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bstract

A one-dimensional, non-isothermal, two-phase transient model has been developed to study the transient behaviour of water transport in the
athode gas diffusion layer of PEM fuel cells. The effects of four parameters, namely the liquid water saturation at the interface of the gas diffusion
ayer and flow channels, the proportion of liquid water to all of the water at the interface of the cathode catalyst layer and the gas diffusion layer,
he current density, and the contact or wetting angle, on the transient distribution of liquid water saturation in the cathode gas diffusion layer are
nvestigated. Especially, the time needed for liquid water saturation to reach steady state and the liquid water saturation at the interface of the
athode catalyst layer and gas diffusion layer are plotted as functions of the above four parameters. The ranges of water vapour condensation and
iquid water evaporation are identified across the thickness of the gas diffusion layer. In addition, the effects of the above four parameters on the
teady state distributions of gas phase pressure, water vapour concentration, oxygen concentration and temperature are also presented. It is found
hat increasing any one of the first three parameters will increase the water saturation at the interface of the catalyst layer and gas diffusion layer, but
ecrease the time needed for the liquid water saturation to reach steady state. When the liquid water saturation at the interface of the gas diffusion
ayer and flow channels is high enough (≥0.1), the liquid water saturation at steady state is almost uniformly distributed across the thickness of
he gas diffusion layer. It is also found that, under the given initial and boundary conditions in this paper, evaporation takes place within the gas
iffusion layer close to the channel side and is the major process for water phase change at low current density (<2000 A m−2); condensation
ccurs close to the catalyst layer side within the gas diffusion layer and dominates the phase change at high current density (>5000 A m−2). For

ydrophilic gas diffusion layers, both the time needed for liquid water saturation to reach steady state and the water saturation at the interface of
he catalyst layer and gas diffusion layer will increase when the contact angle increases; but for hydrophobic gas diffusion layers, both of them
ecrease when the contact angle increases.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolyte membrane (PEM) fuel cells have been
emonstrated as a promising alternative power source for
ortable, automotive, and stationary applications. In order to
ommercialize PEM fuel cells several technological problems
ave to be overcome. Water management is one of the most crit-
cal and challenging problems because insufficient amount of

iquid water reduces significantly proton conductivity and too
uch water hinders the reactants coming through the gas diffu-

ion layer (GDL) to the reaction sites in the catalyst layer (CL)
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ausing mass transport limitation. A fine balance of liquid water
an only be established based on a better understanding of water
ransport phenomena.

In the past decade, two-phase mathematical models for PEM
uel cells or their cathodes have been published [1–15]. He
t al. [1] proposed a two-dimensional, two-phase, steady-state,
sothermal model for evaluating the effects of liquid water trans-
ort on the performance of the cathodes of PEM fuel cells
ith interdigitated flow fields. An interfacial mass transfer rate
as introduced in their model to describe the mass change
etween the gas phase and liquid phase of water. Later, Lin et
l. [2] further refined above model by incorporating a thin film-

gglomerate model for catalyst layers. Janssen [3] presented a
teady state, two-phase and two-dimensional model for PEM
uel cells based on the concentrated solution theory. Wang et
l. [4] developed a two-dimensional, isothermal model for the
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Nomenclature

ci specific heat capacity of phase i (J kg−1 K−1)
C

j
i mass fraction of species j in phase i

D
j
i bulk diffusion coefficient of species j in phase i

(m2 s−1)
D

j
i,eff effective diffusion coefficient of species j in phase

i (m2 s−1)
F Faraday’s constant (C mol−1)
Hvap enthalpy of vaporization of water (J kg−1)
ic current density (A m−2)
J(s) Leverett function
kcond water vapour condensation rate (s−1)
ki thermal conductivity in phase i (W m−1 K−1)
k
j
i thermal conductivity of species j in phase i

(W m−1 K−1)
kri relative permeability of phase i
kvap liquid water evaporation rate (N−1 m2 s−1)
K permeability of the GDL (m2)
L thickness of the cathode GDL (m)
mH2O interfacial mass transfer rate of water

(kg m−3 s−1)
Mg average molar mass of the gas phase (kg mol−1)
Mj molar mass of species j (kg mol−1)
pc capillary pressure (N m−2)
pi pressure in phase i (N m−2)
R gas constant (J mol−1 K−1)
RH relative humidity
s liquid water saturation
t time coordinate (s)
tsteady time needed for water saturation to reach steady

state
T temperature (K)
ui velocity in phase i (m s−1)
x position coordinate (m)
x
j
i molar fraction of species j in phase i

xH2O
sat saturation molar fraction of water vapour

Greek symbols
α net drag coefficient in the membrane
β proportion factor
�SPt

c entropy production for the cathode (J mol−1 K−1)
�t time step used in the numerical simulation
ε porosity of the cathode GDL
ζ1, ζ2 parameters in current density expression (Eq.

(42)) (A m−2 V−1)
ηc overpotential in the cathode catalyst layer
θc contact or wetting angle
µi dynamic viscosity of phase i (kg m−1 s−1)
ρi density of phase i (kg m−3)
σ surface tension (N m−1)
σc electric conductivity of solid phase (S m−1)

Subscripts
c cathode, capillary, or contact
cond condensation
eff effective value of a parameter
g gas phase
j species index
l liquid phase
L at x = L

r relative
s solid phase
sat saturation
steady at steady state
vap vaporization
0 at x = 0 or t = 0

Superscripts
H2O water
i phase index
N2 nitrogen
O2 oxygen
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Pt platinum

ir cathode of PEM fuel cells based on the multiphase mixture
ormulation developed by Wang and Cheng [5]. The single- and
wo-phase regimes for the water distribution and transport are
lassified by the threshold current density corresponding to the
rst appearance of liquid water at the membrane/cathode inter-
ace. A similar model was published by You and Liu [6] to study
he effects of operating parameters on the two-phase mass trans-
ort in the cathode of PEM fuel cells. Mazumder and Cole [7]
roposed a three-dimensional, isothermal mathematical model
or PEM fuel cells to predict the liquid water transport where the
ater phase change was expressed by the same way as in [1,2].
erning and Djilali [8] also developed a three-dimensional, two-
hase model for the cathode and anode of PEM fuel cells, and
verall water condensation in both cathode and anode was pre-
icted.

All of above mentioned two-phase models assumed that
he GDL is completely hydrophilic (zero contact angle). In
ddition, they are mainly steady state and isothermal mod-
ls. The liquid water transport in a hydrophobic GDL was
xplained by Nam and Kaviany in their one-dimensional,
wo-phase model [9]. Recently, Pasaogullari and Wang [10]
xtended the model proposed in [4] to account for both wet-
ing properties, hydrophilicity and hydrophobicity, of GDLs.

eber et al. [11] discussed the effect of the hydrophilicity or
ydrophobicity of GDLs on the cell performance through a one-
imensional, two-phase, steady-state model. The same issue was
lso addressed in the work published by Pasaogullari and Wang
12].

Water phase change in PEM fuel cells depends on pressure

nd temperature as well. A temperature difference ∼6 ◦C at
A cm−2 along the MEA thickness was predicted and validated
y the non-isothermal and two-phase PEM fuel cell model devel-
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ped by Noponen et al. [13], in which the contact resistance for
oth heat transfer and electric current were considered. Based
n this model, Birgersson et al. [14] compared the simulation
esults between the two different expressions of the capillary
ressure, one was given by Wang et al. [4] and the other was
efined by Natarajan and Nguyen [15].

The transient analysis of water transport through fuel cells
s needed when we deal with the rapid variation of loads [16],
hich is relevant to automotive applications. Unfortunately, only

ew open reports [16–19] can be found on this issue. Ceraolo et
l. [16] investigated the static and dynamic behaviour of cell volt-
ge of PEM fuel cells through a one-dimensional, single phase,
sothermal model. Amphlett et al. [17] gave an analytical model
o predict the transient responses of a PEM fuel cell stack dur-
ng start-up, load step-up and shut-down. Natarajan and Nguyen
15] developed a two-dimensional, two-phase, transient model
or the cathode of PEM fuel cells with conventional gas distrib-
tors and the transient profiles of oxygen concentration, local
urrent density, and liquid water saturation were presented. But
heir model did not consider the temperature change in the cell
nd therefore was isothermal. This model was later expanded to a
seudo-three-dimensional one [18] to account for the dimension
long with the channel direction but only steady state analysis
as conducted there. Recently, Wang and Wang [19] published a

hree-dimensional, isothermal transient model to study the tran-
ient dynamics of PEM fuel cell operation and concluded that
he time for fuel cell to reach steady state is in the order of 10 s
ue to the effect of water accumulation in the membrane. Gas
ransport reaches steady state after 0.1 s. Unfortunately it is a
ingle-phase, isothermal model and cannot predict liquid water
ransport.

The purpose of this paper is to investigate the transient
ehaviours of liquid water transport in the cathode GDL of
EM fuel cells by means of a one-dimensional, two-phase, non-

sothermal model. It can determine where the phase change
akes place in the cathode GDL and under what conditions.

parameter is adopted to account for the proportion of liq-
id water to all of the water introduced by electro-osmotic drag
nd the electrochemical reaction in the cathode CL at the cath-
de CL/GDL interface. The effects of this parameter, as well as
ther three parameters (the liquid water saturation at the interface
f GDL/channels, the working current density, and the wetting
r contact angle) on the transient and steady state behaviour of
iquid water are presented and discussed.

. Mathematical model

.1. Basic equations

The classical multiphase approach developed by Abriola and
inder [20] provides a full system of governing equations for
elocities, scalar pressures, scalar liquid saturations, mass con-
entrations, and temperature. The governing equations were

ummarized in [5].

A schematic of the cathode gas diffusion layer (GDL) of a
EM fuel cell is given in Fig. 1. Applying above multiphase
odel to the cathode GDL where three species (water, oxygen

p

p

Fig. 1. The schematic of a cathode GDL of a PEM fuel cell.

nd nitrogen) and two phases (liquid and gas) exist, the govern-
ng equations can be obtained as follows.

i) Mass conservation of phases

he mass balance in each phase is considered separately.
In the liquid phase

∂(ρls)

∂t
+ ∂(ρlul)

∂x
= mH2O (1)

here ε is the GDL porosity, ρl is the liquid water density, s is
he liquid water saturation, ul is the liquid water velocity, mH2O

s the interfacial mass transfer rate of water from vapour phase
o liquid phase, and t and x are the time and position coordinates,
espectively.

In the gas phase

∂(ρg(1 − s))

∂t
+ ∂(ρgug)

∂x
= −mH2O (2)

ere ρg and ug are the gas density and velocity, respectively.

ii) Momentum conservation

he momentum conservations for the liquid phase and the gas
hase are described by Darcy’s law.

In the liquid phase

l = −Kkrl

µl

∂pl

∂x
(3)

n the gas phase

g = −Kkrg

µg

∂pg

∂x
(4)

here K is the absolute permeability of the GDL, krl and krg
re the relative permeabilities of liquid phase and gas phase,
espectively, µl and µg are the dynamic viscosities of liquid
hase and gas phase, respectively, and pl and pg denote the partial
ressure of liquid phase and gas phase, respectively.
The difference between the gas phase pressure and liquid
hase pressure is known as capillary pressure,

c = pg − pl (5)
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iii) Mass conservation of species

Water in the liquid phase

∂

∂t
(ρlsC

H2O
l ) + ∂

∂x
(ρlulC

H2O
l )

= − ∂

∂x

(
−ερlsD

H2O
l

∂CH2O
l

∂x

)
+ JH2O (6)

Water in the gas phase

∂

∂t
(ρg(1 − s)CH2O

g ) + ∂

∂x
(ρgugC

H2O
g )

= − ∂

∂x

(
−ερg(1 − s)DH2O

g

∂CH2O
g

∂x

)
− JH2O (7)

here CH2O
l and CH2O

g stand for the mass concentration of water
n the liquid phase and in the gas phase, respectively, and DH2O

l
nd DH2O

g are the diffusion coefficients of water in the liquid
hase and in the gas phase respectively. The term, JH2O, denotes
he interphase species transfer rate caused by chemical nonequi-
ibrium and/or phase change at the interfaces between the liquid
hase and gas phase.

Oxygen
Because there is no phase change, the mass conservation

quation for oxygen is given only in the gas phase

∂

∂t
(ρg(1 − s)CO2

g ) + ∂

∂x
(ρgugC

O2
g )

= − ∂

∂x

(
−ερg(1 − s)DO2

g

∂CO2
g

∂x

)
(8)

here CO2
g is the mass concentration of oxygen in the gas phase,

nd DO2
g is the diffusion coefficient of oxygen in the gas phase.

iv) Energy conservation

n GDLs, energy is transferred in three phases, liquid phase, gas
hase and solid phase. The conservation equation in each phase
s given as follows.

In the liquid phase

∂

∂t
(ρlshl) + ∂

∂x
(ρlulhl) = ∂

∂x

(
skl

∂T

∂x

)
+ ql (9)

In the gas phase

∂

∂t
(ρg(1 − s)hg) + ∂

∂x
(ρgughg) = ∂

∂x

(
(1 − s)kg

∂T

∂x

)
+ qg

(10)

In the solid phase

1 − ε)
∂

(ρshs) = ∂
(

ks
∂T
)

+ qs (11)

∂t ∂x ∂x

here local thermal equilibrium among phases has been
ssumed (Tl = Tg = Ts = T), kl, kg and ks represent the effective
hermal conductivities of liquid phase, gas phase and solid phase,

(
o
C
t

ources 159 (2006) 928–942 931

espectively, and ql, qg and qs are the interphase heat fluxes asso-
iated with liquid phase, gas phase and solid phase, respectively.

The phase enthalpies, hl, hg and hs, are related to the common
emperature T via

l =
∫ T

0
cl dT + h0

l (12)

g =
∫ T

0
cg dT + h0

g (13)

s =
∫ T

0
cs dT + h0

s (14)

here cl, cg and cs represent the effective specific heat capaci-
ies of liquid phase, gas phase and solid phase, respectively, h0

l ,
0
g and h0

s are the enthalpies at absolute zero in three phases,
espectively.

.2. Transformed equations with initial and boundary
onditions

The above basic conservation laws provide a full system of
overning equations for the unknown velocities (ul and ug), pres-
ures (pl and pg), the liquid saturation (s), mass concentrations
CH2O

g and CO2
g ), and the common temperature (T).

In order to solve the unknowns effectively, the above govern-
ng equations are simplified and transformed into the following
orms.

.2.1. Liquid water transport
Substituting the momentum conservation equation for liquid

ater, Eq. (3), into Eq. (1) and noting that the partial pressure
n the liquid phase can be expressed into the difference between
he gas phase pressure and capillary pressure through Eq. (5),
he governing equation for the liquid water saturation can be
ewritten as

ρl
∂s

∂t
+ ∂

∂x

[
ρl

Kkrl

µl

dpc

ds

∂s

∂x
− ρl

Kkrl

µl

∂pg

∂x

]
= mH2O (15)

ith the following initial and boundary conditions

|t=0 = s0 (16)

[
ρl

Kkrl

µl

dpc

ds

∂s

∂x
− ρl

Kkrl

µl

∂pg

∂x

]∣∣∣∣
x=0

= β
ic

4F
(2 + 4α)MH2O

(17)

|x=L = sL (18)

here s0 and sL are given liquid water saturations, ic is the current
ensity, F is the Faraday’s constant, MH2O is the molar mass of
ater, α is the net drag coefficient, including both the electro-
smotic drag and back diffusion in the membrane.

A parameter, denoted by β (0 ≤ β ≤ 1), is employed in Eq.

17) to account for the liquid water fraction to the total amount
f water (including water vapour) at the interface of cathode
L/GDL, which is introduced by the electro-osmotic drag and

he electrochemical reaction in the cathode catalyst layer.
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.2.2. Gas transport
The gas phase transport is characterized by its partial pres-

ure and the governing equation can be obtained as following:
ssuming that the gas phase obeys the ideal gas law, so the gas
ensity is given by

g = pgMg

RT
(19)

here Mg is the molar mass of the gas mixture, R is the gas
onstant and T is the common temperature.

Substituted from Eqs. (1), (4) and (19), Eq. (2) can be con-
erted into a differential equation of the gas phase pressure

(1 − s)
Mg

RT

∂pg

∂t
+ ∂

∂x

[
−Kkrg

µg

pgMg

RT

∂pg

∂x

]

+ 1

ρl

[
ρl

∂ul

∂x
− mH2O

]
Mg

RT
pg = −mH2O (20)

ith the following initial and boundary conditions

g|t=0 = pg,L (21)

[
Kkrg

µg

pgMg

RT

∂pg

∂x

]∣∣∣∣
x=0

= − ic

4F
MO2 + (1 − β)

ic

4F
(2 + 4α)MH2O (22)

g|x=L = pg,L (23)

ere MO2 is the molar mass of oxygen.

.2.3. Water vapour transport
The liquid water density is assumed constant because its

ariation in the temperature interval of 300–363 K is less than
(10−2) [14]. The concentration or mass fraction for liquid
ater is 1. So both the spatial and temporal derivatives of liquid
ater concentration are 0. Eq. (6) is reduced to
H2OCH2O

l = JH2O (24)

sing Eq. (7), the governing equation for water vapour transport
s derived as

ρg(1−s)
∂CH2O

g

∂t
+ ∂

∂x

[
−ερg(1−s)DH2O

g,eff

∂CH2O
g

∂x
+ρgugC

H2O
g

]

−
[
∂(ρgug)

∂x
+ mH2O

]
CH2O

g = −mH2OCH2O
l (25)

ith the following initial and boundary conditions

H2O
g |t=0 = CH2O

g,L (26)

[
−ερg(1 − s)DH2O

g,eff

∂CH2O
g

∂x
+ ρgugC

H2O
g

]∣∣∣∣
x=0

ic H O
= (1 − β)
4F

(2 + 4α)M 2 (27)

H2O
g |x=L = CH2O

g,L (28) T
ources 159 (2006) 928–942

here DH2O
g,eff is the effective diffusion coefficient of water

apour.

.2.4. Oxygen transport
Due to the low solubility of oxygen in liquid water, the oxygen

oncentration in liquid water is neglected [6]. The governing
quation for oxygen transport is,

ρg(1 − s)
∂CO2

g

∂t
+ ∂

∂x

[
−ερg(1 − s)DO2

g,eff

∂CO2
g

∂x
+ ρgugC

O2
g

]

−
[
∂(ρgug)

∂x
+ mH2O

]
CO2

g = 0 (29)

ere DO2
g,eff is the effective diffusion coefficient of oxygen.

The initial and boundary conditions for Eq. (29) are

CO2
g

∣∣∣
t=0

= CO2
g,L (30)

[
−ερg(1 − s)DO2

g,eff

∂CO2
g

∂x
+ ρgugC

O2
g

]∣∣∣∣
x=0

= − ic

4F
MO2

(31)

CO2
g

∣∣∣
L=0

= CO2
g,L (32)

.2.5. Heat transfer
Differentiating Eqs. (9)–(11), rearranging the resultant three

quations based on Eqs. (1) and (2), and summating them
ogether, the final energy conservation equation becomes

ερlscl + ερg(1 − s)cg + (1 − ε)ρscs]
∂T

∂t

+ ∂

∂x

[
−(skl + (1 − s)kg + ks)

∂T

∂x

]

+[ρlulcl + ρgugcg]
∂T

∂x
= Hvapm

H2O + q (33)

here

vap = hg − hl (34)

s the enthalpy of water vaporization and generally is a function
f temperature.

The external volumetric heat or sink source here comes from
he conduction current and is given as

= ql + qg + qs = σc

(
ic

σc

)2

(35)

here σc is the electric conductivity of solid phase.
Initial condition and boundary conditions for Eq. (33) are

|t=0 = TL (36)

[
(sk + (1 − s)k + k )

∂T
]∣∣∣ = i

(
−T |x=0�SPt

c − η

)

l g s

∂x ∣
x=0

c
4F

c

(37)

|x=L = TL (38)
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here �SPt
c is the entropy production for the cathode [13,14,21].

c is the overpotential in the cathode catalyst layer and related
o the cathode current density (ic) by [14]

c = ζ1((1 − s)xO2
g )|x=0 exp(−ζ2ηc) (39)

here ζ1 and ζ2 are two parameters adopted from [13,14], xO2
g

s the molar fraction of oxygen.

.3. Parameter expressions and constitutive relations

The complexity and difficulty of the numerical analysis for
he multiphase transport through porous GDL arise from the
act that the porous GDL properties such as relative perme-
bility, dynamic viscosity and capillary pressure depend upon
iquid water saturation and temperature. To complete the needed
umerical study, some empirical or fitted parameters or consti-
ute relations are employed and listed here.

Relative permeabilities of liquid phase and gas phase are
elated to the liquid water saturation by [4],

rl = s3 (40)

rg = (1 − s)3 (41)

he dynamic viscosity of liquid phase depends on temperature
14],

l = 0.6612(T − 229)−1.562 (42)

he capillary pressure expression is adopted from [10],

c = σ cos(θc)
( ε

K

)1/2
J(s) (43)

here σ is the surface tension, θc is the contact or wetting angle,
(s) is the Leverett function and given for both hydrophilic and
ydrophobic porous media as follows,

(s) =
{

1.417(1 − s) − 2.210(1 − s)2 + 1.263(1 − s)3 if θc

1.417s − 2.210s2 + 1.263s3 if θc

he interfacial mass transfer rate of water between the gas phase
nd the liquid phase is given by [1,9,14,15]

H2O =
⎧⎨
⎩ kcondε(1 − s)

MH2Opg

RT
(xH2O

g − xH2O
sat ) if xH2O

g ≥ xH
s

kvapεsρlpg(xH2O
g − xH2O

sat ) if xH2O
g < xH

s

ere factors (1 − s) and s are introduced to account for the varia-
ion of the interfacial mass transfer with liquid water saturation,
cond and kvap are the water vapour condensation rate and the
iquid water evaporation rate, respectively, xH2O

g is the molar
raction of water vapour, xH2O

sat is the saturation molar fraction
f water vapour and related to the temperature by [14],

H2O
sat (T, 1 atm) = 10(28.59051−8.2 log10(T )+0.0024804T−3142.31/T )

(46)
he effective diffusion coefficients of water vapour and oxygen
re estimated respectively using Bruggeman relation,

H2O
g,eff = ε1.5DH2O

g (47)

S
b

k
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◦
◦ (44)

(45)

O2
g,eff = ε1.5DO2

g (48)

nd the bulk diffusivities are temperature dependent and given
y [2]

H2O
g = 0.256 × 10−4 ×

(
T

307.15

)2.334

(49)

O2
g = 0.1775 × 10−4 ×

(
T

273.15

)1.823

(50)

fitted relation is employed to reflect the dependence of the
nthalpy of water vaporization Hvap (J kg−1) on temperature
ased on the data provided in [22].

vap = 3.0709 × 105(647.15 − T )0.35549 (51)

he specific heat capacity of liquid water as a function of tem-
erature is fitted based on the figure provided in [23]

l = −4.0699 × 10−8(T − 273.15)5 + 1.3113

× 10−5(T − 273.15)4 − 1.6290 × 10−3(T − 273.15)3

+ 1.0536 × 10−1(T − 273.15)2

−3.2989(T − 273.15) + 4216.4 (52)

he specific heat capacities for oxygen, nitrogen and water
apour are also temperature dependent and given in [23] as

O2
g = R

MO2
(3.068 + 1.638 × 10−3T − 0.512 × 10−6T 2)

(53)

N2
g = R

MN2
(3.247 + 0.712 × 10−3T − 0.041 × 10−6T 2)

(54)

H2O
g = R

MH2O (3.634 + 1.195 × 10−3T + 0.135 × 10−6T 2)

(55)

he specific heat capacity of the gas phase is estimated as

g = cO2
g CO2

g + cH2O
g CH2O

g + cN2
g (1 − CO2

g − CH2O
g ) (56)
imilarly, the thermal conductivity of the gas phase is estimated
y

g = kO2
g CO2

g + kH2O
g CH2O

g + kN2
g (1 − CO2

g − CH2O
g ) (57)
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Table 1
Parameter values for base case

ε 0.4
ρl (kg m−3) 983
µg (kg m−1 s−1) 1.9 × 10−5 [14]
K (m2) 7 × 10−13 [14]
kcond (s−1) 100 [1]
kvap (N−1 m2 s−1) 1/101325
MH2O (kg mol−1) 1.8 × 10−2

MO2 (kg mol−1) 3.2 × 10−2

MN2 (kg mol−1) 2.8× 10−2

R (J mol−1 K−1) 8.315
s0 0
sL 0
ic (A m−2) 10000
F (C mol−1) 96487
α 0.25 [14]
p

g
L (N m−2) 101325

CH2O
l 1

σ (N m−1) 6.25 × 10−2 [14]
θc (◦) 110 [14]
RH (%) 95
kl (W m−1 K−1) 0.58 [25]
kO2

g (W m−1 K−1) 0.024 [25]
kN2

g (W m−1 K−1) 0.024 [25]
kH2O

g (W m−1 K−1) 0.016 [25]
ks (W m−1 K−1) 1.7 [25]
cs (J kg−1 K−1) 709 [25]
ρs (kg m−3) 2267 [25]
TL (K) 333
∆SPt

c (J mol−1 K−1) −326.36 [14]
σc (S m−1) 1900 [14]
ζ1 (A m−2) 0.12 [14]
ζ2 (V−1) 30.6 [14]
β

L

3

a
s
r
i
t
i
x
m
f
(
l
r
s
t
a
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he molar fraction of each species is related to its mass fraction
y

j
g = Cj

g
Mg

Mj
(58)

j

xj
g = 1 (59)

here j = O2, H2O, N2. Therefore, the molar mass of the gas
hase can be calculated by

g =
⎛
⎝∑

j

C
j
g

Mj

⎞
⎠

−1

(60)

s in [14], by keeping xO2
g /xN2

g = 21/79 at the cathode
DL/channel interface, the mass fractions of water vapour and
xygen at the interface can be determined by the relative humid-
ty

H2O
g,L = RH · xH2O

sat,L (61)

O2
g,L = 1 − xH2O

g,L

1 + 79/21
(62)

herefore, the mass fractions of water vapour and oxygen, and
olar mass of the gas phase at the cathode GDL/channel inter-

ace can be calculated as

H2O
g,L = xH2O

g,L

MH2O

Mg,L

(63)

O2
g,L = xO2

g,L · MO2

Mg,L

(64)

g,L = xO2
g,LMO2 + xH2O

g,L MH2O + (1 − xO2
g,L − xH2O

g,L )MN2

(65)

. Results and discussion

The parameter values used in the base case are listed
n Table 1. In order to investigate the effect of various
arameters on the transient or steady behaviour of differ-
nt species in the cathode GDL, four parameters (the liq-
id water saturation at the GDL/channel interface (sL), the
ercentage of liquid water to all the water at the CL/GDL
nterface (β), the current density (ic), and the wetting angle
θc)) are chosen to be varied. The time needed for the liquid
ater saturation to reach steady state is defined similar as in

24],
steady=max
t

{
abs

(∫ L

0 s(t, x) dx− ∫ L

0 s(t+�t, x) dx∫ L

0 s(t, x) dx

)
≤1e−5

}

(66)

here �t is the time step used in the numerical simulation.

e
1
0
t
o
f

0.5
(m) 3 × 10−4

.1. The effect of sL

The parameter, sL, is the liquid water saturation specified
s a boundary condition at the GDL/channel interface. Fig. 2
hows the change of the distribution of the liquid water satu-
ation in the GDL with time. When sL = 0 (the baseline case),
mplying no liquid water exists at the GDL/channel interface,
he transient behaviour of the liquid water saturation is shown
n Fig. 2(a). At t = 0, no liquid water in the GDL, that is, s(t,
)|t = 0 ≡ 0, is assumed. Thereafter, liquid water starts to accu-
ulate at the cathode CL/GDL interface and seeps gradually

rom the CL/GDL interface (x = 0) to the GDL/channel interface
x = L) because of the capillary pressure. It takes about 14.5 s for
iquid water to reach its steady state. The highest water satu-
ation is about 0.077 at the cathode CL/GDL interface. When
L = 0.05 and s|t = 0 = 0, liquid water comes from both sides of
he GDL and meets at a point close to the GDL/channel interface
s shown in Fig. 2(b). Water saturation then increases across the
ntire GDL thickness and reaches its steady state after about
1.59 s. At steady state, the water saturation at x = 0 reaches to

.081. When sL is specified as 0.1 or 0.15 and s|t = 0 = 0, similar
o the case of sL = 0.05, liquid water seeps first from both sides
f the GDL and then meets at a point close to the CL/GDL inter-
ace as indicated in Fig. 2(c) and (d). The time needed for the
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sure drop and the temperature increase within the GDL from the
channel side to the CL side, as shown in Fig. 5(a) and (d). The
gas phase pressure drop is about 2.3 Pa while the temperature
increase is about 1.3 ◦C. Fig. 5(b) and (c) shows that an increase
ig. 2. The effect of water saturation at x = L on the transient behaviour of wate

ater saturation to reach steady state is further reduced to 4.8
nd 2.1 s and the water saturation at x = 0 is 0.109 and 0.154,
espectively. The water saturation distribution at steady state is
linear-like function through the thickness of the GDL and a

ittle bit higher at x = 0 than at x = L when liquid water saturation
s higher than 0.1, which is shown by the solid line in Fig. 2(c)
nd (d).

By comparing Fig. 2(a)–(d), it can be seen that the water
aturation at the cathode CL/GDL interface increases with an
ncrease of the water saturation at the cathode GDL/channel
nterface, and meanwhile, the time needed for water saturation
o reach steady state decreases. This phenomenon is also clearly
eflected in Fig. 3.

Fig. 4 gives the mass transfer rate distribution across the thick-
ess of the GDL at steady state for the four cases, sL = 0, 0.05,
.1 and 0.15. mH2O > 0 means water vapour condensation takes
lace and mH2O < 0 implies liquid water evaporation occurs. In
he baseline case (Fig. 4(a)), water condensation takes place in
he most portion of the GDL close to the CL/GDL interface
ide due to high water vapour concentration in this region (see
ig. 5(b)). Water evaporation happens only in a small portion of

he GDL close to the GDL/channel side because of a relatively
ow water vapour concentration within this side (see Fig. 5(b)).
ig. 4(b)–(d) indicate that when sL value goes up, the mass trans-
er close to the GDL/channel interface is in favour of evaporation

nd the rate goes down accordingly.

The time needed for water vapour, oxygen, gas phase pres-
ure, and temperature to reach steady state are usually very short
<0.2 s), so their transient behaviours are not as important as liq-

F
s

ration in the cathode GDL. (a) sL = 0, (b) sL = 0.05, (c) sL = 0.1, (d) sL = 0.15.

id water and thus omitted here. But their steady state behaviours
re presented hereafter.

Fig. 5 depicts the steady state distributions of gas phase
ressure, water vapour concentration, oxygen concentration and
emperature across the thickness of the cathode GDL at differ-
nt levels of liquid water saturation at x = L. It can be seen that
he change of sL value has a slight effect on the gas phase pres-
ig. 3. The effect of water saturation at x = L on the time needed for water
aturation to reach steady state and on the water saturation at x = 0.
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Fig. 4. Mass transfer rate at steady state for different water saturation at x = L. (a) sL = 0, (b) sL = 0.05, (c) sL = 0.1, (d) sL = 0.15.

Fig. 5. The effect of water saturation at x = L on the steady state distribution of (a) water vapour concentration, (b) oxygen concentration, (c) gas phase pressure, and
(d) temperature.
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Fig. 8 gives the mass transfer rate distributions in the GDL at
steady state for β = 0.0, 0.25, 0.5 and 1.0, respectively. Though
Fig. 6. The effect of parameter β on the transient behaviour of water s

f sL value will result in a higher water vapour concentration
nd a lower oxygen concentration across the thickness of the
athode GDL.

.2. The effect of β

It is unclear at this stage that how much liquid water and how
uch water vapour enters the GDL from the cathode CL side.

n this paper, a parameter β is introduced to account for the liq-
id water percentage to all of the water at the cathode CL/GDL
nterface. Fig. 6 shows the effect of parameter β on the transient
ehaviour of liquid water saturation in the cathode GDL. If all of
he water at the cathode CL/GDL interface is in vapour form, that
s, β = 0, the water vapour concentration is greater than its satu-
ation value xH2O

sat and as a result, it condenses into liquid form.
herefore, liquid water saturation gradually increases from the
L side to the channel side and finally reaches its steady state
here liquid water pressure and gas phase pressure are balanced
y the capillary pressure (pc = pg − pl). The whole process takes
bout 25.27 s and the maximum liquid water saturation is about
.058 at the cathode CL/GDL interface, as shown in Fig. 6(a).
f the value of the parameter β is respectively increased from

to 0.25, 0.5 and 1.0, meaning that more liquid water enters
he GDL from the CL side, liquid water saturations at steady

tate are also increased, as shown in Fig. 6(b)–(d), and the time
eeded for liquid water saturation to reach steady state is cor-
espondingly reduced from 25.27 to 18.06, 14.56 and 10.76 s,
espectively. At the steady state, the liquid water saturation at the

F
r

ion in the cathode GDL. (a) β = 0, (b) β = 0.25, (c) β = 0.5, (d) β = 1.0.

L/GDL interface associated with β = 0.25, 0.5 and 1.0 reaches
.069, 0.077 and 0.088, respectively.

The variations of the time needed for liquid water saturation
o reach steady state and the water saturation at the CL/GDL
nterface with the parameter β are plotted in Fig. 7. It can be
een that a higher β value results in a shorter time needed for
ater saturation to reach steady state and higher liquid water
ig. 7. The effect of parameter β on the time needed for water saturation to
each steady state and on the water saturation at x = 0.
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Fig. 8. Mass transfer rate at steady state.

he interplay among phase change, pressure, temperature and
oundary conditions is very complex, some quantitative and
ualitative predictions can be carried out using the set of models
iven above. Under the given initial and boundary conditions, it
an be seen from Fig. 8(a)–(c) that water vapour condensation
sually takes place near the CL side and evaporation occurs near
he channel side because of the water vapour concentration is
reater than its saturation value near the CL side and less than
ts saturation value near the channel side. The dividing point
etween condensation and evaporation moves from the channel
ide to the cathode CL side when β increases. But when β is
ery close to 1, say 0.95 < β < 1, condensation process does not
appen and only evaporation takes place, as shown in Fig. 8(d),
ecause too much liquid water exists and water vapour con-
entration through the whole GDL does not reach its saturation
evel.

The steady state distributions for gas phase pressure, water
apour concentration, oxygen concentration and temperature in
he GDL at different β values are given in Fig. 9. Noting that,
hen β = 0 and 0.25, the gas phase pressure at the CL/GDL

nterface is higher than the pressure at the GDL/channel inter-
ace due to the higher water vapour concentration at the CL/GDL
nterface, as shown in Fig. 9(a). The gas phase pressure begins
o drop from the channel side to the CL side when the β value
ecomes bigger (β = 0.5 and 1 in Fig. 9(a)). The water vapour

oncentration decreases with the increase of β value, as shown
n Fig. 9(b), which leads to a high oxygen concentration distri-
ution (Fig. 9(c)) because of the less convection effect of water
apour on the oxygen transport in the GDL. Furthermore, it can

s

s
a

= 0, (b) β = 0.25, (c) β = 0.5, (d) β = 1.0.

e seen from Fig. 9(d) that a bigger β value will reduce the
emperature difference between the both sides of the GDL.

.3. The effect of ic

The water saturation distributions at different times are plot-
ed in Fig. 10 for four current densities, ic = 1000, 2000, 5000
nd 10,000 A m−2. A higher current density implies more water
roduced through the electrochemical reaction in the cathode
L and more oxygen is consumed. Therefore, more liquid water
nd water vapour come into the cathode GDL from the CL/GDL
nterface that results in a high liquid water saturation distribution
hrough the thickness of the GDL, as shown in Fig. 10(a)–(d).
he maximum liquid water saturation for each current density

s found at the CL/GDL interface and is increased from 0.039
or ic = 1000 A m−2 to 0.049, 0.064, and 0.077, respectively, for
c = 2000, 5000 and 10,000 A m−2. The time needed for liquid
ater saturation to reach steady state is down from 76.37 s for

c = 1000 A m−2 to 45.73, 23.42, and 14.56 s for ic = 2000, 5000
nd 10,000 A m−2, respectively.

The effect of the current density on the time needed for water
aturation to reach steady state and on the water saturation at
he CL/GDL interface are shown in Fig. 11. It can be seen that
ncreasing the working current density reduces the time for liq-
id water to reach steady state but increases the liquid water

aturation at the CL/GDL interface.

Fig. 12 gives the mass transfer rate distributions at steady
tate for the four cases corresponding to ic = 1000, 2000, 5000
nd 10,000 A m−2, respectively. It can be seen that at low current
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Fig. 9. The effect of parameter β on the steady state distribution of (a) water vapour, (b) oxygen, (c) gas phase pressure, and (d) temperature.

Fig. 10. The effect of the current density on the transient behaviour of water saturation in the cathode GDL. (a) ic = 1000 A m−2, (b) ic = 2000 A m−2, (c)
ic = 5000 A m−2, (d) ic = 10,000 A m−2.
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ig. 11. The effect of the current density on the time needed for water saturation
o reach steady state and on the water saturation at x = 0.

ensity, as shown in Fig. 12(a) and (b), evaporation dominates
he phase change process of water in a large portion of the GDL
lose to the GDL/channel interface while condensation takes
lace only in a small portion of the GDL close to the CL/GDL
nterface. The reason is that at low current density water vapour
nters into the GDL from the CL side and is oversaturated in a
mall portion of the GDL close to the CL/GDL interface side
esulting in the water vapour condensation in this part. On the

ther hand, the most part of the GDL close to the GDL/channel
nterface side is unsaturated, resulting in the liquid water evap-
ration. With the increasing of the current density, more and
ore liquid water enters into the GDL resulting in the water

i
G
b
t

ig. 12. Mass transfer rate at steady state for different current densities. (a) ic = 1000
ources 159 (2006) 928–942

apour in the most part of the GDL from the left side to the right
ide over saturated, and gradually, water vapour condensation
eplaces evaporation becoming the major process for the phase
hange in the GDL, as shown in Fig. 10(c) and (d).

The distributions for gas phase pressure, water vapour con-
entration, oxygen concentration and temperature through the
hickness of the cathode GDL are shown in Fig. 13. It can be
een that increasing the current density will increase the gas
hase pressure drop in the GDL, and lower the oxygen concen-
ration, but will increase the water vapour concentration and the
emperature difference between the two sides of the GDL.

.4. The effect of θc

Fig. 14 shows the dynamic behaviours of liquid water sat-
ration in the GDL versus the four different contact angles,
c = 0, 70, 110 and 150 ◦C. The first two cases correspond to
ydrophilic GDLs and the last two represent hydrophobic GDLs.
he shape of the water saturation distribution across the thick-
ess of the GDL seems not affected too much by the contact
ngle of the GDL but the values change a lot. For hydrophilic
DLs (θc < 90 ◦C), a bigger contact angle implies that the GDL

ends to hold more water so a higher steady state distribution
f liquid water saturation is expected, Fig. 14(a) and (b); for
ydrophobic GDLs (θc > 90 ◦C), adverse tendency is observed,

.e., increasing the contact angle will reduce the ability of the
DL to hold more water and results in a lower steady state distri-
ution of liquid water saturation, Fig. 14(c) and (d). In addition,
he time needed for water saturation to reach steady state will

A m−2, (b) ic = 2000 A m−2, (c) ic = 5000 A m−2, (d) ic = 10,000 A m−2.
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Fig. 13. The effect of the current density on the steady state distribution of (a) water vapour, (b) oxygen, (c) gas phase pressure, and (d) temperature.

Fig. 14. The effect of the contact angle on the transient behaviour of water saturation in the cathode GDL. (a) θc = 0 ◦C, (b) θc = 70 ◦C, (c) θc = 100 ◦C, (d) θc = 150 ◦C.
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ig. 15. The effect of the contact angle on the time needed for water saturation
o reach steady state and on the water saturation at x = 0.

ncrease when the contact angle increases for hydrophilic GDLs
hile the time will decrease when the contact angle increases

or hydrophobic GDLs. The same trend is also observed for the
iquid water saturation at the cathode CL/GDL interface. These
henomena are well reflected in Fig. 15. The more the contact
ngle closes to 90 ◦C, the longer the time needed for water sat-
ration to reach steady state and the higher the water saturation
t the interface of the cathode CL/GDL are. The steady state
ass transfer rate and distributions of water vapour, oxygen,

as phase pressure and temperature are almost unchanged for
he four contact angles and so their figures are not presented
ere.

. Conclusions

The transient dynamics of water transport in the cathode
as diffusion layer of PEM fuel cells is studied based on a
ne-dimensional, two-phase, nonisothermal transient model.
ccording to the numerical simulations, it can be concluded

s follows:

. When the water saturation at the cathode GDL/channel inter-
face is big enough (≥0.1) liquid water is almost uniformly
distributed across the thickness of the cathode GDL at steady
state. Increase the water saturation at the GDL/channel inter-
face will increase the entire water saturation in the whole
GDL and reduce the time needed for liquid water saturation
to reach steady state. In order to obtain a high oxygen con-

centration at the CL/GDL interface, the water saturation at
the GDL/channel interface should be kept as low as possible.

. More liquid water and less water vapour at the CL/GDL inter-
face are helpful to reduce the time needed for liquid water

[

[

[

ources 159 (2006) 928–942

saturation to reach steady state and helpful for the oxygen
transport. Water vapour condensation takes place in the GDL
near the CL side and liquid water evaporation occurs near
the channel side. This conclusion depends strongly on the
boundary conditions at the GDL/channel interface.

. At low current density range, evaporation dominates the
water phase change; but at high current density range, con-
densation is the major process for water phase change in the
cathode GDL. Increasing the current density will reduce the
time needed for water saturation to reach steady state and
increase the water saturation at the CL/GDL interface.

. For hydrophilic GDLs (θc < 90 ◦C), when the contact angle
increases both the time needed for liquid water saturation to
reach steady state and the water saturation at the interface
of the CL/GDL increase and attain their maximum point
around 90 ◦C; for hydrophobic GDLs (θc > 90 ◦C), both of
them decrease when the contact angle increases.
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