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Abstract

We have investigated the transient behavior of the water transport across the membrane of the PEM fuel cell to seek for effective control
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chemes so that the best dynamic performance of the fuel cell can be obtained. It is found that both a larger starting operational cu
0 and a smaller operational current densityi can lead to a smaller dynamic response timetss, the time for the water distribution across
embrane to reach the steady state. Present results nevertheless point out that the most powerful as well as the most feasible co

s to control the humidification parameterk, i.e. to adjust the water content of the feeding fuel, so that thetss would remain steadily in
easonably low value in a wide range of water flux fractionβ, another control parameter of the membrane. The present conclusion
seful for the design of the PEM fuel cell when its application on the dynamic mobile system is concerned.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Among various designated applications of PEM fuel cell,
he power system of mobile vehicles is one of the most impor-
ant objects being rooted in the hearts of fuel cell researchers
1,2]. In such a mobile power system, the transient behav-
or and the corresponding characteristic times play various
rucial roles in determining the dynamic performance of the
uel cell. For example, the time interval from the start of the
peration to the steady state of the fuel cell is one of the most

mportant characteristic times, which depends largely on the
any dynamic response time constants of each component
f the fuel cell, among them is the dynamic response time

∗ Corresponding author. Tel.: +886 2 3366 5692; fax: +886 2 3366 5691.
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of the water transportation of the membrane. To examin
dynamics response of the whole fuel cell, the transien
havior of each component shall be investigated[3] and then
the dynamics characteristics of each component shall be
grated and considered as a whole according to the intera
between the components. To seek this dynamic respons
and other potential characteristics times, we start from th
steady water transportation of the PEM fuel, which in fact
become a crucial issue in the fuel cell design in the last de
because the electric conductivity depends significantly o
water content in the membrane[4–8].

In the membrane of the PEM fuel cell, seeFig. 1, the wate
is generated at the cathode and transported through the
brane to the anode by diffusion effect. On the other h
the water is also transported from the anode to cathod
to the electro-osmosis effect. When electro-osmosis eff
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Fig. 1. A schematic description of the physical domain considered.

more significant than diffusion effect, the membrane at the
anode side will be dehydrated; when the opposite occurs, the
membrane at the cathode side will be over flooding. Both of
these cases lead to enhance the Ohmic loss accounting for a
large part of the voltage loss of the fuel cell[9]. To consider
the water management of the fuel cell, many of the studies
investigated the water transport of the two-phase flow sys-
tem in which relevant heat transfer problems were also taken
into account. Some studies considered the physical domain
including the gas diffusion layer, the catalyst layer and the
membrane[10–15], while some focused on the membrane
[16,17]. A common conclusion from these studies was that
the operational current density, the humidification parameter
and the membrane thickness had a significant influence on the
water transportation in the fuel cell. Recently, Okada[18,19]
pointed out that the water transportation is also influenced
significantly by the presence of the contaminants, and that at
the cathode is more serious than that at anode.

In most of previous studies mentioned above, only the
steady state water distributions were investigated. In the
present paper, we investigate the transient behavior of the
water transportation across the membrane to examine the dy-
namic response time of the water transportation of the mem-
brane and, based on the present results, we propose effective
schemes to control the dynamic response time at a reasonably
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2. Theoretical model of unsteady water transport in
membrane

Consider a membrane of PEM fuel cell of thicknessd
(Fig. 1). We investigate the unsteady water transport across
the membrane. We assume that the interfaces between the
membrane and the two electrodes are flat plane and all the
physical properties are uniform on the plane[16]. The volume
of membrane is assumed to be not changing with the variation
of hydration, so that the thicknessd remains constant. The
reactions in electrodes are assumed to be much faster than
the water transport in the membrane. Since the combination
of the diffusion and the electro-osmosis effects accounts for
the flux of water, namely,

J = −D
∂c

∂x
+ i

F
w, (1)

the water transport equation in the membrane can be written
as

∂c

∂t
= −∂J

∂x
= ∂

∂x

(
D

∂c

∂x
− i

F
w

)
, (2)

in which J is the flux of water across the membrane,D is
the diffusion coefficient of the water in the membrane,c is
the water concentration in the membrane,i is the operational
current density across the membrane, andF is the Faraday
constant.

To examine the unsteady features of the water transport in
the membrane, we assume initially the water concentration
is,

c(x, 0) = c0(x) (0 < x < dt = 0) (3)

in which c0(x) is the water concentration corresponding to
the initial current densityi0, when i0 = 0 the initial water
concentration is uniform, i.e.c0(x) =c0. Besides, there are
two boundaries in the physical domain shown inFig. 1. On
the left, the interface between the anode and the membrane
(x= 0), the continuity of water flux shall be satisfied; namely,

β1i

F
+ k[ca − c(0, t)] = −D

∂c(0, t)

∂x
+ wi

F
, (4)

in whichk is the rate constant of Henry’s law accounting for
the water flux entering into or getting out of the membrane
driven by the water concentration gradient in the membrane,
or called the humidification parameter[18], ca is the water
concentration of the membrane atx= 0 being equilibrium
with the saturated water vapor of the anode gas, andβ1 is the
coefficient accounting for the ratio between the water entering
the membrane to the water generated at the cathode[19],
or called the water flux fraction. On the right, the interface
between the membrane and the cathode (x = d), the water flux
across the membrane is also conserved, namely,

β2i

2F
+ k[cc − c(d, t)] = D

∂c(d, t)

∂x
− wi

F
. (5)
ow value under various operational situations. The pap
rganized as follows. In Section2 the mathematical mod
nd relevant initial and boundary conditions regarding
nsteady water transport across the membrane is pres

n Section3the effects of the two control physical parame
n the unsteady features of the water transport are discu
pecial attention is paid to the time needed for the wate
ribution to reach the steady state. In Section4, the appli-
ation of the present results in terms of practical feasib
s discussed so that the effective control schemes to sh
he dynamic response time can be proposed. And, fina
ection5 concluding remarks are drawn.
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Eq. (5) differs from Eq.(4) by the first term on the left hand
side, which accounts for the amount of water generated at the
cathode and enters the membrane. In Eq.(5) cc is the water
concentration of the membrane at the interfacex = d being
equilibrium with the saturated water vapor of the cathode
gas, and we assumeβ2 =β1. This condition is justified be-
cause during the operation of fuel cell the water is constantly
generated from the reaction at the cathode so that the water
concentration at the cathode can be maintained constant.

In the present paper, we consider the membrane made of
Nafion 117. The water diffusion coefficient isD= 1.25 ×
10−5 cm2 s−1 (at λ = 14,T= 80◦C) [20]. The water concen-
tration in the membrane can be expressed byc = λddry/MVex,
where M is the molar weight of membrane taken as
1100gmol−1, Vex is the volume expansion rate of the mem-
brane from dry to wet and is taken as 1.62, andddry is the
density of the dry membrane and is taken to be 2.02 g cm−3

[21]. By assuming that the initial water concentrationc0 is
equilibrium with the water vapor of the membrane, or the
vapor entering into the cathode is saturated, one shall have
λ = 14[22,23]. There are some other routine parameters used
in the present analyses but not shown here. For the details of
their values the reader is referred to the Table 1 of Chen et al.
[3].

Note please that in the following analyses special atten-
t
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example to show the transient variation of the water distribu-
tion across the membrane while, for more easily showing the
transient behavior, the water concentration at the cathode is
fixed to be the initial levelC0. It is seen that the water concen-
tration decreases with time in the whole membrane, and due
to the electro-osmosis effect the water depletion at the anode
becomes more intense as time goes on. The steady state is
reached at abouttss= 9.78 s, at which the electro-osmosis ef-
fect dragging water from anode to cathode is balanced by the
diffusion effect pumping water from cathode to anode.

3. The effects of the two control parameters

As stated previously, during the fuel cell operation, there
are two mechanisms driving the transportation of the water
across the membrane. One is the electro-osmosis effect drag-
ging water from anode to cathode and the other is the diffu-
sion effect pumping water from cathode to anode. Usually,
the water depletion at the anode is more serious than that at the
cathode because the electro-osmosis effect is usually higher
than the diffusion effect. But this may be changed when the
two physical parametersβ andk vary in a way to fit the de-
sirable water balance control. In the present paper, based on
the theoretical model and the boundary and initial conditions
s ntrol
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ion will be paid to the dynamic response time, ortss, which is
efined as the time for the water distribution across the m
rane to reach the steady state from the initial distribu
athematically, we define that the steady state is rea
hen the following relation is satisfied

bs

{
Max

[yn+1(i, j) − yn(i, j)]

yn+1(i, j)

}
< 10−4 (6)

n whichyn (i, j) is any physical variable at thenth time step
n node (i, j). In the present paper, the water concentra

s taken as the physical variable.Fig. 2 illustrates a typica

ig. 2. The water distribution across the membrane at different time
xample of the change of the water distribution with time, starting fro
niform distributionc=C0 to the steady state occurring att= 9.78 s. The
nalysis is carried out under the condition thati0 = 0.0 A cm−2, T= 80◦C,
= 1 atm,d= 100�m, andk= 0.001 cm s−1.
hown previously, we seek for the effective scheme to co
hese two parameters so that the water balance can be re
n a shortest time interval. By examining the transient be
or of the water concentration across the membrane u
arious operational current densitiesi, we investigate the e
ects of these two control parameters on the variation o
o-called dynamic response timetss. A small tss is one of the
ew prerequisites of the modern mobile system requiri
igh power performance.

Physically, according to Eqs.(4) and (5), the humidifi-
ation parameterk accounts for the capability of the wa
oncentration of the membrane to balance with the satu
ater vapor of the fuel channels at either the anode or
de. Namely, a largerkmeans the water balance between
embrane and the fuel channel can be achieved in a s

ime, and vice versa. Similarly, according to Eq.(5), the wate
ux fractionβ accounts for the portion of the water genera
t the cathode can enter the membrane. A largerβ accord-

ngly means that more water will enter into the membr
rom the cathode during operation. By changing these
arameters, the diffusion effect of the membrane will
hange so that the water balance in the membrane is ch
nder the desired way.

In the following analyses, we consider the b
ase T= 80◦C, p= 1 atm, d= 100�m, i0 = 0 A cm−2,

0 = 1 A cm−2, β = 0 andk= 0.001 cm s−1. As one consider
he effect of one parameter, the values of the other param
re fixed as above. We first examine the effect of the co
arameterβ on the dynamic response timetss and a typica
esult in terms of the variation oftss with respect toβ under
ariousi is shown inFig. 3. For a large operational curre
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densityi = 1 A cm−2, the need of water in the membrane to
carry protons is large. So that when the water flux from the
cathode is small, i.e. a case of smallβ, the dehydration in the
membrane becomes significant so that the time for the water
in the membrane to reach the steady state is longer, i.e. a
largertss is resulted. On the other hand, whenβ is large, the
water added from the cathode is large so that the flooding
problem in the membrane becomes serious, leading again
to another postpone of the water in the membrane to reach
the steady state, i.e. a largertss is required. Consequently,
for such a case of largei, there leaves a small range ofβ, or
0.35 <β < 0.62, in which thetss remains at approximately
4 s. In such a region, the water concentration across the
membrane reaches to a steady state within a reasonably
short period of time. This is the most desirable range ofβ

which the operational condition of fuel cell shall fit in. For
convenience of the following discussion, we will call this
range ofβ the short time range, or STR. And the range ofβ

smaller than STR is called the dehydration range (DR) and
that larger than STR is called the flooding range (FR). In
both DR and FR, thetss increases monotonically with either
decreasing or increasingβ, respectively, and generally has a
larger value than that of STR.

For a smaller operational current densityi = 0.75 A cm−2,
as also shown inFig. 3, due to the smaller amount of water
g f
t added
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t . Ac-
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We selected three values ofβ, i.e.β = 0, 0.45 and 1.0, to
examine the steady state distribution of the water concen-
tration across the membrane under four different operational
current densities, and the results are shown in respectively
Fig. 4(a)–(c). It is seen that for all the cases considered, the
water concentration increases monotonically from the anode
to cathode, confirming that the dehydration usually occurs at
the anode side while the flooding occurs at the cathode side.
This is obviously due to the predominance of the osmosis
effect over the diffusion effect so that the water dragged from
the anode to cathode is more than the water diffused from the
cathode to anode, and which becomes more obvious when a
larger operational current density is applied. It is also seen
that, for a largerβ, the water entering from the cathode in-
creases so that the water concentration at the cathode side
increases, which also leads to an increase of the overall water
concentration across the membrane.

The humidification parameterk is another important con-
trol parameter to the dynamic response characteristic of the

Fig. 4. The distributions of water concentration across the membrane for
various current densityi under the condition thati0 = 0.0 A cm−2, T= 80◦C,
p= 1 atm,d= 100�m, andk= 0.001 cm s−1. (a) β = 0; (b) β = 0.45 and (c)
β = 1.
enerated in the membrane under a loweri, the dehydration o
he membrane is appeased so that a smaller water flux
rom the cathode is sufficient for the water of the memb
o reach the steady state in a reasonably shorter time
ordingly, the DR disappears while both the STR and
R are enlarged and the STR is shifted to the lower sid
, i.e. 0.19<β <0.52. As the operational current density

owered further toi = 0.5 A cm−2, the STR is enlarged to
β <0.62 while the FR is reduced further. Similar res

re obtained for an even loweri, see for example the ca
f i = 0.25 A cm−2, the STR remains approximately the sa
ith the previous case ofi = 0.5 A cm−2 while the flooding
roblem becomes less serious.

ig. 3. The variations oftss with β for various current densityi under
he condition thati0 = 0.0 A cm−2, T= 80◦C, p= 1 atm, d= 100�m, and
= 0.001 cm s−1.



F. Chen et al. / Journal of Power Sources 140 (2005) 243–249 247

Fig. 5. The distributions of water concentration across the membrane un-
der a operational current densityi = 1.0 A cm−2 for two different k; (a)
k= 0.001 cm s−1 and (b)k= 0.01 cm s−1. The results are calculated under
the conditionsT= 80◦C, p= 1 atm, andd= 100�m.

water concentration across the membrane. To illustrate this,
we show inFig. 5 the steady state water concentration dis-
tribution across the membrane of two differentk, and for
eachk we consider three differentβ. For k= 0.001 cm s−1

(Fig. 5(a)), the water concentration increases monotonically
from anode to cathode and a largerβ results in an overall
increase of the water concentration across the membrane be-
cause more water enters into the membrane from the cathode.
As k increases by 10 times to 0.001 cm s−1 (Fig. 5(b)), the
influence ofβ remains, the water concentration at the cathode
decreases and that at the anode increases, while the overall
water concentration across the membrane is lowered. This
is because a largerk enhances the water penetration (or re-
moval) across the anode/membrane or the cathode/membrane
interface, so that at the cathode more water diffuses into the
fuel channel due to both a larger water concentration differ-
ence between the membrane and the channel and a larger
k accounting for a greater diffusion capability of the mem-
brane. At the anode, on the other hand, a largerk diffuses
more water of the membrane towards the anode and there-
fore lifts up the water concentration level of this dehydration
region.

Fig. 6. The variations oftss with β for two different operational current
densities (a)i = 0.5 A cm−2; (b) i = 1.0 A cm−2. The results are calculated
under the conditionsT= 80◦C, p= 1 atm, andk= 0.001 cm s−1.

The results ofFig. 5 indicate that a largerk means that
water can more easily leave from or enter into the membrane
through diffusion so that the water balance can be more eas-
ily reached within a shorter time. This scenario is also con-
firmed by the results shown inFig. 6, in which the effect of
the humidification parameterk on the variation oftss is illus-
trated. For a lower operational current densityi = 0.5 A cm−2

(Fig. 6(a)), a largerk results in a smallertss for all the β

considered because the diffusion of water between the mem-
brane and the fuel channels at both the cathode and anode
sides predominates over the pumping of the water entering
from the cathode. For the casek= 0.001 cm s−1, the STR is
about 0≤ β <0.5 within which thetssremains approximately
at 4 s and the FR is aboutβ ≥0.5 in which thetss increases
with β. As k increases to say 0.0015 cm s−1, the STR is en-
larged to 0≤ β <0.7 and thetss is lowered slightly, the range
of FR is reduced and thetss is lowered more significantly. As
k increases further to 0.0025 cm s−1 and 0.01 cm s−1, the FR
disappears and the STR covers the whole range ofβ, thetss
is lowered to respectively 2.5 and 1.5 s.

For a larger operational current densityi = 1.0 A cm−2

(Fig. 6(b)), the dehydration at the anode and the flooding at
the cathode become more serious so that for a case of small
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k, sayk= 0.001 cm s−1, the STR is small and the DR and FR
are predominant. Ask increases, sayk = 0.0015 cm s−1, the
FR disappears and the DR and STR share evenly the whole
range ofβ, suggesting that the flooding at the cathode side is
improved significantly by the increase ofk, i.e. more water is
diffused from the membrane to the fuel channel at the cath-
ode, while the improvement at the anode due to the increase
of water diffusion is less significant. Ask increases further to
say 0.0025 and 0.01 cm s−1, this phenomenon becomes more
obvious and thetss is reduced further to a lower value.

4. The control schemes

Above results show that there exists a range ofβ, or STR,
in which thetss remains at a reasonably low value under var-
ious operational conditions, and, more importantly, thistss
can be lowered either by increasingkor by decreasingi. This
outcome is superior in terms of the feasibility of an effec-
tive control scheme to apply on the dynamic fuel cell system.
Although all the three parametersi, k andβ influence the
range of STR and the value oftss, but in real situations the
operational current densityi is usually set to be one of the
characteristics parameters in the specification, and in most of
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range ofβ (a larger STR), being a most desirable situation for
a powerful fuel cell system of fast-response dynamic charac-
teristics. This can be resulted by humidifying the fuel gas at
the anode side and dehumidifying the fuel gas at the cathode
side. Both these schemes enhance the concentration differ-
ence between the fuel channel and the membrane, leading to
a better dynamic performance in terms of a smallertss.

5. Concluding remarks

We have investigated the unsteady water transport in the
membrane of the PEM fuel cell to seek for effective schemes
with which the water transport in the membrane can reach
a steady state in a reasonable short time under a wide range
of control condition, or more specifically a smallesttss in a
widest range of a control parameter such asβ. It is found
that there are essentially four parameters relevant to the un-
steady features of the water transport of the membrane, they
are the starting operational current densityi0, the operational
current densityi, the water flux fractionβ at the cathode, and
the humidification parameterk at both the anode and cath-
ode. The first two parametersi0 and i are used to be taken
as the specification data and cannot be used as the control
parameters during the fuel cell operation. But, if one needs to
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he situations a higher operational current density is de
or a more powerful motor system. So that, it is rare thai is
mployed as a control parameter in real situations. But,
rtheless, if the use ofi as a control parameter is consider
ccording to the present results, a loweri is always desirabl
ince it corresponds to a smallertss. A similar but opposit
onclusion also applies for the starting operational cu
ensityi0 that a largeri0 corresponds to a smallertssbecaus
largeri0 is closer to thei at operation[3], while in practica
ense it cannot be used as a control parameter either.

The water flux fractionβ is an intrinsic parameter of th
embrane and cannot be changed, according to the ex

ontrol conditions, so that in the present study we taβ
s an index of goal. Namely, under a prescribed operat
ondition of designatedi andi0, we control the value of oth
arameter, such ask so that a lowest stable value oftsscan be
vailable in a larger range ofβ, or a larger STR. A larger ST
eans a larger range of choice of the membrane to be u

he fuel cell, a more convenient condition for the researc
n the design of fuel cell dynamic systems.

The humidification parameterk, on the other hand, ca
e a useful parameter to control the dynamic response
lthough the value ofk is also an intrinsic property of th
embrane, but, nevertheless, as shown in Eqs.(4) and(5), it

an to some extent account for the amount of water ent
r leaving the membrane, which in fact depends not on

he value ofk, but also on the difference between the w
oncentration of the membrane and that of the fuel cha
ccordingly, by changing this difference of water concen

ion can account for the effect of changingk. According to
he present results, a largerk gives a smallertss in a larger
se them to control the dynamic system, then both a largi0
nd a smalleri can result in a smallertss. Otherwise, prese
esults indicate that the parameterk is the most powerful an
seful control parameter that a largerk lead to a smallertssin
wider range ofβ, whereβ is used as an index of goal inste
f a control parameter. The change ofk can be accounted f
y changing the water concentration difference betwee
embrane and the fuel channel at either the cathode s

he anode side. More precisely in practical sense, bot
umidification in the fuel gas of the anode and the dehu

fication in the fuel gas of the cathode can lead to a sm
ss in a larger range ofβ, which represents a better dynam
erformance of the fuel cell as well as a wider choice o
embrane. In brief, as indicated previously by Wood e

9] as well as by the present results, the humidification a
node not only can improve the fuel cell performance,
lso is an important scheme to control the dynamic beh
f the water transportation in the membrane. Namely, u
ppropriate humidification schemes, the water balance
embrane can be reached in a reasonably short time, wh
n important feature for the fuel cell to have a better dyna
erformance.
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