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bstract

In this paper we present a one-dimensional transient model for the membrane electrode assembly of a polymer-electrolyte fuel cell. In earlier work
e established a framework to describe the water balance in a steady-state, non-isothermal cathode model that explicitly included an agglomerate

atalyst layer component. This paper extends that work in several directions, explicitly incorporating components of the anode, including a micro-
orous layer, and accounting for electronic potential variations, gas convection and time dependance. The inclusion of temperature effects, which
re vital to the correct description of condensation and evaporation, is new to transient modelling. Several examples of the modelling results are
iven in the form of potentiostatic sweeps and compared to experimental results. Excellent qualitative agreement is demonstrated, particularly in
egard to the phenomenon of hysteresis, a manifestation of the sensitive response of the system to the presence of water. Results pertaining to pore

ize, contact angle and the presence of a micro-porous layer are presented and future work is discussed.

2006 Published by Elsevier B.V.
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. Introduction

The proton exchange membrane fuel cell (PEMFC) is a
romising source of clean and efficient energy, particularly
or application in the automotive industry. As with other fuel
ells, the basic principle of the PEMFC is to convert chem-
cal into electrical energy. This aim is achieved by oxidation
f hydrogen at the anode and simultaneous oxygen reduction
t the cathode, with a net production of water. The reactants
re delivered through a graphite paper, termed the gas dif-
usion layer (GDL), and reaction takes place in thin regions
ermed the catalyst layers. The catalyst in question is plat-
num (Pt), which is required to enhance the rate of reaction
y providing an alternative pathway to the final products.
learly, optimal use of the Pt is a key concern in all PEMFC
esigns.
The catalyst layers are perhaps the most complex compo-
ents of the fuel cell. Through the solid components (carbon
rains, supporting smaller catalyst particles, and electrolyte),
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id water; Performance

ow water vapour and components of air. Liquid water resides
n the gas pores and absorbed water within the electrolyte. The
lectrons migrate through the carbon components of the layer
hile the protons migrate through pathways provided by the

lectrolyte—typically Nafion. The hydrophilic regions in the
athode catalyst layer (CCL) can cause retention of the water
roduced during reaction, which restricts the ingress of oxy-
en. Moreover, reaction is limited by the availability of Pt, and
an only occur at points of contact between the Pt, carbon and
lectrolyte.

The properties of the membrane and the GDL, with possi-
ly a micro-porous layer, also play a central role in the control
f water. It is essential that the protons generated at the anode
each the cathode freely, requiring that the membrane remain
ell hydrated. The GDL must allow sufficient oxygen from

he cathode channel to enter the CCL, but must be sufficiently
ydrophobic to expel any build-up of liquid water beyond that
equired for optimal hydration of the membrane. The importance
f water management explains the emphasis placed on capturing

he effects of (particularly) liquid water in modelling studies [1–
]. However, a lack of understanding of the interaction between,
nd transport of, the three phases of water continues to retard
rogress towards a predictive model.

mailto:ashah@pims.math.ca
dx.doi.org/10.1016/j.jpowsour.2006.09.022
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Steady-state PEMFC models are numerous. Because of the
any challenges faced with the task of modelling the com-

lex physics and geometry, a host of simplifying assumptions
re regularly adopted, typically involving the catalyst layers,
iquid water, electron transport, thermal energy and time depen-
ence. For example, Natarajan and Nguyen [5], use a simplified
nd regularized form of the liquid water permeability in their
sothermal model and do not explicitly model the membrane,
atalyst layer and anode. Siegel et al. [6], incorporate the CCL
nd membrane, making the assumption that water exists only as
apour or as a species dissolved in the electrolyte/membrane,
nd are not able to account for liquid water effects directly.
he same is true of the model in [10], which treats all three

orms of water as a single phase. In [7], all three forms are
ncluded but with a highly regularized capillary diffusion coef-
cient. In [11–14], and references therein, the authors describe

he water balance using the so-called multi-phase mixture (M2)
odel, developed in [15], where thermodynamic equilibrium

etween liquid water and vapour is assumed to prevail through-
ut (saturated gas phase and no vapour diffusion) and saturation
s calculated a-posteriori based on the equilibrium assumption
nd mixture water concentration. The advantage of this approach
ies in its simplification of the multi-phase problem. Models
mploying the M2 approach have until recently assumed isother-
al conditions, [12]. In this paper the M2 simplification is not

sed.
In contrast, very few transient models of PEMFC exist,

espite the obvious transient nature of the cell operation in
he primary application of powering automobiles. Um et al.
eveloped a single-phase, isothermal 2D transient model in
16] and a similar 3D model in [17], though transient simu-
ation results are not presented in the latter. 3D models can
lso be found in [18–21], none of which include liquid water
ransport and an energy balance—vital to describing flooding,
embrane hydration and phase change. A more comprehen-

ive one-dimensional model is presented in [22] in which liquid
ater is accounted for in a fully two-phase manner. How-

ver, the model is isothermal and in comparisons with potential
weep experiments it fails to capture the sensitive balance
etween flooding effects and membrane hydration. For a more
etailed review of fuel cell modelling to 2004 we refer to
23].

The aim of this paper is to reproduce the phenomenon
bserved in the aforementioned experiments and those in [24]
y developing a transient, non-isothermal model that explic-
tly incorporates the GDL, catalyst layers and membrane. In the
resent case, a one-dimensional formulation, based largely on
ur earlier work in [25], is shown to be sufficient to qualita-
ively capture observed behaviour – by comparison with [22,24]

and predict performance. Efforts to extend the model to two
nd three dimensions are ongoing.
. Model assumptions and equations

The various features and assumptions that form the basis of
ur model are now listed.
Fig. 1. Model geometry.

. One-dimensional full MEA transient. The domain includes
the entire membrane electrode assembly from the interface
between the gas channels and GDL to the membrane (see
Fig. 1). Each component is modelled explicitly. We allow for
the inclusion of micro-porous layers between the GDL and
catalyst layers. These layers serve two primary purposes: to
prevent flooding in the catalyst layers and to decrease the
contact resistance between the catalyst layer and diffusion
medium [26,27].

. Catalyst layers. We assume that the carbon support forms
spherical clusters (agglomerates). Surrounding each agglom-
erate is an electrolyte layer, on which a layer of liquid water
can also exist. We assume that the contact between the carbon
agglomerates is sufficient to ensure the free flow of protons
and electrons, and that the connecting paths posses a neg-
ligible volume fraction (a Bruggemann correction is used
to account for the tortuosity of the flow paths). Within the
agglomerates exists a fraction of the electrolyte, which we
assume forms a negligible surface area of contact with any
Pt that may also exist inside the agglomerates. It is possible
to derive an effectiveness factor to remove this assumption.
However, since it is unclear that significant reaction occurs
within the agglomerates [28–31], an effectiveness factor is
not employed. The pores between agglomerates are referred
to as primary pores, distinct from the smaller pores between
the carbon particles.

. Reactant transport. Diffusion in the primary pores of the
catalyst layers is assumed to be predominantly continuum,
given their characteristic size and the typical operating pres-
sures. Assuming that the oxygen and water vapour are small
concentrations in a nitrogen gas, we employ Fick’s law on
the cathode side. On the anode side we assume the typi-
cal composition of hydrogen and vapour, with hydrogen the
dominating component. The oxygen and hydrogen in the pri-
mary pores of the catalyst layers reach the Pt particles on the
agglomerate surfaces by dissolving in the water/electrolyte
and diffusing across the surrounding layers. Henry’s law is

used to describe the equilibrium in oxygen concentration at
the interface between the gas and liquid/solid phases and
mass is allowed to be exchanged freely at the surfaces. That
is, the deviation from this equilibrium provides a driving
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Table 1
Sources and sinks for the vapour equation (3)

ACL CCL GDL/MPL Meaning
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Sh = 2. From the formula hpe,i/sa = ShDp,i/D, where D is an
Sce −hpc(XvP − Psat) −hpc(XvP − Psat)
Sad hdv(Cd − C∗

d) hdv(Cd − C∗
d)

force for interfacial mass transfer, which occurs at a finite
rate.

. Proton and electron concentration. The protons are assumed
to be transported in the form of hydronium ions, H3O+.
We explicitly model proton and electron transport through
the ionomer, membrane, carbon support and GDL, assum-
ing electro-neutrality. As in [16,32,22,20,21], we assume
a pseudo steady state for the electron and proton trans-
port/generation. The justification for this can be found in
[20].

. Water. The model accounts for water in all three forms; as
a dissolved species, as vapour and as liquid. Liquid water
resides in the primary pores. We assume that the net water
produced is in dissolved form, consistent with the reac-
tion location and the strongly hydrophillic nature of the
ionomer. Condensation and evaporation are modelled using
the approach in [2,4,5], and references therein. In this rep-
resentation the transfer occurs at a finite rate, dictated by
the deviation of the local thermodynamic state from equi-
librium. In a similar fashion, we introduce phase change
between vapour and dissolved water and between liquid and
dissolved water by considering the deviation from an equi-
librium between the phases. Details are presented later.

. Convective flow. As in [5,22,33] the steady-state Darcy’s law
is employed for the convective flow of gas and liquid in the
pores. This approach is also found in mining, hydrology and
combustion literature [34], where a steady-state Darcy’s law
is a standard approximation.

. Temperature. The model is non-isothermal, which is neces-
sary to model phase change accurately and to study the effects
of water activity. We do however assume a single temperature
for all phases.

.1. Gas phase equations

Let s denote liquid water (H2Oliq) saturation,CO,CN,CH and
v, respectively the concentrations of oxygen, nitrogen, hydro-
en and water vapour in the pore space, and Ci,e, i ∈ {O,H},
he concentrations of oxygen and hydrogen in the catalyst layer
onomer. The subscript j refers to anode (a) and cathode (c), and
he subscript i refers to oxygen (O) and hydrogen (H). Taking
nto account reaction, diffusion and absorption, mass balances
ield

ε
∂

∂t
[(1 − s)Ci] − ∂

∂x

(
Dp,i

∂Ci

∂x
− vgCi

)

= −hpe,i(HiCi − Ci,e) (1)

∂

∂t
[(1 − s)CN] − ∂

∂x

(
DN

∂CN

∂x
− vgCN

)
= 0 (2)

a
a
o
e

−hpc(XvP − Psat) Condensation/evaporation
0 H2Oliq/H2Odis exchange

∂

∂t
[(1 − s)Cv] − ∂

∂x

(
Dv
∂Cv

∂x
− vgCv

)
= Sce + νSad (3)

here Dp,i, DN and Dv, i ∈ {O,H}, are the diffusion coeffi-
ients of oxygen, hydrogen, nitrogen and water vapour (H2Ovap)
hrough the GDL and primary pore of the catalyst layers. They
re subject to a Bruggeman correction and their dependence on
emperature and pressure follows the Chapman–Enskog formula
35], shown in Table 5. In these expressions T is temperature and

is the gas pressure. The porosity ε takes the value εp in the
atalyst layers, εg in the GDL and εmp in the micro-porous layers.

The quantity vg is the gas velocity, assumed to follow Darcy’s
aw

g = − κ

μ
(1 − s)3 ∂P

∂x
, (4)

here κ is the permeability of the GDL, micro-porous or catalyst
ayers andμ is the dynamic viscosity of the gas. The permeability
an be approximated by the Kozeny–Carman law,

= d2

K

ε3

(1 − ε)2 , (5)

here d is a mean pore diameter and K is the so-called Kozeny–
arman constant. The two source terms in Eq. (3) are defined in
able 1.

The quantity ν = 1800 mol m−3 is the fixed-charge site con-
entration of the membrane;Rj(ηj, T, Cs

i,e) are the reaction rates
based on the Butler–Volmer law); hpe,i is a volumetric mass
ransfer coefficient from gas to electrolyte (on the air side) and
i is a dimensionless Henry constant. The reaction kinetics at

he two electrodes can be summarized as follows:

HOR : H2 − 2H+ = 2e−,

ORR : 2H2O − O2 − 4H+ = 4e− (6)

e denote by νj , j ∈ {a,c}, the stoichiometric coefficients and
y n the number of electrons transferred.

The diffusive flux of reactants from the pore space to the
nterface between the gas and electrolyte/water is balanced by
he amount absorbed into the electrolyte/water. To prescribe the

ass-transfer coefficient, hpe,i, we use the formula for the Sher-
ood number given in [35] for flow past a spherical particle

h = 2 + 0.6Re1/3Sc2/3, (7)

here Re is the Reynolds number and Sc is the Schmidt num-
er. For a predominantly diffusive process, we can approximate
verage pore diameter and sa is the specific surface area of the
gglomerates, we obtain hpe,i = O(105) or greater. We point
ut that estimating mass transfer coefficients is far from a trivial
xercise and a detailed discussion will not be attempted here.
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Table 2
Sources and sinks for the dissolved reactants, potential and dissolved-water equations (10), (12) and (14)

ACL CCL Membrane GDL/MPL Meaning

Sex hpe,H(HHCH − CH,e) hpe,O(HOCO − CO,e) 0 – Reactant absorption
Sr −νaRa(ηa, T, C

s
H,e)/n −νcRc(ηc, T, C

s
O,e)/n 0 – Reactant depletion

Sφ −nFSr/νa −nFSr/νc 0 – H3O+ source/sink
−
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σ

T
e
d
d
i

w

ε
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s
S
[

T

2

b

w
(

Sψ −Sφ −Sφ
Sw 0 Rc(ηc, T, C

s
O,e

)/(2ν)
Sdl hld(Cd − C∗

d,l) hld(Cd − C∗
d,l)

.2. Membrane and carbon phases

The electrolyte volume fraction, εe, will increase as the elec-
rolyte swells with water. We separate the electrolyte film that
oats the agglomerates (volume fraction εf

e) from that contained
n the interiors (volume fraction εi

e) and write ε0
e = εf

e + εi
e. The

t inside the agglomerates is assumed to be inactive, that is, there
s a negligible surface area of Pt in contact with the fraction εi

e of
lectrolyte. The combined volume fraction of the carbon, Pt and
mall pores, εa, is assumed constant. The volume fraction of pri-
ary pores is then given by εp = 1 − εa − εe. The swelling of

he electrolyte is assumed to impact on the thickness of the elec-
rolyte film. To incorporate it we use the following approximate
elationship

e = ε0
e + ksλ, (8)

here ks = 0.0126, and λ is the membrane water content (mol
2O/mol SO−

3 ), given by

= Cd

1 − ksCd
, (9)

here Cd is the dissolved water (H2Odis) concentration in the
lectrolyte, normalized with respect to (i.e., divided by) ν.

The equations for reactant concentration in the ionomer and
embrane are given by

∂Ci,e

∂t
− ∂

∂x

(
ε3/2De,i

∂Ci,e

∂x

)
= Sr + Sex, (10)

here ε = εe in the catalyst layers and ε = 1 in the membrane.
ote that we use a Bruggeman correction. The diffusion coeffi-

ient of oxygen through the electrolyte has the following form
taken form [36])

e,O = 3.1 × 10−7e−2768/T . (11)

or hydrogen we use the constant value in Table 5.
To derive equations for the potentials in the membrane

nd carbon phases, φ and ψ respectively, we consider a mass
alance for H3O+ and electrons, with the assumptions of electro-
eutrality and steady-state

∂

∂x

(
ε3/2σe

∂φ

∂x

)
− Sφ = − ∂

∂x

(
ε3/2σs

∂ψ

∂x

)
+ Sψ = 0,

(12)
here σe and σs are the protonic and (effective) electronic con-
uctivity respectively and F is Faraday’s constant. Note that we
ave used a Bruggeman correction in both equations. ε = εe
n the catalyst layers and ε = 1 in the membrane for the ionic

a
a

k

– 0 e source/sink
0 – Water production
– – H2Oliq/H2Odis exchange

otential and ε = 1 − εg (ε = 1 − εmp) in the GDL (MPL) and
= εc in the catalyst layers for the electronic potential. The

ource terms are given in Table 2.
For σe we use the law derived in [37],

e = exp

(
1286

(
1

303
− 1

T

))
(0.514λ− 0.326). (13)

he algebraic term on the right-hand side of (13) accounts for the
ffect of hydration on the conductivity. It is based on empirical
ata collected by Springer et al. [37]. Values for σs have been
iscussed by Sun and Karan in [38]. To be consistent with their
nterpretation, we use the value σs = 500 S m−1.

The mass balance for water dissolved in the electrolyte is
ritten as follows

∂Cd

∂t
− ∂

∂x

(
εDd

∂Cd

∂x
+ 5

44Fν
λεσe

∂φ

∂x

)
= −Sad + Sw − Sdl,

(14)

n which ε = 1 for the membrane and ε = εe for the catalyst
ayers. The term Sw represents water production and Sdl repre-
ents mass transfer between the liquid and dissolved phases (see
ection 2.5). Dd is the diffusion coefficient for dissolved water
39]

Dd = 3.1 × 10−7 λ (e0.28λ − 1) e−2436/T (0 < λ ≤ 3),

Dd = 4.17 × 10−8λ(1 + 161 e−λ) e−2436/T (3 < λ ≤ 22).

(15)

he source term Sad is defined in Table 1

.3. Energy

An equation for the temperature, T, is derived from an energy
alance of conduction, convective heat flux and heat sources

∂

∂t

(
εsρlClT + ε(1 − s)ρgCgT + ρsCsT

)
+ ∂

∂x

(
εsρlClT + ε(1 − s)ρgCgT

)− ∂

∂x

(
k
∂T

∂x

)
= Sact + Srev + Sohm + Spc, (16)

here ρl (ρg) is the density of liquid water (the gas phase), Cl
C ) is the specific heat capacity of liquid water (the gas phase),
g
nd k is the effective thermal conductivity, found from a volume
verage of the individual conductivities

= kp(1 − s)ε+ keεe + klsεp + kaεa, (17)
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Table 3
Sources and sinks for the energy equation (16)

Membrane Catalyst layers GDL/MPL Meaning

Sact 0 FηjRj(ηj, T, Cs
i,e) 0 Activation losses

Srev 0 −�jTRj(ηj, T, Cs )/n 0 Heat of reaction

∂x)2
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s
r
ε

w
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(
w
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s
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v

w
v

t
c
c
e
l
p
e
i
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i
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c
e

a

p

s

a

p

w
J
f

σ

w
π

t

t

J

w
p
T
t

J

g
f
s
o
s
U

i,e

Sohm σe(∂φ/∂x)2 ε
3/2
e σe(∂φ/∂x)2 + ε

3/2
c σs(∂ψ/

Spc 0 hglhpc(XvP − Psat)

here kp, ke, ka and kl are the thermal conductivities of the pore
pace, electrolyte, agglomerates (averaged) and liquid water
espectively. In the GDL ε = εg, in the micro-porous layers
= εmp and in the catalyst layers ε = εp.
The quantity vl is the liquid water interstitial velocity, which

e define later. The source terms in equation (16) are defined in
able 3. In these expressions −�j is the entropy associated with
RR (j = c) and HOR (j = a), hpc is a mass transfer coefficient

defined below) and hgl is the liquid–gas enthalpy change for
ater.

.4. Liquid water

For liquid water, the mass balance is

ερl

Wl

∂s

∂t
− ∂

∂x

(
εpρl

Wl
vl

)
= Sce + νSdl, (18)

here the source terms, defined in Tables 1 and 2, represent
ondensation/evaporation and interfacial mass transfer between
he liquid and dissolved phases (the last term on the right-hand
ide is explained and discussed in Section 2.5). Wl is the molar
ass of liquid water, ε = εg in the GDL, ε = εmp in the micro-

orous layers and ε = εp in the catalyst layers. vl is determined
y the Darcy-law approximation to momentum conservation

l = κl

μl

∂p

∂x
, (19)

here κl, μl and p are respectively the relative permeability,
iscosity and pressure of the liquid.

A great deal of debate surrounds both the form and magni-
ude of the permeability and capillary pressure. Mazumder [4],
ompares the Leverette model employed in [9] with the empiri-
al relationship in [5], in which both of these quantities assume
ntirely different forms, yielding markedly different predicted
evels of saturation. There are also other models of liquid trans-
ort in porous media, of varying degrees of sophistication. For
xample, Nam and Kaviany [40], scale saturation against an
mmobile value (below which the liquid water is discontinuous
nd therefore does not move), and place the scaled saturation
nside the Leverette function. All of the forms mentioned can
e easily implemented in our model but, in the absence of con-
lusive experimental data, we choose to follow the most widely
mployed form, found in [9].
The liquid pressure is given as the difference between the gas
nd capillary pressures

= P − pc, (20)

X

w
a

(1 − εg/εmp)3/2σs(∂ψ/∂x)2 Ohmic losses
hglh pc(XvP − Psat) Heat of evaporation

o that differentiating Eq. (18) and using Eq. (19) yields

ερl

Wl

∂s

∂t
− ρl

μlWl

∂

∂x

(
εκl(s)

[
−dpc

ds

∂s

∂x
+ ∂P

∂x

])
= Sce + νSdl,

(21)

In the catalyst layers the capillary pressure and permeability
re defined as

c = σcJ(s), κl(s) = κcs
3, (22)

here κc is the absolute permeability of the catalyst layers and
(s) is the Leverette function. The quantity σc is defined as

ollows

c = σ′ cos θjc

√
εp

κc
, (23)

here θjc is the contact angle for the catalyst layers (0 < θ
j
c <

/2) and σ′ is the surface tension. The grouping 2
√
εp/κc is

hen equal to the characteristic capillary radius.
The Leverette function for a hydrophilic medium, for which

he wetting phase is the liquid, is given by

(s) = 1.417(1 − s) − 2.12(1 − s)2 + 1.262(1 − s)3. (24)

In the GDL and micro-porous layers

pc = σgJ(s), κl(s) = κgs
3, σg = σ′ cos θgc

√
εg

κg
,

pc = σmpJ(s), κl(s) = κmps
3, σmp = σ′ cos θmpc

√
εmp

κmp
,

(25)

here κg (κmp) is the absolute permeability of the GDL (micro-
orous layer) and θgc (θmpc ) is the contact angle (π/2 < θ

g
c < π).

he Leverette function for a hydrophobic medium, for which
he wetting phase is the gas phase, is given by

(s) = 1.417s− 2.12s2 + 1.262s3. (26)

The liquid–vapour phase-change term, derived from that
iven in [4] and references therein, is driven by the deviation
rom equilibrium,RTCv − Psat, wherePsat is the saturation pres-
ure of water and the first term is equivalent to the partial pressure
f the vapour. The latter is defined byXvP , where P is the pres-
ure of the gas phase and Xv is the molar fraction of vapour.
sing the ideal gas law, P = CRT , Xv is given by
v = Cv

C
= CvRT

P
, (27)

hereC = Cv + CN + Ci is the molar density of the gas (i = O
t the cathode and i = H in the anode). A relationship for the
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The values of kads and kdes are chosen large enough that if
98 A.A. Shah et al. / Journal of P

aturation pressure is provided in the discussion of the bound-
ry conditions. In order to distinguish between evaporation and
ondensation, the mass-transfer coefficient hpc depends on the
ign of the driving force XvP − Psat and its precise form is

pc =

⎧⎪⎪⎨
⎪⎪⎩
kc
εp(1 − s)Xv

RT
XvP > Psat

ke
εpsρl

Wl
XvP < Psat

, (28)

here kc and ke are the condensation and evaporation rate con-
tants, whose values are taken from [2]. We use a continuously-
ifferentiable implementation of the following form

pc = kcεp(1 − s)Xv

2RT

(
1 + |XvP − Psat|

XvP − Psat

)

+ keεpsρl

2Wl

(
1 − |XvP − Psat|

XvP − Psat

)
. (29)

In a similar fashion, the vapour-dissolved phase-change term
n Eqs. (3) and (14) is driven by the deviation from equilibrium
etween the vapour and dissolved water, Cd − C∗

d, where C∗
d is

he dissolved concentration at equilibrium. The latter is derived
rom the following law for the equilibrium water content mea-
ured at 80 ◦C (found in [41])

∗ = 0.3 + 10.8aw − 16a2
w + 14.1a3

w, C∗
d = λ∗

1 + 0.0126λ∗ ,

(30)

here aw is the water vapour activity. To distinguish between
esorption and water-uptake of the electrolyte (adsorption), the
ass-transfer coefficient hdv depends on the sign of the driving

orce Cd − C∗
d. From the experimental and numerical results

n [42], we can approximate the coefficients of absorption and
esorption as follows

dv =
{
κa(1 − s)λ Cd − C∗

d < 0

κd(1 − s)λ Cd − C∗
d > 0

, (31)

here κd and κe are given in Table 4. Their weak dependence on
emperature variations is neglected. The factor 1 − s accounts
or the blockage of the pores by the liquid water. To implement
his approach we use a continuously differentiable form of

dv = 1

2
κd(1 − s)λ

(
1 + |Cd − C∗

d |
Cd − C∗

d

)

+ 1

2
κa(1 − s)λ

(
1 − |Cd − C∗

d |
Cd − C∗

d

)
, (32)

.5. Liquid-dissolved water mass transfer and Schroeder’s
aradox

It is well known that the water content λ depends on the water
ctivity, aw = XvP/Psat. The precise relationship was correlated
y Hinatsu et al. in [41],
= λv = 0.3 + 10.8aw − 16a2
w + 14.1a3

w (at 353 K), (33)

hich has a maximum of λv = 9.1 at equilibrium with vapour.
owever, when the electrolyte is submerged in liquid water its

C

(
v
v
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quilibrium water content appears to jump discontinuously to a
igher value, given in the following

= 22 or equivalently Cd = C∗
d,l = 22

1 + 22ks
, (34)

s dictated by Eq. (9). In an attempt to capture this anomaly,
nown as Schroeder’s paradox, we introduce the mass-transfer
erm Sdl in Eqs. (14) and (18), defined in Table 2. This term is
ecomposed into separate terms for absorption and desorption of
iquid water to and from the ionomer in the catalyst layers. When
he liquid-equilibrated water content value C∗

d,l is reached, it is
ssumed that desorption of water from the ionomer as a liquid
akes place, the magnitude of which is driven by the deviation of

d fromC∗
d,l. The desorption part of the term in Table 2 therefore

akes the form

des = 1

2
kdes

(
1 + |Cd − C∗

d,l|
Cd − C∗

d,l

)
. (35)

here kdes is the coefficient of desorption and could itself depend
n saturation and water content but for simplicity is assumed to
e constant.

In addition we introduce an absorption term that represents,
n its presence, the uptake of liquid water by the ionomer, the
agnitude of which is again assumed to be proportional to the

eviation of Cd from C∗
d,l. However, it is further assumed that

he liquid water droplets are not contiguous until the immobile
aturation, s∗, is reached (by definition of the immobile satura-
ion). By this approximation we are equivalently assuming that
t s = s∗ the agglomerates are entirely coated with liquid water
nd equilibrium can be achieved. We use the value of s∗ = 0.1
iven in [40], and refer to that paper for references related to its
easurement. The absorption term therefore takes the form

ads = 1

2
kads

(
1 + |s− s∗|

s− s∗

)
× 1

2

(
1 − |Cd − C∗

d,l|
Cd − C∗

d,l

)
. (36)

here kads is the coefficient of absorption, which, for simplicity,
s assumed to be constant. Notice that the last term in brackets
n (36) is zero when Cd > C∗

d,l so that it does not contribute to
esorption. The mass transfer term in Table 2 is therefore defined
s follows

dl = k ads

4

(
1 + |s− s∗|

s− s∗

)(
1 − |Cd − C∗

d,l|
Cd − C∗

d,l

)

+ k des

2

(
1 + |Cd − C∗

d,l|
Cd − C∗

d,l

)
(37)

gain this is implemented in a continuously differentiable form
o prevent the occurrence of singularities in the numerical com-
d approaches C∗
d,l its value does not overshoot it significantly

as with the treatment of condensation and evaporation). These
alues are given in Table 5. A list of other parameters and their
alues can also be found in Tables 4 and 5.
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Table 4
Parameter values used in the base case calculations

Symbol Quantity Size References

Structural
L Catalyst layer thickness 25 �m
Lm Membrane thickness 50 �m
Lmp GDL + MPL total thickness 200 �m
LG MPL thickness 30 �m
εi

e Electrolyte volume fraction in agglomerates 0.2 [30]
εa Volume fraction of agglomerates 0.4215 [30]
εc Volume fraction of carbon in catalyst layers 0.2
εg Porosity of the GDL 0.74 [47]
εmp Porosity of micro-porous layer 0.3 [47]
Rag Agglomerate radius 0.2 �m [30]
δe0 Electrolyte film thickness w/o swelling 15 nm [48]
N Agglomerate density 1.257 × 1019 m−3 est.
apt Specific surface area of Pt 1000 cm2 (mg Pt)−1 [49]
mpt Pt loading 0.4 (mg Pt) cm−2 [3]
θ
j
c (θgc ) Catalyst-layer (GDL) contact angle 90◦ (120◦) [50]
dg, dmp, dc GDL, MPL, catalyst-layer pore size 10 �m, 1 �m, 2 �m

Electrochemical
iref,i Cathode (anode) exchange current density 10−3 (103) A m−2 [51]
Cref,i Reference O2 (H2) concentration 0.005 (0.02) mol m−3 [51]
αc Cathodic transfer coefficient 0.55
αa Anodic transfer coefficient 0.45
E0 Open circuit potential 0.95 V
−�c Entropy associated with ORR 163.7 J mol−1K−1 [52]
−�a Entropy associated with HOR2 0 J mol−1 K−1 [52]

Channel conditions
Tc (Ta) Cathode (anode) channel temperature 60 ◦C (60 ◦C)
aw,c (aw,a) Cathode (anode) channel water activity 0.8 (0.8)
C̄c (C̄a) Cathode (anode) channel gas concentration Pc/RTc (Pa/RTa) mol m−3

C̄O,c Oxygen concentration in cathode channel 0.21(C̄c − C̄v,c) mol m−3

C̄H,a Hydrogen concentration in anode channel (C̄a − C̄v,a) mol m−3

Pc (Pa) Gas pressure in the cathode (anode) channel 30 psig (206.842 kPa)
C̄v,c Vapour concentration in cathode channel RTcPsat,cC̄c/Pc mol m−3

2

V

R

w
a
α

t
r
l
g
t
u
t
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T
t

η

w
s
e
p
t
f
r
b
o
s

γ

C̄v,a Vapour concentration in anode channel
�j Liquid water removal constants

.6. Reaction rate and limiting current density

The reaction rates (in mol m−3 s−1) are given by the Butler–
olmer law and first-order kinetics in reactant concentration

j(ηj, T, C
s
i,e) = ai ref,i

FCref,i
εeC

s
i,e (eαaFηj/RT − e−αcFηj/RT ) ,

(38)

here i = O and j = c or i = H and j = a. The quantities iref,i
re the cathode and anode exchange current densities, αa and
c are the anodic and cathodic transfer coefficients, Cref,i are

he reference reactant molar concentrations, a is the volumet-
ic specific surface area of catalyst (per unit volume of catalyst
ayer), ηj , j ∈ {a,c}, is the overpotential and R is the universal
as constant (8.314 J mol−1 K−1). The quantity a is a func-
ion of the mass specific Pt surface area (Pt surface area per
nit mass of Pt), apt, the Pt loading, mpt, and the catalyst-layer

hickness, L

= a ptmpt

L
.

w
t
U

RTaPsat,aC̄a/Pa mol m−3

0.075 m−1

he overpotentials, ηj , are defined precisely through the rela-
ionships

c = ψ − φ − E0, ηa = ψ − φ, (39)

here E0 is the so-called open circuit potential, assumed con-
tant. The value of reactant concentrations in the Butler–Volmer
xpression, (38), ought to reflect accurately that reaction takes
lace at the surfaces of the carbon agglomerates. The concentra-
ions at these surfaces, Cs

i,e, i ∈ {O,H}, are generally different
rom the bulk values in the electrolyte, particularly given the
estricted diffusion of reactants. The Cs

i,e can be related to the
ulk values, Ci,e, by balancing the rate of reaction with the rate
f diffusion of reactant to the surface of the agglomerates (at
teady state). This mass balance can be approximated as follows

(Ci,e − Cs
i,e) = νj

n
Rj(ηj, T, C

s
i,e), (40)
here γ is the rate of oxygen diffusion through the elec-
rolyte/water film to the surface of the agglomerates (in s−1).
sing the definition of Rj(ηj, T, Cs

i,e) and solving the resulting
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Table 5
Heat, charge and mass transfer/transport properties in the base case

Symbol Quantity Size References

Dp,O Oxygen diffusivity in free space 3.8 × 10−9 (ε(1 − s)T )3/2/P m2 s−1 [35]
Dp,H Hydrogen diffusivity in free space 10−9 (ε(1 − s)T )3/2/P m2 s−1 [35]
Dv Vapour diffusivity in free space 4.1 × 10−9 (ε(1 − s)T )3/2/P m2 s−1 [35]
DN Nitrogen diffusivity in free space 3.6 × 10−9 (ε(1 − s)T )3/2/P m2 s−1 [35]
Dl Oxygen diffusivity in liquid water (60 ◦C) 4.82 × 10−9 m2 s−1 [35]
De,H Hydrogen diffusivity in nafion 1 × 10−10 m2 s−1

hpe,j Oxygen mass transfer rate 105 s−1 est.
HOHH O2(H2) Henry’s law constant (dimensionless) 0.3 (0.6) [53]
κa (κd) Absorption (desorption) constant 10−5/9 (10−5/3) m s−1 [2]
κj (κg) Absolute permeability of CCL (GDL) 10−13 (8.7 × 10−12) m2 [54,47]
μl Liquid water viscosity 10−3 kg m−1 s−1 [4]
σ′ Surface tension 0.07 N m−1 [4]
k Thermal conductivity of catalyst layers 0.67 W m−1 K−1 [51]
km Thermal conductivity of membrane 0.67 W m−1 K−1 [51]
kG Thermal conductivity of GDL 1.67 W m−1 K−1 [51]
ρlCl Heat capacitance of water 4.187 × 106 J m−3 K−1

ρgCg Heat capacitance of air 103 J m−3 K−1

ρmCm Heat capacitance of membrane 2.18 × 106 J m−3,K−1

ρcCc Heat capacitance of carbon 1.61 × 106 J m−3 K−1

−�c Entropy associated with ORR 163.7 J mol−1 K−1 [52]
−� Entropy associated with HOR2 0 J mol−1 K−1 [52]
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σs Electronic conductivity before correction
kdes H2Oliq desorption coefficient
kads H2Odis adsorption coefficient

quation for Cs
i,e then yields

Cs
i,e = γCi,e

γ + εer (eαaFηj/RT − e−αcFηj/RT )
, where

r = νjairef,i

nFCref,i
, (41)

o that the final form of the reaction rate is

j(ηj, T, C
s
i,e) ≡ Rj(ηj, T, Ci,e)

= n

νj

γεerCi,e (eαaFηj/RT − e−αcFηj/RT )

γ + εer (eαaFηj/RT − e−αcFηj/RT )
. (42)

In order to relate the diffusion rate γ to the microscopic
roperties of the catalyst layers, we define an electrolyte film
hickness, δe, an agglomerate radius, Rag, and the number of
gglomerates per unit volume, N

(Ci,e − Cs
i,e) ≈ A× De,i

δe
(Ci,e − Cs

i,e)︸ ︷︷ ︸
molar flux

, so that γ = ADe,i

δe
,

(43)

here A is the specific surface area of agglomerates (we assume
hat all of the surface area is covered, whereuponA = 4πR2

agN).
he volume of electrolyte attached to the surface of each agglom-
rate is εf

e/N, which, from our assumptions, covers the entire
urface of the agglomerate. The thickness δe0 (without swelling)

f
nd ε0 are therefore related as follows

e
0 =

(
R3

ag + 3εf
0

4πN

)1/3

− Rag (44)
500 S m−1 [38]
100 s−1

10 s−1

he electrolyte swelling results in a volume change equal to (per
gglomerate) (εf

e − εf
0)/N. The electrolyte film thickness is then

iven by

e =
(

(R ag + δe0)3 + 3(εf
e − εf

0)

4πN

)1/3

− Rag. (45)

hen s > s∗, as previously defined, the liquid water present
n the catalyst layers will provide additional resistance to the
xygen, with a different diffusion coefficientDl. Assuming that
he electrolyte is hydrophilic, any liquid water is taken to coat the
ntire surface of the agglomerates. Based on these assumptions,
he thickness of the water layer is given by

l =
(

(Rag + δe)3 + 3sεp

4πN

)1/3

− (Rag + δe), (46)

ith a total film thickness (electrolyte and water)

= δe + δl (47)

he quantity γ then has to be modified; it is decomposed into
term arising from diffusion through the water layer, γl, and a

erm of the type described above, γe. To approximate the concen-
ration of reactant at the agglomerate surfaces two balances need
o be performed, one for diffusion through the water, to relate
he bulk concentration to concentration at the water/electrolyte
nterface, and one between diffusion through the electrolyte and
eaction, to relate the latter concentration to Cs

i,e. The reaction
ate then takes the form (42) with
γ = γlγe

γl + γe
, where γl = A′Dl

δl
, γe = ADe,i

δe
,

A′ = 4π(R ag + δe)2N. (48)
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sensitively on the flow rate in the channel [46].

Initial conditions for pressure, temperature and vapour con-
A.A. Shah et al. / Journal of P

he Henry constantHi would likewise require modification. For
xygen, it is approximately 0.3 for water under typical operating
onditions, and was assigned the value 0.15 for Nafion in [16].
owever, given the uncertainty in its value we assume that the
ater value holds throughout, both for oxygen and hydrogen.
Note that the quantity N is a function of both the radius of

he agglomerates and their distribution, for example, the more
ensely packed the agglomerates the larger N.

The current flow is the H3O+ flow, so that the current density,
′ (in A m−2), is given by integrating the volumetric value across
he CCL

′ = 4Fr
∫ x3

x2

γεeCi,e (eαaFηj/RT − e−αcFηjRT )

γ + εer (eαaFηj/RT − e−αcFηj/RT )
dx. (49)

.7. Initial and boundary conditions

For the discussion of the boundary conditions we recall Fig.
. At the interface between the membrane and catalyst layers,
= x3 and x = x4, the gas phase fluxes are taken to be zero; that

s, the gas species are assumed not to penetrate the pore space in
he membrane. Similarly, we assume that the fluxes of reactants
n the ionomer phase at the interfaces between the catalyst and
as-diffusion (or micro-porous) layers, x = x2 and x = x5, are
mall, i.e., that the reactants enter predominantly through the gas
hase and that mass exchange becomes significant in the catalyst
ayers. Since protons and dissolved species (reactants and water)
ave no effective transport mechanism in the gas-diffusion (or
icro-porous) layers, their fluxes at these interfaces are taken to

e zero.

∂Ci,e

∂x
= ∂φ

∂x
= Dd

∂Cd

∂x
+ 5

44Fν
λσe

∂φ

∂x
= 0, x = x2, x5

(50a)

∂Ci

∂x
= 0, i ∈ {O,H,N, v}, x = x3, x4 (50b)

At the interfaces between the channels and GDL, the gas con-
entrations and temperature are prescribed, with oxygen only at
he cathode side and hydrogen only at the anode side. The cell
oltage, Uc, is measured at the cathode channel/GDL interface,
nd at the anode channel/GDL interface we assume a zero con-
entration of electrons.

Ci(0) = C̄i,c (i ∈ {O,N, v}), Ci(x7) = C̄i,a (i ∈ {H,N, v}),
ψ(0) = Uc, ψ(x7) = 0, T (0) = Tc, T (x7) = Ta. (50c)

he values of C̄v,c and C̄v,a are calculated from the water activity
n the channels, aw,c and aw,a (for cathode and anode respec-
ively). For the cathode, the activity is defined as X̄v,cPc/Psat,
here X̄v,c is the molar fraction of vapour in the cathode channel,
c is the cathode-channel gas pressure and Psat,c is the cathode-
hannel saturation pressure. The saturation pressure, a function
f temperature, is given by the formula in [37]
og10 Psat = −2.1794 + 0.02953(T − 273) − 9.1837

×10−5(T − 273)2 + 1.4454 × 10−7(T − 273)3.

(50d)

c
i
a
T
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rom these relationships we derive C̄v,c in the cathode as follows

¯ v,c = RTcPsat,c

Pc
C̄c, (50e)

here C̄c is the total gas molar concentration in the cathode
hannel, calculated from the cathode-channel pressure and tem-
erature

¯ c = Pc

RTc
. (50f)

he same procedure is applied at the anode channel.
The final boundary condition is that for the liquid water at the

nterfaces between the gas channels and the GDL. It is common
n modelling studies, for example [7,6,5,3], to assume either a
ero saturation or zero liquid water flux at this location, or along
ortions of the channel/GDL interface in two dimensions. In the
pproach of Weber and Newman [43] the liquid water flux is
ssumed zero if the gas pressure is greater than the liquid pres-
ure, otherwise the capillary pressure is assumed zero. However,
s with the zero flux conditions, this implicitly assumes that the
trength of the flow in the channel has no impact on the liquid
ater levels at the GDL surface. In [44] Meng and Wang specify

he saturation at the GDL/channel interface, which, as they cor-
ectly state, depends sensitively on the gas flow in the channel,
urrent density and wettability [45].

The accumulation and removal of liquid water along the chan-
el is a complicated process. Water is expelled from the GDL
hrough preferential openings and forms droplets attached to the
urface. These droplets can grow or coalesce to a form larger
roplets comparable in size to the channel dimensions, which
esults is the formation of a liquid film [46]. Ultimately, the film
s wicked along the channel walls toward the exit. The greater
he flow velocity in the channel, the more effective the removal
f liquid water. A detailed model of this process, accounting for
he surface properties of the GDL, phase change, surface ten-
ion, two dimensional gas flow and hydrophillicity of the channel
alls, is not currently possible. To approximate the physics at

he interfaces we adopt the following steady-state flux condition
t x = 0 and x = x7

∂s

∂x
−�js = 0, j ∈ {a,c}, (50g)

here�j = 0 corresponds to zero water removal from the anode
hannel, j = a, or cathode channel, j = c. This form is moti-
ated in two ways. Firstly, there should be no removal at zero
aturation. Secondly, the parameter �j can be seen naturally as
in an average sense) the reciprocal of a water film thickness on
he surface of the GDL. When this thickness approaches zero, the
aturation is physically zero, which is expressed by 1/�j → 0
n Eq. (50g). The thickness, and therefore�j , is likely to depend
entrations will typically be given by the ambient conditions
n the channels. The water content of the membrane/ionomer is
ssumed to be given by equilibrium with vapour in the channels.
he saturation at startup is assumed zero.
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ig. 2. The left-hand figure shows polarization curves generated from a sweep c
ayer. See Fig. 3 for profiles of saturation and membrane water content during th
rrows indicating the locations of the thresholds.

.8. Numerical details

The governing equations and boundary conditions laid out
bove were solved using the finite-element method implemented
n COMSOL 3.2a. The discretization of the equations and
oundary conditions was achieved on a uniform grid using
uartic Lagrange polynomials as trial and test functions, allow-
ng the number of grid points to be kept small (typically 64
r 128). The switch functions were substituted with hyper-
olic tanh functions to smooth the discontinuities, a standard
rocedure.

The default set of parameter values used for the base case is
iven in Tables 4 and 5. No fitting parameters were used since we
re interested in a qualitative picture of the behaviour. It would be
ossible through a single fitting of one or more parameters, such

s exchange current density or platinum specific surface area
whose values are in any case highly uncertain), to obtained a
loser quantitative match, but there is no loss of information in
ot doing so.

s
u
c
c

ig. 3. Profiles of saturation in the cathode and membrane water content at selected m
sweep rate of 20 mV s−1. The corresponding voltages are indicated.
t 20 mV s−1 using the parameter values in Tables 4 and 5, with no micro-porous
ep cycle. In the right-hand figure the effect of the sweep rate is illustrated, with

. Results and discussion

.1. Validation and sweep rate effect

To validate the model we make use of the results in [24]
f ramp sweeps experiments in potentiostatic and galvanostatic
ode. We attempt to capture the observed trends with specific

xamples of the effects on performance of the channel condi-
ions and sweep rate. We then discuss results relating to certain
icrostructural properties of the gas-diffusion and micro-porous

ayers.
The very small active MEA area (1 cm2) and high flow rates

200–400 mL min−1) in the experimental study in [24] ensured
hat the cell behaviour was very close to one-dimensional. The
ell was conditioned with humidified hydrogen and air before

witching to dry gases. In our results we shall consider a contin-
ous input of partly humidified gases; simulation of the precise
onditions is possible but the details of the humidification pro-
ess are not provided in [24]. Moreover, a qualitative match

oments during the forward and backward sweeps corresponding to Fig. 2 with
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ith 10 mV s−1 in Fig. 2.

s achieved even with the continuously humidified input. Note
nally that in [22], in which the same experimental procedure

s presented and modelled, the authors fail to capture the most
triking feature of a crossing of the polarization curves generated
rom the backward and forward sweeps in potentiostatic mode
to be discussed next). This phenomenon is illustrated in Fig. 1
f [24] and demonstrated in the many examples in both papers.

We refer first to Fig. 2, which demonstrates the polarization
urve for the base-case parameters in Tables 4 and 5, without
micro-porous layer. What is immediately striking in this plot

s the intersection of the curves at approximately 0.75 A cm2

0.55 V), marking the boundary between worse performance on
he backward sweep for cell voltage below the value at the cross-
ng point, and better performance for cell voltage above this
alue—compare this figure with the experimentally generated
otentiostatic curves in [24,22].

To explain the trend we now refer to Fig. 3, showing the evolu-
ion of the membrane/ionomer water content and the saturation

n the cathode at selected times during the sweep cycle. The
orresponding voltages at these times are indicated. It is clear
hat during the backward sweep the saturation level is greater at
ach cell voltage value, a likely consequence of the different time

l
w
t
s

Fig. 5. The effects on the threshold value of variations in the water activity and tem
oments during the forward and backward sweeps corresponding to the example

cales associated with evaporation and condensation. The mass
ransport limitations arising from the presence of liquid water
re therefore more strongly felt at low cell voltage, as indicated
n Fig. 2. However, once the mass transport limitations are over-
ome (the polarization curve enters the so-called ohmic regime)
he greater saturation level of the backward sweep lowers the

embrane resistance, in relation to the forward sweep.
Fig. 2 further shows polarization curves for the base case

arameters with sweep rates of 10 and 40 mV s−1, demonstrating
hat an increase in sweep rate moves the threshold cell voltage
o a lower value and threshold current density to a higher value.
hese results are qualitatively very similar to Figs. 3 and 4 of

24], with a slight discrepancy in comparison to the former fig-
re; the thresholds for 5–10 mV s−1 in Fig. 3 of [24] are very
lose, and seem to be at odds with Fig. 4 of [24].

The trend exhibited in the right-hand plots of Fig. 2 can be
xplained in relation to the response time of the system to water
roduction and condensation. The slower the sweep rate the

onger the time available to produce water in the catalyst layer,
hich leads to increasing saturation levels at 0.1 V (Fig. 4 shows

he profiles of saturation and membrane water content during the
weep cycle at 10 mV s−1). The higher saturation levels dictate

perature in the channels. The arrows indicate the locations of the thresholds.



804 A.A. Shah et al. / Journal of Power Sources 163 (2007) 793–806

size (

t
i
a
i
t
s
p

3

t
d
n
a
t
t
n
t
t
e
t
f

t
a

t
t
s
s
c
t
h
c
q
o

3
l

p

Fig. 6. The effects of variations in the pore

hat the time required to evaporate the water is longer, therefore,
n general, pushing the threshold current density to lower values
nd threshold cell voltage to higher values as the sweep rate
s decreased. This, however, will be offset in some measure by
he increased humidification of the membrane on the backward
weep when the saturations levels are greater, so that it is quite
ossible for the two processes to cancel each other.

.2. Humidification and temperature effects

The effects of variations in the temperature and activity of
he channel streams can be seen in Fig. 5. The left-hand figure
emonstrates that the threshold phenomenon is much more pro-
ounced for low water activity and in fact almost disappears as
ctivity approaches unity (fully humidified). Although details of
he experiments with humidified streams are not given in [24],
he authors do state that in their experiments the threshold phe-
omenon was not apparent under these conditions. That this
rend is observed is not surprising since the greater flooding of

he CCL at higher activity demands that the time to evaporate
nough liquid water on the backward sweep to transition from
he mass-transport regime to the ohmic regime is longer, and in
act occurs towards the kinetic part of the curve. In this part of

s
c

c

Fig. 7. A comparison of the profiles of saturation in the cathode during the fo
dg) and the contact angle (θgc ) in the GDL.

he curve the current density is low and the cell voltage is high
nd their values are not dominated by the membrane resistance.

The right-hand plots in Fig. 5 show the effect of channel
emperature: raising the temperature in the channels reduces
he threshold voltage and increases the threshold current den-
ity. This result is in complete agreement with the potentiostatic
weep curves in [24]. The higher temperature in the channels
auses reduced saturation levels because of a slower condensa-
ion rate. This results in a greater limiting current density at the
igher temperature, despite the slight reduction in the reactant
oncentrations in the channels (by the ideal gas law). Conse-
uently, a smaller volume of water is required to be evaporated
n the backward sweep to reach the ohmic regime.

.3. Effects of pore size, contact angle and micro-porous
ayer

We now turn or attention to the effects of two microstructural
roperties in the catalyst and gas-diffusion layers. Fig. 6 demon-

trates the change in performance as the average pore size and
ontact angle in the GDL are varied.

As the pore size is decreased the saturation level decreases, a
onsequence of the greater capillary pressure gradients (the pore

rward sweeps of the two cases in Fig. 6 with θg
c = 180◦ and θg

c = 110◦.
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Fig. 8. The effects of a MPL, the right-hand figure showing saturati

ize determines, at fixed porosity, the permeability according
o the Kozeny–Carman law (5)). Thus the current density at
.1 V is greater. The threshold point for dg = 1 �m occurs at
higher current density because of the decreased saturation,

hough the difference is small because of the competing process
f membrane humidification.

A decreasing contact angle in the GDL leads to an increasing
aturation because of its decreasing hydrophobicity (see Fig. 7).
he right-hand plots in Fig. 6 show that in such cases the higher
aturation forces the threshold point to lower current density
nd higher cell voltage. A competing effect, compounding the
ffect of increased membrane humidification, will be the greater
etention of water on the backward sweep at θg

c = 110◦.
Finally, we review one result relating to the effect of a MPL,

hown in Fig. 8. The latter compares the sweep cycles with and
ithout an MPL, where the total thickness of the gas diffusion
edium (including the MPL) is kept constant at 200 �m and the
PL length is 30 �m. The MPL can have a dramatic effect on

he saturation levels in the cell. In general, the higher capillary
ressure gradients in the smaller pores of the MPL lead to lower
aturation levels, as seen in the right-hand plots of Fig. 8. The
ower saturation levels force the current density at 0 V to a higher
alue. The current density at the threshold point is only slightly
reater with the MPL than without, despite the very different
evels of saturation on the two sweeps.

As with Fig. 6 it appears that with severe flooding in one
ase the increase in membrane hydration (and therefore con-
uctivity) on the backward sweep can offset the flooding effect
n the relative locations of the thresholds. Moreover, significant
eviations in the threshold values are more easily seen when the
orward and backward sweeps differ visibly in the ohmic part of
he curve, as in Figs. 2 and 5.

. Conclusions and future direction
We have demonstrated that a one-dimensional, transient
odel that fully accounts for liquid water and membrane hydra-

ion can qualitatively capture complex phenomena observed
n fuel cell experiments. In particular, the hysteresis that is
ofiles with and without an MPL using the values in Tables 4 and 5.

ften observed in laboratory experiments has been reproduced
nd explained. Multi-dimensional extensions of the model can
nswer questions related to the dimensions and geometry of the
hannels, anisotropic media and the strengths of the channel
ows. On the other hand, the qualitative picture can at least be
aptured with the present model, which can therefore form the
asis of an initial tool to screen MEA designs, combined with
weep cycling experiments. The latter are a convenient mea-
ure of performance, taking far less time than a steady-state
olarization curve and possessing all of the features of the lat-
er, including the competition between flooding and membrane
ydration.

Furthermore, the transient aspect of the model provides
cope for the study of other transient phenomena such as
ast-transient polarization curves, startup and shutdown (with
dditional kinetic modelling) and freeze-start (with additional
odelling of the thawing process). These are directions that are

urrently being pursued.
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