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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
schemes so that the best dynamic performance of the fuel cell can be obtained. It is found that both a larger starting operational current density
ip and a smaller operational current densitan lead to a smaller dynamic response tiggethe time for the water distribution across the
membrane to reach the steady state. Present results nevertheless point out that the most powerful as well as the most feasible control schem
is to control the humidification parametieri.e. to adjust the water content of the feeding fuel, so thatthsould remain steadily in a
reasonably low value in a wide range of water flux fractgyranother control parameter of the membrane. The present conclusion can be
useful 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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1. Introduction of the water transportation of the membrane. To examine the
dynamics response of the whole fuel cell, the transient be-
Among various designated applications of PEM fuel cell, havior of each component shall be investigg@&dand then
the power system of mobile vehicles is one of the mostimpor- the dynamics characteristics of each component shall be inte-
tant objects being rooted in the hearts of fuel cell researchersgrated and considered as a whole according to the interaction
[1,2]. In such a mobile power system, the transient behav- between the components. To seek this dynamic response time
ior and the corresponding characteristic times play various and other potential characteristics times, we start from the un-
crucial roles in determining the dynamic performance of the steady water transportation of the PEM fuel, whichin fact had
fuel cell. For example, the time interval from the start of the become a crucialissue in the fuel cell design inthe last decade
operation to the steady state of the fuel cell is one of the mostbecause the electric conductivity depends significantly on the
important characteristic times, which depends largely on the water content in the membraf#e-8].
many dynamic response time constants of each component Inthe membrane of the PEM fuel cell, 9éig. 1, the water
of the fuel cell, among them is the dynamic response time is generated at the cathode and transported through the mem-
brane to the anode by diffusion effect. On the other hand,
the water is also transported from the anode to cathode due
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2. Theoretical model of unsteady water transport in
membrane

Catalyst layers

Consider a membrane of PEM fuel cell of thickneks
(Fig. ). 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 plgb@]. The volume
of membrane is assumed to be not changing with the variation
of hydration, so that the thicknesisremains 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

A h
node it Cathode the flux of water, namely,
> X
0 d ac i
J=—D—+ —w, 1
ox F @)

Fig. 1. A schematic description of the physical domain considered. o )
the water transport equation in the membrane can be written

more significant than diffusion effect, the membrane at the as

anode side will be dehydrated; when the opposite occurs, thedc _ 3/ 8 (Dac _ iw) @)
membrane at the cathode side will be over flooding. Both of 9t  dx  dx ox F )’

these cases lead to enhance the Ohmic loss accounting for a . : :
large part of the voltage loss of the fuel cigl]. To consider Itrr:ewgilf(f:lr}s‘ijolrf g(])ee:zfgléixer?tf g\f/a}[;eer \?v(;:céfsintrt]relemn?énrr?l;?;ﬁ:!s
the water management of the fuel cell, many of the studies the water concentration in the membrairis,the o eratioensal
investigated the water transport of the two-phase flow sys- . " P

tem in which relevant heat transfer problems were also takenCurrent density across the membrane, &nd the Faraday
into account. Some studies considered the physical domainconStam' ine th dv f fth :
membrang10-15] while some focused on the membrane . ' y

[16,17] A common conclusion from these studies was that 1S,

the operational current density, the humidification parameterc(x’ 0)=co(x) (0 <x <dr=0) ©)
and the membrane thickness had a significant influence on the
water transportation in the fuel cell. Recently, Ok§tiz 19] in which co(x) is the water concentration corresponding to

pointed out that the water transportation is also influenced the initial current densityp, whenip=0 the initial water
significantly by the presence of the contaminants, and that atconcentration is uniform, i.eco(x) = co. Besides, there are
the cathode is more serious than that at anode. two boundaries in the physical domain showrFig. 1. On

In most of previous studies mentioned above, only the the left, the interface between the anode and the membrane
steady state water distributions were investigated. In the (x=0), the continuity of water flux shall be satisfied; namely,
present paper, we investigate the transient behavior of the . .
water transportation across the membrane to examine the dy@ + k[ca— ¢(0,1)] = — Dac(o, 1) + wi (4)

Ca — C\Y, s

namic response time of the water transportation of the mem- £ 9 F
brane and, based on the present results, we propose effectivgy which k is the rate constant of Henry's law accounting for
schemes to control the dynamic response time at a reasonablyhe water flux entering into or getting out of the membrane
low value under various operational situations. The paper is driven by the water concentration gradient in the membrane,
organized as follows. In Sectidhthe mathematical model  or called the humidification parametgi8], ca is the water
and relevant initial and boundary conditions regarding the concentration of the membrane x& 0 being equilibrium
unsteady water transport across the membrane is presentegyith the saturated water vapor of the anode gas arisithe
In SectiorBthe effects of the two control physical parameters coefficient accounting for the ratio between the water entering
on the unsteady features of the water transport are discussetthe membrane to the water generated at the catfisele
special attention is paid to the time needed for the water dis- or called the water flux fraction. On the right, the interface
tribution to reach the steady state. In Sectihrthe appli-  petween the membrane and the cathoded), the water flux

cation of the present results in terms of practical feasibility across the membrane is also conserved, namely,
is discussed so that the effective control schemes to shorten

i i i i j ac(d, t Wi
the dynamic response time can be proposed. And, finally, in Pai Ko — c(d.0] = D ed.r) _wi 5)
Section5 concluding remarks are drawn. 2F ox F
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Eq. (5) differs from Eq.(4) by the first term on the left hand
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example to show the transient variation of the water distribu-

side, which accounts for the amount of water generated at thetion across the membrane while, for more easily showing the

cathode and enters the membrane. In Bjc. is the water
concentration of the membrane at the interfaced being
equilibrium with the saturated water vapor of the cathode
gas, and we assung = 1. This condition is justified be-

transient behavior, the water concentration at the cathode is
fixed to be the initial leveCy. 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

cause during the operation of fuel cell the water is constantly becomes more intense as time goes on. The steady state is
generated from the reaction at the cathode so that the watereached at abotds=9.78 s, at which the electro-osmosis ef-
concentration at the cathode can be maintained constant. fect dragging water from anode to cathode is balanced by the
In the present paper, we consider the membrane made ofdiffusion effect pumping water from cathode to anode.

Nafion 117. The water diffusion coefficient B3=1.25 x
10-5cn?s ! (ata =14, T=80°C) [20]. The water concen-
tration in the membrane can be expressed By.dgry/MVey,
where M is the molar weight of membrane taken as
1100g mol~1, Vey is the volume expansion rate of the mem-
brane from dry to wet and is taken as 1.62, akg is the

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
density of the dry membrane and is taken to be 2.02g%&m across the membrane. One is the electro-osmosis effect drag-
[21]. By assuming that the initial water concentratignis ging water from anode to cathode and the other is the diffu-
equilibrium with the water vapor of the membrane, or the sion effect pumping water from cathode to anode. Usually,
vapor entering into the cathode is saturated, one shall havethe water depletion at the anode is more serious than that atthe
A =14[22,23] There are some other routine parameters usedcathode because the electro-osmosis effect is usually higher
in the present analyses but not shown here. For the details othan the diffusion effect. But this may be changed when the
their values the reader is referred to the Table 1 of Chen et al.two physical parameteg andk vary in a way to fit the de-

[3]. sirable water balance control. In the present paper, based on

Note please that in the following analyses special atten- the theoretical model and the boundary and initial conditions
tion will be paid to the dynamic response timetgrwhich is shown previously, we seek for the effective scheme to control
defined as the time for the water distribution across the mem-these two parameters so that the water balance can be reached
brane to reach the steady state from the initial distribution. in a shortest time interval. By examining the transient behav-
Mathematically, we define that the steady state is reachedior of the water concentration across the membrane under
when the following relation is satisfied various operational current densitiesve investigate the ef-

fects of these two control parameters on the variation of the
} <10

so-called dynamic response tiae A smalltssis one of the
few prerequisites of the modern mobile system requiring a
in whichyj (i, j) is any physical variable at th#h time step
on node { j). In the present paper, the water concentration

high power performance.
is taken as the physical variableig. 2 illustrates a typical

aos{ 200t ) ©

Physically, according to Eq¢$4) and (5), the humidifi-
cation parametek accounts for the capability of the water
concentration of the membrane to balance with the saturated
water vapor of the fuel channels at either the anode or cath-
ode. Namely, a larggemeans the water balance between the
membrane and the fuel channel can be achieved in a shorter
time, and vice versa. Similarly, according to Eg), the water
flux fractiong accounts for the portion of the water generated
at the cathode can enter the membrane. A lafggaccord-
ingly means that more water will enter into the membrane
from the cathode during operation. By changing these two
parameters, the diffusion effect of the membrane will also
change so that the water balance in the membrane is changed
under the desired way.

In the following analyses, we consider the base
case T=80°C, p=1atm, d=100um, ig=0Acm 2,
ipo=1Acm2, =0 andk=0.001cms?L. As one considers
the effect of one parameter, the values of the other parameters
are fixed as above. We first examine the effect of the control
parametes on the dynamic response tinig and a typical
result in terms of the variation afswith respect tg3 under
variousi is shown inFig. 3. For a large operational current
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Fig. 2. The water distribution across the membrane at different times: an
example of the change of the water distribution with time, starting from a
uniform distributionc=Cy to the steady state occurring tat9.78s. The
analysis is carried out under the condition thgt 0.0 Acnm?, T=80°C,
p=1atm,d=100pm, andk=0.001cms?.
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densityi =1 Acm~2, the need of water in the membrane to ~ We selected three values gfi.e. =0, 0.45 and 1.0, to

carry protons is large. So that when the water flux from the €xamine the steady state distribution of the water concen-
cathode is small, i.e. a case of smalthe dehydration inthe  tration across the membrane under four different operational
membrane becomes significant so that the time for the watercurrent densities, and the results are shown in respectively
in the membrane to reach the steady state is longer, i.e. aFig. 4@)—(c). Itis seen that for all the cases considered, the
largertss is resulted. On the other hand, whgiis large, the water concentration increases monotonically from the anode
water added from the cathode is large so that the flooding to cathode, confirming that the dehydration usually occurs at
problem in the membrane becomes serious, leading againthe anode side while the flooding occurs at the cathode side.

to another postpone of the water in the membrane to reachThis is obviously due to the predominance of the osmosis
the steady state, i.e. a largigs is required. Consequently, €ffect over the diffusion effect so that the water dragged from

for such a case of largethere leaves a small range @for the anode to cathode is more than the water diffused from the
0.35 <8 < 0.62, in which thess remains at approximately ~ cathode to anode, and which becomes more obvious when a

4s. In such a region, the water concentration across thelarger operational current density is applied. It is also seen

membrane reaches to a steady state within a reasonablyhat, for a largess, the water entering from the cathode in-
short period of time. This is the most desirable ranggof ~Creases so that the water concentration at the cathode side

which the operational condition of fuel cell shall fit in. For increases, which also leads to an increase of the overall water
convenience of the following discussion, we will call this concentration across the membrane.
range ofg the short time range, or STR. And the rangegof The humidification parametéris another important con-
smaller than STR is called the dehydration range (DR) and trol parameter to the dynamic response characteristic of the
that larger than STR is called the flooding range (FR). In
both DR and FR, thisincreases monotonically with either 14
decreasing or increasirgy respectively, and generally has a 13
larger value than that of STR. 12
For a smaller operational current density0.75 A cni 2, 11
as also shown iffrig. 3, due to the smaller amount of water 1
generated inthe membrane under a lowire dehydration of 0.9
the membrane is appeased so that a smaller water flux adde 038
from the cathode is sufficient for the water of the membrane 07
to reach the steady state in a reasonably shorter time. Ac- 06
cordingly, the DR disappears while both the STR and the ' wd
FR are enlarged and the STR is shifted to the lower side of
B, i.e. 0.19<8 <0.52. As the operational current density is 1.6
lowered further td = 0.5 Acnt 2, the STR is enlarged to 0
< B <0.62 while the FR is reduced further. Similar results
are obtained for an even lowersee for example the case

S
3

i=1.0A/em”

ofi=0.25 Acn1 2, the STR remains approximately the same g
with the previous case 6= 0.5 AcnT? while the flooding ~ °
problem becomes less serious.
18 T T T T T
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0 0.2 0.4 0.6 0.8 1 x/d
B
Fig. 4. The distributions of water concentration across the membrane for
Fig. 3. The variations ofss with g for various current density under various current densityunder the condition thag =0.0 Acnt2, T=80°C,
the condition thatip=0.0 AcnT2, T=80°C, p=1atm,d=100um, and p=1atm,d=100um, andk=0.001cms?. (a) #=0; (b) $=0.45 and (c)

k=0.001cms?. B=1.
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Fig. 5. The distributions of water concentration across the membrane un- Fig. 6. The variations ofss with 8 for two different operational current
der a operational current density: 1.0 Acni? for two differentk; (a) densities (@) =0.5Acn?; (b) i=1.0AcnT2. The results are calculated
k=0.001cms?! and (b)k=0.01cms?. The results are calculated under  under the conditiond=80°C, p=1atm, anck=0.001cmsZ.

the conditionsT =80°C, p=1atm, andd=100um.

The results ofFig. 5indicate that a largek means that
water concentration across the membrane. To illustrate this,water can more easily leave from or enter into the membrane
we show inFig. 5the steady state water concentration dis- through diffusion so that the water balance can be more eas-
tribution across the membrane of two differdqtand for ily reached within a shorter time. This scenario is also con-
eachk we consider three differert. For k=0.001cms? firmed by the results shown fig. 6, in which the effect of
(Fig. 5a)), the water concentration increases monotonically the humidification parametéron the variation ofssis illus-
from anode to cathode and a largeresults in an overall  trated. For a lower operational current density0.5 A cnm 2
increase of the water concentration across the membrane befFig. 6(a)), a largerk results in a smalletss for all the g
cause more water enters into the membrane from the cathodeconsidered because the diffusion of water between the mem-
As k increases by 10 times to 0.001 cmigFig. 5b)), the brane and the fuel channels at both the cathode and anode
influence ofg remains, the water concentration at the cathode sides predominates over the pumping of the water entering
decreases and that at the anode increases, while the overaffom the cathode. For the cake 0.001cms?, the STR is
water concentration across the membrane is lowered. Thisabout 0< 8 <0.5 within which thessremains approximately
is because a largérenhances the water penetration (or re- at 4 s and the FR is abogt>0.5 in which thetss increases
moval) across the anode/membrane or the cathode/membranwith A. As k increases to say 0.0015 cmisthe STR is en-
interface, so that at the cathode more water diffuses into thelarged to O< 8 <0.7 and thessis lowered slightly, the range
fuel channel due to both a larger water concentration differ- of FR is reduced and thesis lowered more significantly. As
ence between the membrane and the channel and a largekincreases further to 0.0025 cmisand 0.01 cm3s?, the FR
k accounting for a greater diffusion capability of the mem- disappears and the STR covers the whole rangg; tfetss
brane. At the anode, on the other hand, a laigdiffuses is lowered to respectively 2.5 and 1.5s.
more water of the membrane towards the anode and there- For a larger operational current density 1.0 A cnt?2
fore lifts up the water concentration level of this dehydration (Fig. 6(b)), the dehydration at the anode and the flooding at
region. the cathode become more serious so that for a case of small
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k, sayk=0.001cms?, the STRis small and the DR and FR  range off (a larger STR), being a most desirable situation for
are predominant. Ak increases, saly= 0.0015cms?, the a powerful fuel cell system of fast-response dynamic charac-
FR disappears and the DR and STR share evenly the wholgt€ristics. This can be resulted by humidifying the fuel gas at
range ofg, suggesting that the flooding at the cathode side is the anode side and dehumidifying the fuel gas at the cathode
improved significantly by the increaselofi.e. more wateris  side. Both these schemes enhance the concentration differ-
diffused from the membrane to the fuel channel at the cath- ence between the fuel channel and the membrane, leading to
ode, while the improvement at the anode due to the increase2 better dynamic performance in terms of a smalier

of water diffusion is less significant. Agncreases further to

say 0.0025 and 0.01 cr}, this phenomenon becomes more

obvious and théssis reduced further to a lower value. 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 smalléstin a
widest range of a control parameter suchgadt 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 dengjt\the operational
current density, the water flux fractiors at the cathode, and
the humidification parametdrat both the anode and cath-
ode. The first two parameteirg andi are used to be taken
s the specification data and cannot be used as the control
parameters during the fuel cell operation. But, if one needs to
use them to control the dynamic system, then both a lagger
and a smaller can result in a smallggs. Otherwise, present
results indicate that the paramekeas the most powerful and
useful control parameter that a largdead to a smalletzsin
awider range of, whereg is used as an index of goal instead
of a control parameter. The changekafan be accounted for
by changing the water concentration difference between the
membrane and the fuel channel at either the cathode side or
. . the anode side. More precisely in practical sense, both the
sense it cannot be used as a control parameter either. e .

. L humidification in the fuel gas of the anode and the dehumid-

The water flux fractiors is an intrinsic parameter of the ..~ .~ "~

. . . ification in the fuel gas of the cathode can lead to a smaller
membrane and cannot be changed, according to the extnnsui in alar : .
ss ger range oB, which represents a better dynamic

control conditions, so that in the present study we take . .
. : . performance of the fuel cell as well as a wider choice of the
as an index of goal. Namely, under a prescribed operational . - .
membrane. In brief, as indicated previously by Wood et al.

condition of designateidandig, we control the value of other A

[9] as well as by the present results, the humidification at the
parameter, such &so that a lowest stable valuetgfcan be -

anode not only can improve the fuel cell performance, but

available in alarger range gf or alarger STR. Alarger STR . : : )
. . also is an important scheme to control the dynamic behavior
means a larger range of choice of the membrane to be used in

. . of the water transportation in the membrane. Namely, under
the fuel cell, a more convenient condition for the researchers . L .
. . . appropriate humidification schemes, the water balance in the
in the design of fuel cell dynamic systems.

The humidification parametdg on the other hand, can membrane can be reached in areasonably shorttime, which is

: . animportant feature for the fuel cell to have a better dynamic
be a useful parameter to control the dynamic response time. formance
Although the value ok is also an intrinsic property of the per '
membrane, but, nevertheless, as shown in Egand(5), it
can to some extent account for the amount of water entering
or leaving the membrane, which in fact depends not only on Acknowledgement
the value ofk, but also on the difference between the water
concentration of the membrane and that of the fuel channel. The authors would like to express their grateful apprecia-
Accordingly, by changing this difference of water concentra- tion for the financial supports from National Science Council
tion can account for the effect of changikgAccording to of Taiwan through the research grants: NSC 92-2212-E-002-
the present results, a largegives a smalletss in a larger 096 and NSC 91-2218-E-211-001.

4. The control schemes

Above results show that there exists a rangg,ar STR,
in which thetssremains at a reasonably low value under var-
ious operational conditions, and, more importantly, this
can be lowered either by increasikgr by decreasing 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 parametersk and g influence the
range of STR and the value &f but in real situations the
operational current densityis usually set to be one of the
characteristics parameters in the specification, and in most o
the situations a higher operational current density is desired
for a more powerful motor system. So that, it is rare itiat
employed as a control parameter in real situations. But, nev-
ertheless, if the use ofas a control parameter is considered,
according to the present results, a loweralways desirable
since it corresponds to a smallkgg A similar but opposite
conclusion also applies for the starting operational current
densityig that a largefg corresponds to a smallkg because
alargerig is closer to theé at operatiorj3], while in practical
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