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Abstract

The water transport in a proton exchange membrane fuel cell (PEMFC) is investigated in this study. A five-layer theoretical model is proposed
that includes anode and cathode gas diffusion layers (GDLs), catalyst layers (CLs), and the layer of proton exchange membrane. Especially, the
volume of membrane is assumed to be variable with its water content and this effect on water transport is examined. Both steady and transient
transport phenomena are considered by changing several crucial system parameters such as the relative humidity of reactant gas, the porosity of
GDL, and the membrane thickness. The results show that if the humidification of the reactant gases is sufficient, the water management would be
better for larger porosities of GDLs or a thinner membrane, and the resistance and overvoltage of the membrane can be reduced significantly as
well. Furthermore, it is found that the membrane swelling effect will increase the water content of the membrane especially in the region close to
the cathode interface, and lengthen the response time for a PEMFC to reach steady state as switching between two different operating conditions

in comparison with the case ignoring this effect.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Proton exchange membrane fuel cell (PEMFC) has received
much attention in the past decades due to its widely promising
applications especially in vehicles and portable electronic equip-
ments. However, many critical issues still need to be improved
in the development of PEMFC for being used as a clean and
efficient power system. One of them is the complicated water
management problem. It is known that the performance of a
PEMFC depends strongly on the water balance within the cell.
Therefore, it is important to understand the transport phenomena
of water in the PEMFC and its influences on cell performance.

Numerous studies have devoted to developing theoretical
models to describe the water transport in PEMFCs [1-15].
Springer et al. [1] presented an one-dimensional steady-state
model for a PEMFC based on experimentally determined
transport parameters. Bernardi and Verbrugge [2] derived a
mathematical model for the cathode side of a PEMFC and found
the water transport is a complicated function of the cell operat-
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ing conditions. They further presented a full cell model [3] and
applied it to investigate the mechanisms of water transport. A
2D model of transport was proposed by Fuller and Newman [4]
and they utilized this model to examine the water management
problems in a PEMFC. Nguyen and White [5] also developed
a steady-state 2D model to investigate the effectiveness of var-
ious humidification designs. Okada et al. [6] studied the water
transport at the anode side and gave a linear transport equa-
tion based on the diffusion of water and electroosmotic water
drag to analyze the water concentration profiles. Gurau et al.
[7] considered the variations of the concentrations and the par-
tial pressures in the gas channels and developed a 2D model for
the entire sandwich of a PEMFC. They further derived a half-
cell model for the cathode side and obtained rigorous analytical
solutions which account for the liquid water content in the gas
diffusion layer (GDL) [8]. A 2D model without external humid-
ification of the reactant gases was also derived by Hsing and
Futerko [9]. Baschuk and Li [10] considered the effect of vari-
able degree of water flooding in the cathode side and formulated
a model to evaluate its influence on cell performance. Um et al.
[11] presented a transient multidimensional model to simulate
multicomponent transport in a PEMFC and explore hydrogen
dilution effects in the anode feed. Djilali and Lu [12] focused on
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the modeling of non-isothermal and non-isobaric effects and per-
formed an analysis for the cell performance and water transport
over a range of operating current densities. A quasi-3D model of
water transport in PEMFCs was proposed by Kulikovsky [13], in
which the non-linear diffusion of liquid water in the membrane
was investigated. Siegel et al. [14] derived a comprehensive 2D
model that includes multicomponent and multiphase transport
both along the gas channel and through the membrane electrode
assembly (MEA). Their results illustrate the importance of water
transport within the cell. Recently, a summarized review of fun-
damental models for PEMFCs was given by Wang [15], in which
the current status of water transport research in PEMFCs was
extensively introduced.

So far most of the theoretical models concentrated on the
analyses under steady-state conditions. However, the transient
transport behaviors in a PEMFC are still quite important espe-
cially in the application of mobile systems. Wang and Wang [16]
developed a 3D transient model to study the transient dynamics
of a PEMFC. They further performed numerical simulations for
a single channel PEMFC undergoing a step increase in current
density [17]. Their results elucidated the profound interactions
between the cell voltage response and water transport dynamics
in a low-humidity PEMFC. Besides, it is well known that the
properties and water content of the membrane play important
roles in the factors dominating the cell performance. Several
research efforts have been dedicated to the investigation for
water management problems in the membrane [18-30]. It has
been pointed out by Divisek et al. [25] that a dry membrane
will swell in water and the membrane volume (or thickness)
depends on its water content. They found experimentally that
this property produces a significant effect on the water transport
characteristics in the membrane. Nevertheless, only the math-
ematical model developed by Springer et al. [1] ever took this
effect into consideration.

anode
catalyst layer

Cilm

anode / anode
channel |~ GDL 5

membrane

_,x"é;athodc

In this study, we develop a one-dimensional mathematical
model to describe the water transport phenomena in a PEMFC
with a five-layer structure, in which consists of anode and cath-
ode GDLs and catalyst layers (CLs), and the proton exchanger
membrane as shown in Fig. 1. Both steady state and transient cell
operation conditions are investigated with the consideration for
the swelling effect of the membrane caused by the membrane
hydration. The results provide more physical insights into the
water transport behaviors of a PEMFC and benefit the practical
application and design work as well.

2. Mathematical model

The entire system domain is shown in Fig. 1. The humidi-
fied reactant gases enter the anodic and cathodic gas channels
with water concentration Cj, 5 and Cjy ¢, respectively. The water
concentration C is defined as the mole number per unit volume
in unit ‘molcm™3’. To investigate the water transport behav-
ior in the system, some assumptions are made to develop the
mathematical model as list below:

—_

The system is assumed to be isothermal.

2. Electrochemical reactions occur only in the CLs and the gen-
eration of product water in the cathode CL is in gas phase
and allowed to be in supersaturated state.

3. The gas mixtures with water vapor in anode and cathode act
as ideal gases.

4. The water transport in GDLs and CLs is mainly by diffusion.

5. The membrane can swell with a higher hydration. Hence, the

membrane thickness is variable with its water content.

Note that in a PEMFC the water transport is strongly coupled
with the thermal management [12] and the non-isothermal con-
dition is particularly important for the flow along the gas channel.
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Fig. 1. Schematic diagram of computational domain.
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However, due to the small temperature difference between the
fuel cell stack and the operating environment, the isothermal
assumption is still reasonable and widely used in many mathe-
matical models [1-5], which have provided many useful insights
and predictions of the cell performance. Accordingly, the math-
ematical model for water transport in each layer can be derived
in the following sections.

2.1. Water transport in the gas diffusion layers

In general, the mean pore radius of GDL is much larger than
the mean free path of gas molecules. In anode side, the main
mechanism of gas transport is thus the binary diffusion of hydro-
gen and water vapor. Although binary diffusion is generally
described by Stefan-Maxwell formulas, the equations following
these formulas are quite complicated and difficult to handle in
computation. It has been found [13] that a single Fick’s formula
with the effective diffusion coefficient Dll can be used instead
and give practically the same results. Therefore, the governing
equation for water flux J; (molecm™2s~1) is given by

g
1 8C]

ST

(D
where C7 is the water concentration in the anode GDL. The
parameter Dél can be determined by
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where ¢4 is the porosity of anode GDL, §; the mole fraction of
the jth component, and Dy; is the binary diffusion coefficient of
water vapor in the gas mixture with the jth species. The details
for how to determine Dy,; can be found in Ref. [31]. The mass
conservation equation can be expressed as

acs aJy
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Similarly, the water flux and mass conservation equations in

the cathode GDL are respectively
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where C% and Js are the water concentration and flux in the
cathode GDL, respectively. Here we assume both anode and
cathode GDLs have the same porosity. However, the transport
of water vapor in cathode GDL is a multi-component diffusion,
in which the effective diffusivity Dgl can be determined by the
equation

Dy = Dgey”, (6)
where Dy is the diffusivity in a non-porous condition. Since the
order of Dél is generally between 10~! and 10~2 cm?s~! [13]

Table 1

The parameters used in the base case

Parameter Symbol Value
Pressure (atm) 4 3
Temperature (K) T 353
Universal gas constant (J mol~! K1) R 8.314
Faraday constant (C rnol’l) F 96,485
Porosity of gas diffusion layer &d 0.4
Porosity of catalyst layer & 0.3
Density of dry membrane (gcm™3) p?nry 1.98
Equivalent weight of membrane (g mol~') Mn 1,100
Membrane thickness (pm) L3 175
Thickness of gas diffusion layer (m) Ly, Ls 300
Thickness of catalyst layer (jm) Ly, Ly 20
Effective diffusivity of water vapor (cm?s~") D‘l,l, D5l 1.8 x 1072
Effective diffusivity of water vapor (cm?s™1) Dz, Di 12x1072

and the value of Dgl estimated from the work [3] is also approxi-

mately within the same order, we may simply assume Dél = Dgl
in the numerical computations. The values of parameters ¢4 and

Dél at the base case are list in Table 1.

2.2. Water transport in the catalyst layers

The catalyst layer contains voids and electrolyte phase.
Hence, three mechanisms may contribute to water transport in
CLs. In voids the water vapor is transported by Knudsen diffu-
sion, while in the electrolyte phase the water transport is mainly
due to diffusion and drag. The flux in the electrolyte phase is
related to a correction factor that accounts for the amount of
electrolyte in the CL and can be approximated by the volume
fraction of the electrolyte phase. Since the correction factor is
generally quite small [13] which makes the water transport due
to the electrolyte phase be negligible, we can assume the water
transport is primarily in vapor form through the voids due to
Knudsen diffusion. Accordingly, at the anode CL we have

aCcs
h=-Dj—2, (7
where J> and C% are, respectively, the water flux and water
concentration in this layer, and Dgl is the Knudsen diffusion
coefficient of water vapor in the voids that is defined by
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In above equation, v is the correction factor, 7 the mean pore
radius, R the universal constant, T the absolute temperature, My,
the molecular weight of water, and the square root the mean
thermal velocity of water molecules. Substitute Eq. (7) into the
mass conservation equation, we have

acs aJ
sc—zz——z, A <x<B, )
ot 0x
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where &, is the porosity of CL. Similarly, for the CL in cathode
side, the corresponding water flux J4 satisfies

g
4 8C4

J4 - _Dclg

(10)

However, since we assume the generation of water vapor in
this layer only, the water transport equation of this layer takes
the form

ace aJs S
5074 _ _74 + WQ
ot ox nkF

, C<x<D, (11

where Sy, is the stoichiometry factor of water, QO the electro-
chemical reaction rate, n the number of electrons, and F is the
Faraday constant. Here we also assume both CLs have the same
porosity and diffusion coefficient.

2.3. Water transport in the membrane

Assume liquid water exists in the bulk membrane, the water
transport in the membrane is primarily contributed by three
mechanisms: diffusion, electroosmotic drag, and convective
motion due to pressure gradient. Recently, it has been found
experimentally [13] that the influence of convective motion is
quite limited and plays a minor role only on water transport in the
membrane. Therefore, we consider the effects of diffusion and
electroosmotic drag only and the governing equation of water
flux J3 can be written as

ICL g
J3 = —Dn & T (12)
where Dy, and Cl3 are, respectively, the diffusion coefficient
and concentration of liquid water, nq the drag coefficient, and
i the current density. The value of ngq is assumed to be linearly
proportional to the water content A in the relationship [1]

ng = 0.11364, (13)

where A is defined as the ratio of the number of water molecules
to the number of charge (SO3~H™) sites. The value of A depends
on the water vapor activity a [1], and the water uptake curve of
the membrane that describes the variation of A with a from a
detailed fit of experimental data used in Refs. [1,32] is adopted
here for simulating purposes and given by

A = 0.043 + 17.81a — 39.854> + 36.0a°. (14)

Note that the diffusion coefficient Dy, is assumed to relate a
water flux by the gradient of the logarithm of activity [1] with
respect to the water content A in the form

d(Ina)

Dy =D
m di

; (15)

and in order to account for the effect of membrane swelling
in the model, the liquid water concentration Cl3 is expressed in
terms of the equivalent water concentration of a dry membrane,
Ap& /Mm, by expanding the dry membrane thickness with the

factor (1 +sA) in the form [1]

Apd
Ch(1 +s2) = =2, 16
3(1+s2) M (16)
Thus, the diffusion part of the water flux in Eq. (12) can be
written by

a7

2ol /My da\ 9
J3.diff = -D <m/m )
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where ,oﬁ'1 is the density of dry membrane, My, the equivalent
weight of the membrane, and s is the membrane expansion
coefficient. The diffusion coefficient D" is relative to A and
the functional relationship between D’ and A shown in Fig. 3
of Ref. [1] is used in the present study. Some detailed discus-
sions for the determination of D,, can be found in the studies
[1,32]. Substitute Eq. (12) into the mass conservation equation,
we obtain

ac! 3.
o988 pox<c, (18)

ot ox
which is the governing equation of water transport in the mem-
brane.

2.4. Boundary and initial conditions

The initial and boundary conditions at each interface in the
system are introduced in sequence below. For the initial condi-
tions, we assume the water concentration in each layer at time
t=0 is denoted by

Cli(x,0) = C' (), (19)

where the subscript j stands for the number of each layer and
the superscript i denotes the phase of water. For the boundary
conditions, we assume the water concentrations at the interfaces
x=0 and x=F are the same as those of the humidified reactant
gases, respectively. Thus, we have

C]g = Cin,a» (203)

€t = Cine. (200)

At the interface between the GDL and the CL, x=A and
x=D, the continuities of water concentration and flux result in
the following conditions

Ci =5, (21a)
Dglaacig = DCIBBCE’ (21b)
and

C§ = C§, (22a)
Dc]aac;:% = Dgl(r;cf, (22b)
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As for the conditions at the catalyst—-membrane interfaces,
we consider the water penetration into the membrane from the
gas phase [27] and then at the anode side we have

9C3 , nai
0x F’
where k is the mass transfer coefficient for the liquid water
entry in accordance with the Henry’s law penetration, and C,

can be determined by the local vapor concentration [13] via the
relationship

k(Cy — CY) = =Dy, (23a)

CSli=s

Co=Cyr A | 22
tTH Caat

, (23b)

where Cy+ is the mole concentration of protons in the mem-
brane, C,¢ the mole concentration of saturated water vapor, and
the definition of function A can be found in Ref. [13]. Similarly,
the boundary conditions at the cathode side can be written as

653

and then the membrane resistance Ry, can be calculated by inte-
gration over the membrane thickness L3 as
dx

L3
Rm:/ o
0o o)

Accordingly, the overvoltage caused by the membrane resis-
tance can be simply determined by

¢ = iRl’Ils

where ¢ is the membrane overvoltage.

(26)

27

3. Results and discussion

We first discuss the results for the cell operating under steady
state conditions, and then elucidate the transient characteristics
when the cell operates between two different states. Fig. 2 shows
the profiles of water concentration ratio C/Cgy in both anodic
and cathode sides and water content A in the membrane. Both
anode and cathode reactant gases are humidified with saturated

1 .
k(Ce — CL) = Dm% - %, (242)  water vapor that Ciy o/Csy and Cip o/Csye are equal to 100%. As
o shown in Fig. 2(a), the water vapor is transported from the anode
C4g1|x:C gas channel to the membrane through the GDL and CL for the
Ce=Ch+A " Cot (24b) four assigned values of current density /=0.25, 0.5, 0.75, and

The governing equations together with the initial and bound-
ary conditions are solved numerically with appropriate system
parameters. Some typical values of these parameters used in
computations are list in Table 1 as the base case. Once the water
content of the membrane A is obtained, the membrane conduc-
tivity o also can be determined by the fitting result [1] as function
of A

1.0Acm™2. It is found that all these curves decrease gradu-
ally and the experience an abrupt jump to lower values across
the CL. The higher transport resistance of CL is induced by
its lower vapor diffusivity. But the extra vapor contained in the
humidified intake gas still reaches the membrane to prevent the
anode side of the membrane becoming dried out. In the mem-
brane as shown in Fig. 2(b), the maximum of water content
occurs at the cathode boundary because of the generation of
water there, and then A decreases gradually toward the anode

o(X) = (0.005139x — 0.00326) exp [1268 (1 _ 1)} , side. At low current density conditions, for example, in the case
303 T I=0.25 A cm™2, the water content is relatively lower at the cath-
(25) ode boundary while decreases slowly to the anode side resulting
1.00 = 18 24
S L ]
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Fig. 2. (a) The profiles of water concentration in anode GDL and CL; (b) the profiles of water content in the membrane; (c) the profiles of water concentration in
cathode GDL and CL; with four assigned current density /, where Cip a/Csat = Cin,¢/Csat = 100%, 4 =0.4, L3 =175 pm, and s =0.0126.
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in a higher average water content in the membrane. In contrast to
this case, at high current density condition as shown in the typ-
ical case I=1.0 A cm™2, the water content is higher at the right
interface but descends quickly to the left side causing a lower
average water content in the membrane. Note that the water
transport in the membrane is dominated mainly by two mech-
anisms, the electroosmotic drag and the back diffusion from
cathode to anode. Obviously, when the cell operates at lower
current densities, the effect of back diffusion prevails and thus
the anode boundary possesses higher water content. But if the
cell operates at higher current densities, the effect of electroos-
motic drag becomes significant and reduces the water content
at the anode boundary distinctly. These results are consistent
with the experimental observations [30] that the membrane suf-
fers from the drying out problem especially at the anode side.
As indicated by Fig. 2(a), the saturated humidified intake gas
indeed helps the membrane prevent from drying out but the
water transport resistance increase obviously with the current
density. Therefore, it is quite important to reduce the transport
resistance across the anode GDL and CL especially at high cur-
rent density conditions. In the CL and GDL of the cathode side
as shown in Fig. 2(c), because of the generation of water vapor
inside the CL, the water concentration always appears to have
a maximum at the membrane/CL interface and then decreases
gradually toward the cathode gas channel for all cases consid-
ered. In the case /=0.25 A cm™2, the water concentration in the
CL is only slightly higher than that of the intake saturated air,
which indicates that the flooding phenomena should be limited.
However, as the current density increases to /=1.0 Acm™2, the
water concentrations in the CL and GDL rise rapidly and the
high supersaturated concentration implies that the condensation
of water vapor may become a severe problem to block the pores
of the CL and GDL, and reduce the amount of oxygen transport.

When the relative humidity in both anode and cathode reac-
tant gases reduce to 80%, the profiles of water concentration

in each layer are demonstrated in Fig. 3(a)—(c) for four typical
cases with current densities /=0.25, 0.5, 0.75, and 1.0 A cm 2.
As seen in Fig. 3(a), it is found that at lower current densities
I1=0.25 and 0.5 A cm™2, the water concentrations of the anode
intake gas are less than those at the anode side of membrane.
Thus, the corresponding curves increase gradually in the GDL
and than jump to higher values across the CL. The transport of
water vapor is toward to the anode gas channel and produces an
effect of drying out of the membrane. Butin the cases /=0.75 and
1.0 A cm™2, because the effect of electroosmotic drag becomes
dominant and diminishes the water content at the anode side of
the membrane, both curves still decrease in the GDL and CL,
and humidify the anode side of the membrane.

The profiles of water content in the membrane as shown in
Fig. 3(b) are similar to Fig. 2(b), except that the water content
is lower than that in Fig. 2(b) at the same current density. In
Fig. 3(c), we observe that the water concentration in cathode CL
and GDL still rises gradually with operating current density, but
the water concentration at the cathode side of membrane now is
slightly less than 100% which indicates the flooding phenom-
ena due to condensation of water vapor is insignificant in this
situation. These results also suggest that a lower humidified gas
around 80% in cathode gas channel is helpful to maintain appro-
priate water concentration in the cathode side of membrane. We
also find that if the humidity in both anode and cathode gas chan-
nels further reduces to 60%, all the four cases exhibit the same
behaviors to dry out the membrane at the anode side and the mean
water content of membrane reduces significantly as well as the
water concentration at the interface between the membrane and
the cathode CL.

The porosity of GDL is also an important factor to affect the
water transport in the system. Fig. 4 shows the results as the
porosities of both anode and cathode GDLs reduce to 0.2 while
the other parameters are the same as those considered in Fig. 2.
Obviously, a smaller porosity raises the transport resistance
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Fig. 3. (a) The profiles of water concentration in anode GDL and CL; (b) the profiles of water content in the membrane; (c) the profiles of water concentration in
cathode GDL and CL; with four assigned current density 7, where Cip a/Csat = Cin,c/Csat = 80%, €4 =0.4, L3 =175 pum, and s =0.0126.



F. Chen et al. / Journal of Power Sources 164 (2007) 649658

655

1.00 18 24
%« . 0000 L e [=0.25 Alem’ |
= \\i{ s [ 1=0.25 Alem® 5g i, T [=0.50 Alem’ _|
e 6L —————- 1=0.50 Alem” | ’ — — — 12075 Alen’
0.95 Q\\ _ - — — —  1=0.75 Alem® [ [=1.00 Alem’ |
\\\' i & 1=1.00 Alem®
L <
NN
0.90 - N NH
] e b E
o3 - Hoo< <3
O \\\ O
0.85 P
i e 12025 Afem’ |
****** 1=0.50 Alem’
os0 b T — 19075 Aem’
} 1=1.00 Alem’
0.75 TR RN R R TR NN M 6 TR B TR I T N 0.8 TR IS SR NN SR SN S
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 1.0
(a) X/AL+L,) (b) (X-L,-LYL, © (X-L-L,-LY(L,+L)

Fig. 4. (a) The profiles of water concentration in anode GDL and CL; (b) the profiles of water content in the membrane; (c) the profiles of water concentration in
cathode GDL and CL; with four assigned current density I, where Cip a/Csat = Cin,c/Csat = 100%, £4 =0.2, L3 =175 pm, and s =0.0126.

through GDL resulting in a larger water concentration differ-
ence across it. As seen in Fig. 4(a), all the curves descend more
rapidly and reach lower water concentrations at the GDL/CL
interface. The profiles of water content of the membrane also
rise especially at the right interface between with the cathode
CL. Since the water vapor generates in cathode CL, an increase
of transport resistance apparently causes a higher water concen-
tration at the membrane/CL interface as shown in Fig. 4(c). As
a result, the flooding problem due to vapor condensation may
become more serious in the case with a smaller porosity of GDL.

To explore the influence of membrane thickness on water
transport, we reduce the membrane thickness L3 to 150 wm and
keep the other parameters the same as those used in Fig. 2.
The results are demonstrated in Fig. 5(a)—(c). Apparently, the
back diffusion effect becomes more pronounced in a thinner

membrane. As shown in Fig. 5(b), the water content at the left
interface of membrane increases significantly and that at the
right interface reduces slightly in comparison with the results of
Fig. 2(b). The water concentration of cathode CL also decreases
simultaneously as shown in Fig. 5(c).

The influence of membrane swelling on its water content
is examined in Fig. 6 for several assigned values of mem-
brane expansion coefficient s at /=1.0Acm™2. It is known
that a hydrated membrane will swell in comparison with a
dry membrane and the ion channel for the transport of ions
will be enlarged simultaneously. Therefore, the number of
water molecules per charged (SO3~H™) site will increase for
a more hydrated membrane especially when the swelling effect
becomes more significant and A can go as high as 28 at the cath-
ode side when s=0.0426 as shown in Fig. 6. One can see that
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Fig. 5. (a) The profiles of water concentration in anode GDL and CL; (b) the profiles of water content in the membrane; (c) the profiles of water concentration in
cathode GDL and CL; with four assigned current density /, where Cip a/Csat = Cin,¢/Csar = 100%, 4 =0.4, L3 =150 pwm, and s =0.0126.
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(X-L,-L)L,

Fig. 6. The profiles of water content in the membrane for several assigned val-
ues of membrane expansion coefficient s, where Ciy a/Cgat = Cin,c/Csar = 100%,
e4=0.4, L3 =175 pm, and I= 1.0Acm™2.

the water content of membrane A depends on the parameter s
especially in the region adjacent to the right cathode interface.
The deviation of A at this interface could be approximately 30%
between the case neglecting the effect of membrane swelling
with s=0 and that with s=0.0126, and even higher for larger
value of s. Hence, the results illustrate that the effect of mem-
brane swelling plays a crucial role in the appearance of flooding
phenomenon in the cathode side, and the membrane expansion
coefficient s should be as small as possible to preserve its liquid
water absorption ability.

The variations of membrane overvoltage ¢ with cell current
density [ are illustrated in Fig. 7 for several typical cases vary-
ing from the base state as considered in Fig. 2. In general, the
absolute magnitudes of ¢ increases gradually with 7 in all the
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Fig. 7. The variations of membrane overvoltage with the current density for
several typical cases deviating from the base case of Fig. 2.

curves presented here. It is found that the membrane overvoltage
depends heavily on the relative humidity of reactant gases and
the membrane thickness, but is less sensitive to the variation of
GDL porosity. A lower water concentration in the intake gases
results in a larger membrane overvoltage and this effect grows
rapidly with the decrease of humidification since the drying out
of the membrane becomes significant. A thicker membrane also
increases the loss of membrane overvoltage, and for a fixed value
of current density, the overvoltage seems to be proportional to
the membrane thickness, which is in agreement with the known
requirement that the membrane should be as thin as possible.
The transient performance of a PEMFC is also very impor-
tant especially in the applications of power sources which have to
operate under time-varying load conditions. Fig. 8(a)—(c) shows
the variation of water concentration profile in each layer with
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Fig. 8. (a) The transient profiles of water concentration in anode GDL and CL; (b) the transient profiles of water content in the membrane; (c) the transient profiles of
water concentration in cathode GDL and CL; with several assigned times when the cell changes from the initial state /=0.1 A cm™2 to the final state I=1.0 Acm™2,

where Cip a/Csat = Cin,c/Csar = 100%, 64 =0.4, L3 =175 pm, and s =0.0126.
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Fig. 9. The response time #, for a given initial current density /initial to reach the
final steady state /= 1.0 Acm™2, where Cina/Csat = Cin¢/Csat = 100%, £4=0.4,
and L3 =175 pm.

time from the state 7=0.1Acm™2 to I=1.0Acm™2. At t=0
the initial state with /=0.1 A cm~2, the low reaction rate makes
the vapor in the anode gas channel have sufficient time to pass
through the anode GDL and CL. In the membrane, the effect
of electroosmotic drag is small and the vapor generation rate
adjacent to the right interface is low, too. Therefore, the mem-
brane appears to have more uniform water content. The same
reason causes the water concentration profiles in the cathode
CL and GDL look flat. As soon as the current density changes
to 1.0 Acm™2, the higher reaction rate requires higher trans-
port flux. Accordingly, the profile in Fig. 8(a) reduces and that
in Fig. 8(c) rises rapidly, and then both approach steady states
after time #=3.13s. The enhancement of electroosmotic drag
makes the water content at the left interface of the membrane
lower and that at the right interface rise as shown in Fig. 8(b).
The profile also changes quickly at first and then reaches an
equilibrium state gradually. Similar results also can be obtained
if the relative humidity of intake gases decrease. However, the
time for the cell to be steady will be lengthened. For example,
it will be 4.12 and 6.23 s, respectively, for the cases of reactant
gases with C/Cgy =80% and 60%.

Fig. 9 illustrates the membrane swelling effect on the cell
transient behaviors. The curves in this figure indicate the
response time # required for a given initial current density
Linitial Which is less than 1.0 Acm™2 to reach the final state
I=1.0 Acm™2. Obviously, the effect of membrane swelling will
lengthen the response time. Moreover, the response time seems
to be a constant till the initial current density is close to the
assigned final state that diminishes gradually to zero.

The influences of relative humidity of intake gases, poros-
ity of GDL, and membrane thickness on the response time are
demonstrated in Fig. 10. It is found that the response time is quite
sensitive to the variation of membrane thickness and its value
becomes larger for a thicker membrane. On the other hand, an
increase of GDL porosity may reduce the response time while
it plays a less important role in the parameters affecting the
transient behavior of the system.

10 T T T T T T T T T 1 T 7
base-case condition

Cina= 80 %, Cinc= 80 %
Cina=60%, Cinc=60% |

______ €4 =02
L. € =06 |
6 ——— — Ly = 15();,lm -
SRR L3 =200 pum
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01 02 03 04 05 06 07 08 09 10
2
Linitial (A/em”)

Fig. 10. The variations of response time ¢, for a given initial current density fipital
to reach the final steady state /=1.0 A cm~ for several typical cases deviating
from the base case of Fig. 2.

4. Conclusions

We have developed a one-dimensional model of water trans-
port for a five-layer PEMFC system. A detailed numerical
analysis has been performed to explore the transport characteris-
tics including both steady and transient states. The influences of
several crucial system parameters are examined especially the
membrane swelling effect. The results show that at the anode
side the reactant gas must be humidified with saturated vapor to
insure the transport is toward to the membrane in order to avoid
the occurrence of drying out of membrane. On the other hand, at
the cathode side the saturated intake air causes a supersaturated
water concentration in the CL and thus the cathode takes a risk
of flooding problem. It is found that a lower relative humidity
about 80% is better to prevent the flooding phenomenon and keep
the membrane with appropriate humidity simultaneously. In the
membrane, the water content is dominated by the electroosmotic
drag effect at high current density conditions and the value of
A at the anodic interface decreases rapidly with current density
I. Therefore, it is vital to supply more water to the anode side
of the membrane at high current density conditions. The results
interpret that a higher porosity of GDL or a thinner membrane
would be beneficial to enhance the water transport to the anode
side of the membrane and maintain the water content there. The
membrane expansion coefficient s also plays an important role
in the water content profile of the membrane especially at the
cathode side. It is found that the water content profile will rise
for a membrane with larger value of s and this effect is more
pronounced at the cathode interface.

As for the transient analysis, the results show that the response
time ¢, from one equilibrium state to the other one is related to the
relative humidity in the gas channels, the difference of current
density, the membrane expansion coefficient, the porosity of
GDL, and the membrane thickness. In general, the value of 7,
will increase for a larger difference of current density, a higher
membrane expansion coefficient, and a thicker membrane; and
reduce for higher relative humidity of reactant gases and larger
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porosity of GDL. To improve the transient performance, that is,
to shorten the value of #, the results indicate that the best way
is to use a thinner membrane with smaller membrane expansion
coefficient. Hence, to make the membrane as thin as possible
improves not only the mean water content of the membrane and
the induced ohmic losses, but also the transient performance of
the system. The present results would be helpful for the design
of PEMFC to achieve the optimal control of water transport.
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