary conditions for the reduced continua model are very

simple. Only no-flux conditions are imposed at the two ends

in the x direction as shown in Fig. 1c. As stated above, the

boundary conditions at the bottom of MPL and the top of GDL

appear as the source and sink terms in the governing equa-

tions (23) and (24), respectively.
Fig. 3 e Numerical fitting of fðsw1 ; sw2 Þ as a function of the

two saturations in the GDL and MPL.
Description of numerical simulations

Both numericalmodels described in the previous sectionwere

solved in COMSOL, which is a finite-element-based commer-

cial software. Simulations were done for a base case scenario

and many scenarios with variations around the base case.

Values of various geometric, physical and operating parame-

ters for the base case are listed in Table 1. In the case of the 2D

Richardsmodel, the modeling domain is shown in Fig. 1b. The

width is 2000 mm, and the thicknesses of GDL and MPL are

300 mm and 30 mm, respectively. The modeling domain for the

reduced continua model is also 2000 mm wide as shown in

Fig. 1c. Both GDL andMPL are hydrophobic and have the same

contact angle of 110�. Also, mesh independence studies have

been conducted in both models. We used 25025 triangular

elements for the Richards model, while 150 edge elements

were used for the reduced continua model.

In the reduced continua model, there are two important

fitting parameters: g1 and g2, whose values need to be pro-

vided. Ideally, the two parameters should be determined

experimentally; for example by performing steady-state ex-

periments with a constant water flux through the layers and

measuring the average saturation and pressure of each layer.

But, in the absence of experimental data, instead of arbitrarily
assuming the values, we have chosen the following approach

to determine g1 and g2. We solved the steady-state Richards

equation for water transport in theMPL and GDL under simple

boundary conditions: a constant water input flux at the bot-

tom of MPL and zero saturation at the top of GDL. The same

interface conditions as in Eqs. (8) and (9), and geometric and

physical parameters as listed in Table 1 were used. No land

area was included. Therefore, we had a 1D flow situation.

Under these conditions, the water mass flux between the two

layers, STw
��
1
or SBw

��
2
, was simply equal to the imposed input

flux. From equations (13) and (14), with all parameters known,

the value of the function f could be determined. These simu-

lations were repeated for a wide range of input flux values and

the results were used to prepare a plot of f versus input flux.

The results are shown in Fig. 3, where also the average satu-

rations sw1 and sw2 , in theMPL andGDL respectively, are plotted.

Then, Eq. (16) was fitted to the results and values of g1 and g2

were determined. We obtained the following numerically-

fitted f function:

f
�
sw1 ; s

w
2

	 ¼
�
sw1
	2:96 þ �sw2 	3:13

2:0
(25)
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Fig. 4 e Water saturation distributions in the GDL and MPL from the 2D Richards model.
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It is interesting to note that the values of g1 and g2 are quite

close to 3, which is the exponent of saturation for the water

relative permeability used in the Richards model. In the pre-

sent work, Eq. (25) was used in all simulations involving the

reduced continua model. Finally, it is worth noting that,

strictly speaking, the Richards equation cannot be used in the

through-plane direction of a discretized GDL, because the

identification of an appropriate REV is not possible.

In what follows, we first compare results obtained from the

two models, to show the potentials of the proposed reduced

continua approach for modeling thin porous layers. Then, we

discuss results of sensitivity studies using the reduced con-

tinua model.
Fig. 5 e Steady-state water saturation distributions along

the in-plane direction obtained from the 2D Richards

modeling and 1D reduced continua modeling. For the sake

of comparison, water saturation obtained from the 2D

Richards model is averaged over the layer thickness.
Results and discussion

Comparisons between 2D Richards and 1D reduced continua
models

First, we show the steady-state saturation distribution in the

MPL and GDL obtained from the Richards model. As seen in

Fig. 4, at steady state, significantly lower saturations are found

in the MPL than in the GDL; this is explained by the fact that

the MPL has a much finer pore structure than the GDL, and

they are both hydrophobic. In the GDL, relatively low satura-

tion is found under the channel area, and high saturation

under the land areas. This is due to the fact that water under

the land areas has to travel a longer pathway to exit to the GC

[9].

Next, we compare steady-state water distributions along

the in-plane direction (i.e. x direction) obtained from the

Richards model and reduced continua model. For these sim-

ulations, the value of geometric constant, d (see Eq. (22)), was

set equal to either 2.0 or 1.5. Note that, for the sake of com-

parison, water saturation obtained from the 2D Richards

model is averaged over the layer thickness. As shown in Fig. 5,

compared to the Richards model, the reduced continua model

predicts lower water saturation in the GDL, particularly under

the channel area. In the MPL, it predicts a little lower satura-

tion under the land areas. Note that changing the value of the

parameter d has a small effect on the results of the reduced
continuamodel for the GDL, but no effect on the results for the

MPL. In the base case, the overall water contents in the GDL

and MPL predicted by the reduced continua model are around

14% and 1.3% less than those from the Richards model,

respectively.

In comparison to the Richards modeling, it is seen that the

geometrically thin MPL can be well simulated by the reduced

continua model. But, less water flooding in the GDL, particu-

larly under the channel area, is predicted by the reduced

continua model. This is mainly because the reduced continua

model averages out macroscale saturation gradient along the

layer thickness due to the failure of the REV concept. In lab-

oratorial experiments, in-plane water distribution in GDL was

visualized bymeans of synchrotron X-ray radiography [33,34].

It was found that much less liquid water accumulated under

the channel area than under the land areas. This may be seen

as a qualitative validation of the proposed reduced continua

model. However, it is noted that, GDL can become compressed

under the land areas [35] (this is not considered in the present

http://dx.doi.org/10.1016/j.ijhydene.2015.01.035
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Fig. 6 e Temporal evolution of water contents averaged

over the channel area and two land areas in the GDL and

MPL obtained from the Richards model and reduced

continua model.

Fig. 7 e Temporal evolution of average water pressures in

the GDL and MPL, as well as the pressure difference

between the two domains.
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work), which may also result in high water saturation due to

the reduced permeability to water flow.

Finally, results of transient simulations with the two

models are presented. Fig. 6 shows the temporal evolution of

water contents averaged over the channel area and land areas

in the GDL and MPL obtained from the two models. Fig. 7

shows the temporal evolution of average water pressure in

each layer and the pressure difference between the two layers.

Here again, the two models predict quite similar water dy-

namics in the MPL. But, the reduced continua model predicts

much lower water content under the channel area in the GDL.

The water content in the MPL increases fast at the beginning,

then slowly reaches its steady-state value. As seen in Fig. 7, at

the beginning, in a short time high water pressure builds up in

the MPL. This is because the MPL is very thin and has a lower

permeability. In the GDL, water pressure has a linear increase

to its steady-state value.
Fig. 8 e Effect of layerelayer contact parameter m on the

water flooding the MPL and GDL, as well as the pressure

difference between the two layers.
Sensitivity studies using the reduced continua model

A major component of the reduced continua model is the

constitutive equation (13) for mass exchange between two

adjacent layers. In this paper, the material coefficient Pm is

parameterized by Eq. (14). This equation assumes that there is

a perfect contact between the two layers. But, it is known that

the presence of a physical interface between the two layers

affects the mass exchange between them. In PEFC applica-

tions, cracks and gaps at the CL-MPL interface have a detri-

mental impact on the cell performance [14]. Kalidindi et al. [13]

showed that the CL-MPL interface retained liquid water and

induced mass transport resistance, resulting in nearly a 20%

reduction in the limiting current density. We propose to

model the imperfect contact between the two layers by

introducing a correction factor m. Thus, equation (14) is

rewritten as:
Pm ¼ m
2

b1 þ b2
rw

k0

mw
f
�
sw1 ; s

w
2

	
(26)

where 0�m� 1, with the value of unity representing a perfect

contact between the layers. The value of this correction factor

depends on the morphology of layerelayer contact surface,

which needs to be determined by experiments as part of the

material property Pm. Here, we simply varied its value to

investigate the effect of layerelayer contact surface on the

water flooding in the porous layers. Notice that, in reality, the

MPL is often coated on one side of the GDL. So, the MPL-GDL

interface would be much less important than the CL-MPL

interface. However, in this work, we assumed imperfect con-

tact between the MPL and GDL, in order to demonstrate that

the reduced continua model can handle this effect easily and

physically. Its application to the CL-MPL interface is

straightforward.
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Fig. 10 e Effect of the MPL thickness on the temporal

evolution of water contents in the MPL and GDL.
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In Fig. 8, the temporal evolution of water contents and the

pressure difference between the two layers are shown for

values ofm¼ 0.6, 0.8, and 1.0. First, it is seen that the imperfect

layerelayer contact has no significant effect on the temporal

evolution of water content in the GDL. But, it has an important

effect on the evolution of water content in the MPL. Poor

layerelayer contact (i.e. small correction factor) would result

in severe water flooding in the MPL. Also, as expected, the

pressure difference between the two layers increases with the

decrease in the correction factor. It is worth noting that the

effect of imperfect contact between the two layers can be

naturally included in the reduced continua model by experi-

mentally determining the value of thematerial coefficientPm.

However, it is not straightforward to include such effect in the

Richards model.

According to the reduced continua model (cf. Eq. (15)),

larger MPL thickness or GDL thickness would reduce the mass

exchange between the two layers; consequently, more liquid

water will accumulate inside the MPL. As shown in Fig. 9, at

steady state, water saturation in the MPL increases almost

linearly with increasing the MPL thickness. The same trend

was found in the Richards model [30]. But, water saturation in

the GDL is not affected by varying the MPL thickness. Fig. 10

shows the water content evolution with time in the MPL and

GDL for five different MPL thicknesses. It is obvious that a

thicker MPL has a larger water storage capacity. So, it is seen

that increasing the MPL thickness would delay liquid water

accumulation in the GDL; but, it does not influence the steady-

state water content in the GDL. Fig. 11 shows the effect of GDL

thickness on the steady-state water distributions. It is seen

thatwater saturation in theMPL increaseswith the increase of

the GDL thickness, particularly under the channel area. In the

GDL, with the increase of its thickness, water saturation under

the land areas decreases, but, water saturation under the

channel area increases.

Finally, we investigated the influence of GDL anisotropy on

the steady-state water distributions in the MPL and GDL. It is

known that the commercially used carbon-paper or carbon-

cloth GDL has a strong anisotropic nature with higher in-
Fig. 9 e Effect of the MPL thickness (given in parenthesis)

on the steady-state water distributions in the MPL and

GDL.
plane permeability. Results of simulation with a fixed water

input and through-plane permeability, but larger in-plane

permeability are shown in Fig. 12. The reduced continua

model predicts that a GDL with high anisotropy can alleviate

water flooding under the land areas dramatically, but the

water saturation under the channel area is affected only

slightly. This is because a GDL with higher in-plane perme-

ability can transport accumulated water into the channel re-

gionmore effectively. But, thewater saturation in the fineMPL

is not affected by varying the GDL anisotropy, as one would

expect.
Conclusions and future work

The applicability of 3D Darcy-based models to the GDL is very

questionable. This ismainly because the GDL thickness is only

10e15 times its pore size. To highlight this issue, in this work,
Fig. 11 e Effect of the GDL thickness (given in parenthesis)

on the steady-state water distributions in the MPL and

GDL.
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Fig. 12 e Effect of the GDL anisotropy on the steady-state

water distributions in the MPL and GDL.
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two types of numerical models were used to simulate liquid

water dynamics in the MPL and GDL of a PEFC. One model is a

traditional Darcy-based model (i.e. the Richards model); the

other is the recently proposed thermodynamics-based

reduced continua model. By comparing the numerical re-

sults obtained from the two models for identical boundary

conditions, we reached the following main conclusions:

1. To capture similar dynamic behaviors of liquidwater in the

MPL and GDL, the reduced continua model requires enor-

mously less computational efforts; only 150 edge elements

compared to 25025 triangular elements required for the

Richards model.

2. Compared to the Richards model, the thickness-averaged

reduced continua model predicts less water flooding in

the GDL, particularly under the channel area. This is

because the reduced continua model averages out the

macroscale saturation gradient along the layer thickness.

Thismay suggest that the reduced continuamodel result is

closer to the reality due to the failure of the REV concept in

the GDL; a claim that needs to be verified by experiments.

3. The contact condition of the interface between the two

layers has no influence on the dynamics of water flooding

in the GDL, but has a considerable effect on the water

evolution in the MPL. A poor layerelayer contact (i.e. small

mass exchange capacity) results in severewater flooding in

the MPL. The imperfect contact between neighboring

layers can be easily implemented into the reduced con-

tinua model by experimentally determining the material

propertyPm. Such a feature cannot be naturally included in

the Richards model.

4. Sensitivity studies show that the reduced continua model

can provide a fast evaluation of effects of material prop-

erties, such as layer thickness and permeability, on water

flooding in the GDL and MPL.

A weakness of the reduced continua model would be that

in the GDL, through-plane distribution of quantities plays a

very important role in the overall transport phenomena. For
instance, temperature distribution would determine the

water condensation and evaporation, and we may have local

condensation controlled by local temperature. In cases that

detailed small scale distribution of a quantity is needed, one

can employ pore-scale modeling to simulate the through-

plane distribution of that quantity. This can be then coupled

to the reduced continua model of the whole fuel cell or stacks.

The proposed reduced continua model is still at its early

stage. It needs to be improved, in the near future, by

addressing the following issues:

1. The postulated form of material coefficient Pm appearing

in the mass exchange term (see Eq. (14)) needs to be vali-

dated and improved by experiments, in particular,

regarding its dependence on the water saturations of

neighboring layers.

2. In order to implement electrochemical reactions in CL as

well as phase change between water vapor and liquid

water, the rates of species mass exchange and heat ex-

change between neighboring layers need to be

parameterized.

3. Combing the reduced continua model with pore-scale

modeling of GDL would give the possibility of multi-scale

modeling of a PEFC unit.
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Glossary

b: porous layer thickness (m)
d: fitting parameter in Eq. (22) (�)
gx: gravity component in the x direction (m s�2)
g: gravity vector (m s�2)
I: cell operating current density (A m�2)
j: water flux (m s�1)
J: Leveret-J function (�)
k: intrinsic permeability (m2)
kr: relative permeability (�)
ki: in-plane permeability (m2)
kt: through-plane permeability (m2)
kt: intrinsic permeability of the two layers defined in Eq. (15) (m2)
MH2O: molecular weight of water (kg mol�1)
p: pressure (Pa)
s: liquid water saturation (�)
S: mass source/sink term in the interacting continua model

(kg m�2 s�1)
t: time (s)
T: stress input in Eq. (17) and Eq. (18) (m2 s�2)
v: 1D velocity (m s�1)
v: 2D velocity vector (m s�1)
Pm: material property in Eq. (13) (s m�1)
U: wettability potential in Eq. (17) (Pa)

Greek letters

r: mass density (kg m�3)
ε: porosity (�)
m: dynamics viscosity (Pa s)
s: airewater surface tension (N m�1)
q: contact angle of porous layer (�)
g1, g2: two fitting parameters in themass exchange term in Eq. (21)

(�)

Superscripts

w: liquid water
a: air phase
c: Capillary
0: Intrinsic
r: Relative
B,T: bottom, top

Subscripts

MPL: micro porous layer
GDL: gas diffusion layer
1,2: first layer (MPL), second layer (GDL)
w: liquid water
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