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Abstract

In the present work, the detailed thermal and water management in the membrane of proton exchange membrane fuel cells (PEMFC)
is investigated numerically. The coupling effects of mass diffusion and temperature gradient on the water distribution in the membrane
are taken into account with consideration of the temperature-dependent diffusivity. Thermal and water transport equations with various
boundary conditions are solved by the control volume finite difference method. Predictions show that under the conditions of fixed water
concentration at the cathode side, the effect of cathode tempergiuos, the water concentration is significant. Increaség imay lead
to an increase in membrane dehydration. At the water-flux condition on the cathode side, the influence of the operating temperature on
the water distribution in the membrane shows a similar trend. The effects of the anode temp&satmehe water management in the
membrane are also examined. It is found thahas considerable impact on the water content in the membrane. In addition, high current
density may cause non-uniformity of the temperature distribution in the membrane.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction it is appealing to have a theoretical model which can pro-
vide detailed understanding of the governing phenomena in-
Recent interests in proton exchange membrane fuel cellside the membrane. This motivates the present study, which
(PEMFC) systems have caused extensive studies on thermaéxamines the water concentration and temperature within
and water management. During (PEMFC) operation, water membrane of PEMFCs.
molecules can be carried from the anode side to the cathode In past decades, there have been numerous studies of
side of the membrane by electro-osmosis, and if the trans-transport phenomena in PEMFCs. Berndidi proposed a
port rate of water is higher than the back-diffusion rate from one-dimensional model of water management with consid-
the anode to the cathode, the membrane will become dehy-eration of the membrane thickness. By using this model, it
drated and too resistive to conduct high current. At the cath- was found that the diffusion in the water production and
ode side of the membrane, where water molecules are notevaporation rate in the PEMFC can result in the flooding
only transported from anode side but also generated by theof the electrode or the membrane dehydration, and there-
cathodic reaction, electrode flooding occurs when the waterfore affect the performance of the fuel cells. In addition,
removal rate fails to keep up with its transport rate out of the effects of the humidification on the current-voltage
the electrode. On the other hand, the temperature gradient incurves of the fuel cells under various operating conditions
the membrane may influence the fuel-cell performance by were presented. Springer et ] developed an isothermal,
affecting the transport of water and gaseous species as welbne-dimensional, steady-state model for the PEMFC with
as the electrochemical reactions in the electrode. Therefore Nafior® 117[2]. Diffusion, electro-osmotic drag and mem-
brane conduction were all taken into account. The results
+ Corresponding author. Tels 886-2-2663-3847: §howed Fhat t_he net water-flux ratio undgr a typical operat-
fax: +886-2-2663-3847. ing condition is much less than that within a fully-hydrated
E-mail address; wmyan@huafan.hfu.edu.tw (W.-M. Yan). membrane. It was also found that the membrane resis-
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twice amount of that at the cathode electrode. The reactant

Nomenclature gas at the anode needs to be humidified since the membrane

Ca water concentration per unit volume at is dehydrated at high current densities. Fuller and Newman
the anode side (mol cn?) [5] proposed a two-dimensional mathematical model for the
Cec water concentration per unit volume at water and thermal management and the utilization of the fuel
the cathode side (mol cmi) of a PEMFC. Due to the water sorption depending strongly
Cr,0 Water concentration in the membrane per on the temperature, the waste heat is a critical parameter in
unit volume (mol cnt3) the design of the proton exchange membrane fuel cells.
C,1  specific heat of liquid water (Jkd K1) In the numerical analysis of Mosdale and Srinivafgin
d density of the membrane (g ctf) it was clearly seen that the large current density limit of fuel
D diffusion coefficient of water in the cell is more for pure oxygen than for air used at the cathode
membrane (cihs 1) side. Voss et a[.7] proposed a new technique for water man-
Da diffusion coefficient of water at the agement, by which it was found that if the back-diffusion
anode side (chsY) rate and the water concentration are increased, the water at
De diffusion coefficient of water at the the cathode could be removed via the anode stream. Xie
cathode side (cAs2) and Okada[8] showed that the water transfer coefficient

of Nafio® 117 membrane in the Hform was 2.6. The

iF ES;?:S%’; ffr?zainéeii?ti?(ﬁig? ) Na_fiorFFD 1_17 membrane has good performance for HCI so-
K thermal conductivity (W et K‘l) Iut|o.n.s with a_t concentration that ranges from 0.003 to 1 N.
o molecular flux of water (mol cmts2) Add_|t|0nally, it was also shown that the water t_ransport be-
M 2 molecular weight of water (kg mof) hawour is related to the surface—chqnge density, the hydra-
R ohmic resistance per unit volume em-4) tion enth_alpy an_d the water content in the membran_e.
T temperature°C) By using a linear transport equation for water in th_e
PEMFC, detailed transport phenomena of the PEMFC, in-
v volume of the mem.br.ane (chn cluding diffusion and electro-osmotic drag effects, were an-
w water transfer coefficient alytically solved by Okada et a[9,10]. In these studies,
both semi-finite and finite boundaries were considered. The
Greek letters . predicted results showed that the current density, the wa-
« . watgr Into membrane by ter penetration parameters, the membrane thickness and the
concentration grac_Jllent (nr$) diffusion coefficient of water are the key factors in determi-
A membrane hydration or water content nation of the water content in the membrane. Foreign impu-
(moles water/moles charge sites) rities such as NaCl will cause a serious impact on the water
v rate of water entry the membrane

depletion at the anode side. Water supplied from the anode
side of the membrane is needed. Okada extended the mod-
. elling to account of the effect of impurity ions at both the
Subscripts anode and the cathode side of the membidiel2] The

proportional to the current density

a ancr)]d((aj S'd% of tfhi membrgne results indicated that both the current density and the mem-
c cathode side of the membrane brane thickness are important parameters in the water man-
m membrane

agement of the membrane, especially when the membrane
surface has impurity ions. The distribution of contaminant
ions degrades the membrane and the performance of the
tance is significantly enhanced as the current density is in-fuel cell. Deterioration of cell performance in the presence
creased. By comparison, the resistance is reduced for a thinof non-uniform impurities in the membrane is more serious
membrane. than in the case of non-uniform impurities distribution.

Fuller and Newmaifi3] examined experimentally the wa- Thermal management in the direct methanol fuel cell
ter transport number in Nafi6h117. The relationship be- (DMFC) was investigated by Argyropoulos et |l3,14] A
tween transport number and electro-osmotic coefficient was model was developed to investigate the effects of various op-
presented. It was demonstrated that the transport numbererating parameters (feed and oxidant temperatures, flow rate
decreases slowly as the membrane is dehydrated, but fallsand pressure, operating current density) and system design
quickly to zero when the water concentration approaches to (active area, material properties and geometry) on the per-
zero. Nguyen and Whitgl] performed modelling of the wa-  formance of the DMFC. The mathematical model includes
ter and heat management in PEMFC. The model includedthe gas-diffusion layer, the catalyst layer and the membrane.
the effect of electro-osmosis, diffusion of water; heat trans- It can also be used to predict the steady-state performance of
fer from solid phase to gas phase and latent heat as watethe DMFC stacks. The diffusion flux across a Nafianem-
evaporation and condensation. It was found that the ohmicbrane can be accurately predicted by using Fick’s diffusion
loss is noticeable at high current density. The voltage loss is coefficient. Motupally et al[15] showed that increasing the
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cell pressure will decrease the water activity and reduce the 7
diffusion coefficient.

Baschuk and Li[16] developed a mathematical model
with variable degrees of water flooding in the PEMFC. Phys-
ical and electrochemical processes occurring in the mem-
brane electrolyte, the cathode catalyst layer, the electrode
backing layer and the flow channel were considered. Com- T
pared with experimental results, it was found that when air is

. L H,O(drag)
used as the cathode fuel, the flooding phenomena are similar
for different operating conditions of the pressures and tem-
peratures. When the cell pressure is increased significantly, H,0(diffusion) X
the water flooding in the electrode becomes serious. This x=0 Membrane  x=d
will significantly reduce the power output. Recently, Rowe Anode catalyst Cathode catalyst
and Li[17] carried out a two-dimensional simulation of wa- layer layer

ter transport in the PEMFC without external humidification.
This model calculated the fraction of product water leaving
the anode side of the fuel cell. The results indicated that the ) ) )
amount of water leaving the anode depends on the hydrogen (vii) Heat loss to the surrounding environment is small and
stoichiometry, oxygen stoichiometry, current density, and __ can be neglected.
cell temperature. One of the most recent PEMFC models (Vi) Joule-heating is considered to be to the membrane
was proposed by Dijilali and L[18] for analysis of fuel-cell ohmic resistance.
performance and water transport. The thermodynamic equa-\with the above assumptions, the governing equations for the
tion was determined by the Nernst equation and the reac-water balance can then be formulated as follows.
tion kinetics were calculated by the Butler—Volmer equation.
Analysis showed that the water requirement to prevent the 2 1. \Water transfer equation
membrane from dehydrating or flooding is important.

From the literature reviews presented above, it is con- |n the membrane of a PEMFC, the water flux is com-
cluded that the effects of the temperature gradient on waterppsed of two components, namely, a diffusion flux and an
management in the PEMFCs are not well defined. In fact, electro-osmosis fluf4,5]. The latter is proportional to the

the water content in the membrane can be influenced by thecurrent densityi. The total water flux can then be described
local temperature distribution since the diffusivity in water py:

transport is temperature-dependent. On the other hand, the .

energy balance is also closely related to the water contenty, o = <—DH20 dCh,0 + Lszo) ; (1)

or local water concentration in the membrane. The objective dx F

of the present study is to explore the coupling mechanismsWhere:mHZO is the molar flux of the watemy, o is the dif-

of thermal-mass-transport phenomena in the membrane of,sion coefficient of water in the membrar@,o is the wa-

PEMFC systems. ter concentration in the membrarids the current density;
F is the Faraday constanti,o is the water transfer coeffi-
cient. Therefore, the rate of water concentration is given by:

2. Analysis 9CH,0 0MmH,0 0 9CH,0 i
o ax  ox \ M0 w0 ) (2)

Fig. 1. Schematic diagram of physical system.

Consideration is given to a PEMFC in which the polymer

electrolyte membrane made from Naffonits thickness is For steady-state conditions, the above equation becomes:

smaller than its length and width, as shown schematically d dCho i
in Fig. 1 Therefore, it can treat it as a one-dimensional g, \ “H0"g, — F¥WH0) = 0 ®)
problem. To simplify the analysis, the following assumptions
are made. dDp,0 dCh,0 d?Cho i
—=—="4D - = =0 4
dx dr | WOTgz T FWHO @
(i) The transports are steady-state and one-dimensional. Generally, the water transfer coefficient is a function of water
(if) The pressure is constant. concentration, for example:
(i) An ideal gas mixture is assumed. © @ b o
(iv) Liquid water flux is only determined in the membrane. wWH,0 = w;~ + wy CH,0 + wiCh,o+ - (5)

(v) The volume of the membrane is constant. ©)

(vi) The convective effects are negligible for a small To simplify the analysis, only the first two terms, ~ and

Reynolds number. w(ll), are taken to represent the zero-order and first-order
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coefficients with respect t61,0. The water transfer coeffi- d2r dCh,0 2i
. (€8}
cient can then be expressed as: Kmgz + [—ZDHzO d; MCpi+ i CHzoMCp,I}
WH,0 = w;(LO) + w;(Ll) CH,0 (6) % d_T + 2R + _—dDHzo —dCHZOMC |
dx dx dx P

The water transfer coefficient for Naff8rmembrane is cal- 2 .

lated by the followin tiof8,9]: FCroye 4+ Loy 1r g
culated by the following equatiof3,9]: _DHZOT p,|+fw1 & MGy T =

1100wm Viwet
— - Mmwel 7 (11)

WH,0 22dVdry ( )

By combiningEgs. (8) and (11)the above equation can be

where: the volume ratio for dry to We\twetlvdg, is 16.2, and simply expressed as:

the density of the membrané, is 2.02 g cn°. In addition,

the water transfer coefficienty, is 3.2 at 80C. d2r —£\ dCh,0
The diffusion coefficient for liquid water in the membrane y5 + [A € D( > dx

is determined as a function of temperature (in K) and mem-

+ ZBCH20:| (;T =H (12a)

brane hydration2], i.e., Here the constanf, B, andH are:
1 1 —2GMC,, |
D0 = 2416( =—— — = ) | (2.563— 0. A=— " 12b
H,0 exp[ 6(303 T)} (2.563— 0.33\ Ko (12b)
+0.0264.2 — 0.000672.%) x 10~ 1° (8a) @
B— iwy "MC,, | 12
If the membrane hydration parameteis taken to be 14, as - FKm (12c)
given in[17], then the above equation reduces to:
—i’R
- H= 12
Dy,0=6G exp(%) (8b) Km (12d)
Here: Si.n_"nilarly, the water transfer equatiog. (4) can be sim-
plified as:
£ =2416 (8c) 5
d“Ch.0o & dr & dCh,0
G =2.903x 1077 f(0) @) gt [—zd— —Nexp( )| == =0  (133)
f(») = 2.563— 0.33% + 0.0264.2 — 0.000672.2 ®e)  where:
2.2. Ener uation iw'
e N= 1,% (13b)

The energy equation is based on Fourier's law of heat
conduction; i.e.,

o’T
dx2
where:Kp, is the membrane thermal conductivi, | is the
specific heat of liquid water, and is the ohmic resistance
per unit volume. The first term represents the diffusion term
of the heat, the second term expresses the energy flux due to

the convection, and the third term stands for the joule-heating (_) 0.85
owing to the membrane ohmic resistance. O

K
m i=0.1A/cm’”

d . .
+ o OtHp0Cp D) + i’R=0 (9)
0.95

0.9

0.8
2.3. Combination of water transport and energy equations

Present Predictions

At first, the molar flux of water is changed into the mass 0.75

flux of water. Therkq. (1)becomes:

VeaA Okada et al. [9]
0‘7 1 Il L 1

, dCh,0 i 0 0.2 0.4 0.6 0.8 1
MH,0 = <_DH20 o =+ — H20> M (10) x/d

Fig. 2. Comparison of present predictions with those of Okada ¢15].
whereM is the molecular weight of water. Substituting the nger conditions of = 0.1 Am=2, T, = 60°C, T, = 60°C and constant

above equation int&q. (9)gives: cathode concentratiofi; = 1.59 x 104 molm~3.
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Table 1
Physical parameters and corresponding values used in this work
Parameter Symbol  Value
Constant term of water transference coefficient at anode side of membrane as expressed by a series exgapsion ofwg” 0
Constant term of water transference coefficient at cathode side of membrane as expressed by a series expagsion al‘c(’) 0
First order term of water transfer coefficient at anode side of membrane as expressed by a series eXpassion wél) 1.28x 104
First order term of water transfer coefficient at cathode side of membrane as expressed by a series apafsion wd 1.28 x 1074
Current density (Acm?) i 0-3.1
Coefficient characterizing water flux into anode side of membrane Va 0-1.0
Coefficient characterizing water flux into cathode side of membrane Ve 0-1.0
Specific conductivity at anode side of membrane (ch)s Ka 1x103%t01
Specific conductivity at cathode side of membrane (ch s Kc 1x103%t01
Thickness of membrane (cm) d | x 1072
Thermal conductivity of membrane (W crthK—1) Km 0.0014
Specific heat of liquid water (Jkd K1) Cp. 4180
Faraday constant (As nol) F 96487
Molecular weight (kg mot?) M 0.018
Ohmic resistance per unit lengtk m™1) R 0.000945
1 T T T T
Ta=100°C
0.99 | 9% 1
80
098 | 70 1
60
o
9 o097} .
@]
0.96 | L
0.95 i
0.94 . . . .
0 0.2 0.4 0.6 0.8 1
(@ x/d
1 T T T T
099 | .
098 | .
o
O 097 | .
—~
@)
Ta=100°C —
0.96 b
— 60
0.95 b
0.94 1 1 1 1
0 0.2 0.4 0.6 0.8 1
(b) x/d

Fig. 3. Water concentration distribution in membrane wita 0.1Acm™2, T, = 100°C, and constant cathode concentrat@n= 1.59 x 10~4 mol cnr3:
(a) constant diffusion coefficient; (b) variable diffusion coefficient.
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2.4. Boundary conditions
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section, the following boundary conditions are specified.

2.4.1. Concentration conditions at anode-membrane

interface

At the anode-side membrane interface, the condition of

water-flux balancg9—-12] is imposed, namely:

Val
% + ka[Ca — Ch,0(0)]
0CH0(0) i
= DY —Z=— + —[wl + w{'Cho(®]  (14)
ox F
1 T T T T
o
S |
@)
0]8 1
@ x/d
1 T T T T
R |
1S4
O i
O.IS 1
(b) x/d
1 : : : :
0.99 | ]
R |
S
@) i
0]8 1
©

Fig. 4. Effect of T¢

on water

concentration distribution with

i = 0.1Acm2 and constant cathode concentrati6g = 1.59 x 10*
molcm3: (a) Ta = 60°C; (b) Ta = 80°C; (c) Ta = 100°C.

where:v, is a factor expressing the rate of water entry at the
anode side of the membrane and is proportional to the cur-
To solve the governing equations formulated in the last rent densityx, is a factor characterizing the concentration-
gradient-driven water flux into or out of the membrafg;

is the concentration of water at the anode-membrane inter-
face; CH,0(0) is the water concentration in the membrane

atx = 0.

2.4.2. Concentration conditions at membrane-cathode

interface

Two types of boundary condition for the water concen-
tration at the membrane—cathode interface are studied. One
is the constant water concentration:

Ch,0(d) = Co

(15)

C/C(d)

@

Te=60 °C .
70
80
90 i
100

0.2

(b)

0.4 0.6 0.8 1
x/d

(©

Fig. 5. Effect of T¢

on water concentration distribution with

i =0.1Acm 2 and water-flux condition at cathode side: (&)= 60°C;
(b) T2 = 80°C; (c) Ta = 100°C.
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the other is a water-flux condition: Ta and T, respectively, i.e.,
Vel —
% + kc[Ce — CHZO(d)] 10 =Ta 17
aCh0(d) i I(d) =T¢ (18)
= DO — C[w® + w'Cro@]  (16)

where v is a factor expressing the rate of water entry at 3 Numerical method
cathode side of the membrane proportional to the current

density; CH((Z)?_(") is the water coh(?entration at = d in The system of the governing equations mentioned above
Eq. (16) D¢ is the diffusion coefficient of water at cathode s non-linear and is difficult to obtain an analytical solution.

side of the membrane. In this work, the control volume finite difference method is
N _ adopted to solve the non-linear, coupled ordinary differential
2.4.3. Thermal conditions at anode and cathode sides equations. The detailed solution scheme has been published

In this study, the thermal conditions at the anode and e|sewherg19]. To check the grid independence, solutions on
cathode sides of the membrane are constant temperaturessarious grid systems are examined. In the separate numerical
runs, it is found that there are no differences among the

1 . . . ;
0.99 i Te=60 °C.
100 0.99 70 E
I 90 i 80
0.98 o s
70 0.98 | 1
o 097 } —en o - 100
8 Ta=60 °C s v
O Q0097 | |
0.96 | 4 S
0.95 | 4 0.96 | |
0.94 g 0.95 .
0.93 " " " " ) ) , )
0 0.2 0.4 0.6 0.8 1 0944 02 04 05 oS |
€) x/d @ x/d
1 T T T T 1 ; i | .
0.99 100 4 0.95 | Te=60 °C |
90 70
098 | i ] 09 1 %0 |
o 90
° Ta=60 "C o 085 | i
O 097 : S} 100
S O 08} |
0.96 | g
0.75 1
095 I 07 F |
094 0 olz ol4 ole olx 1 065 ' ' ' '
: : . . 0 0.2 0.4 0.6 08 1
® x/d ® x/d
1 . . . . 1 . . . .
100
099 | 90 . 091 Te=60 °C ]
80 70
08 | 1
098 | 7 i
Ta=60 °C . 80
o o 0.7F E
Q 097 | i S 90
O O 06} 100 i
0.96 | 4
0.5 |
0.95 E 04 F i
0.94 L " : L 0.3 ' L ' L
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
(© x/d © x/d

Fig. 6. Effect of T, on water concentration distributions with Fig. 7. Effect of T; on water concentration distribution witf, = 60°C
i = 0.1Acm~2 and constant cathode concentrati6p = 1.59 x 104 and constant cathode concentratioh = 1.59 x 10~*molcm3: (a)
molcm3: (a) T. = 60°C; (b) Tc = 80°C; (c) T = 100°C. i=01Acm 2 (b)i=05Acm 2 (c)i=11Acm 2
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solutions with three grid arrangements of 1000, 2000 and the temperature-dependent diffusion coefficient on the wa-
3000 points. In order minimize the calculating time, 1000 ter concentration distributiorkig. 3(a) and (b)hows, re-
grids are adopted for the present problem. Additionally, it spectively, the distribution of water concentration with or
is important to compare the predicted results with existing without consideration of a variable diffusion coefficient. It
numerical or experimental data. In the comparison shown in is seen that the water concentration increases wihin
Fig. 2 it is apparent that the present predictions agree well addition, a large water concentration is noted for a system
with those of Okada et a[9]. Through these preliminary  with a lower anode temperatuik,. It is also found that
tests, it is found that the numerical method is suitable for these are noticeable differences between the results with or
the present study. without consideration of variable diffusion coefficient. This
implies that the effects of a variable diffusion coefficient on
the water content in the membrane are of importance.

For thermal and water management in PEMFCs, the ther-
mal effects of the anode and cathode temperaturgsaiid

In Section 2 several parameters appear in the formula- T¢) on the water concentration in the membrane may be im-
tion. The physical parameters and their corresponding val- portant. The effects ofy andT¢ on the water concentration
ues are presented ifiable 1 To disclose the effects of at a current density = 0.1Acm~2 and a water concen-

4. Results and discussion

C/Co

C/Co

(©)

0.9

0.8

0.7

0.6

0.5

0.4

Ta=60 °C

100

0.2 0.4

x/d

0.6

0.8

rlOO

Ta=60 °C

0.2 0.4

x/d

0.6

0.8

Ta=60 °C

r 100

0.2 0.4

x/d

0.6

0.8

C/Co

C/Co

(b)

C/Co

©

0.4

0.3

0.4

0.3
0

0.4
0

x/d

x/d

0.4

0.6 0.8 1

x/d

Fig. 9. Effect of current densityon water concentration distribution with
T = 60°C and constant cathode concentratin= 1.59x 10* mol crm3:
(a) T = 60°C; (b) T, = 80°C; (c) Tc = 100°C.

Fig. 8. Effect of T, on water concentration distribution with, = 60°C
and constant cathode concentratigh = 1.59 x 10*molcnr3: (a)
i=01Acm 2 (b)i=05Acm 2 (c)i=11Acm?2
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tration on cathode side af. = 1.59 x 10~*molcn3 are C(d) is the water concentration at the cathode side of the
shown inFig. 4 That data show that the water concentra- membrane. An overall inspectionfig. 5indicates that, for
tion at the anode side of the membrane decreases with in-water-flux conditions at the cathode side, the water concen-
crease inT,. This can be explained by the fact that, s tration increases with the normalized depth from the anode
is increased, the diffusion coefficient becomes larger (seeside. In the region near the anode side (i.e., at small values
Eq. (8a). Therefore, water diffusion from the anode side of 0f X/d), a larger normalized water concentrati@C(d), is
the membrane is enhanced. This means that an increase ifioted for a system with a lowég. By contrast, in the region
Ta causes dehydration of the anode. At a fifada higher ~ away from the anode side (i.e., at large valuegdy, C/C(d)
water concentration within the membrane can be found in a increases with an increaseTa. In fact, the local water con-
system with a higher cathode temperatiigedue to strong centrationC(x), is a function of the operating temperatures,
back-diffusion from the cathode to the anode. Tc andT,. As T is raised, membrane dehydration occurs at
The effects of cathode temperature on the water concen-the anode side, but hydration occurs at the cathode side.
tration distribution with water-flux conditions are shown in ~ The dependence of the water concentration profiles on
Fig. 5. As inFig. 4, three sub-plots with different anode tem- the temperature at cathode side of the membrdpe=(60
peraturesT, are presented. It is noteworthy that the dimen- to 100°C) is shown inFig. 6. Here the water concentration
sionless water concentratiofi/C(d), is presented, where at the cathode side of the membrane is kept constant. The
results show that at fixe@, a higher water concentration at
the anode side of the membrane is found in a system with

61 . L . . .
a higherT,. This is due to the fact that increasifig will
og |2’ i markedly enhance the membrane hydration. Thatis, the back
(1)1 diffusion of water to the anode side is significant at a high
_ e06 ‘ 1 In order to realize how the current density affects the wa-
& ter content in the membranEijg. 7 presents the effects of
=
60.4 [ 1
L p (x10%
60.2 L6 . .
60 02 04 0.6 08 1 158 |
(a) x/d
62 L
g 1.56 .
L
_ . S
615 i 2411Al/cm §1‘54 |
- @]
0.1 70
08 ok 1.52 80 4
= 90
]5 3 1 1
60.5 [ ) 107 0.01 0.1 1
(@) Ky (cm/s)
(x10%
609 02 04 0.6 0.8 1 1.69 ' '
(b) x/d L8 .
63 T T T T
1.67 .
62.5 I 7 A i
o 1.66
i=2.1A/cm’ L
62 | 1 o 1.65 1
11 g
& o6ls | ol 1 O L6 1
& 1.63 1
61 [ 1
1.62 .
605 [ 1
1.615 L !
. . . . 10 0.01 0.1 1
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Fig. 11. Effect of humidification factok, on water concentration dis-
Fig. 10. Effect of current density on temperature distribution with tribution with 7, = 60°C, i = 0.1 Acm2 and water-flux condition at
T, = 60°C, constant cathode concentrati6ig = 1.59 x 10* mol cmr3: cathode side undéF: (a) concentration at anode side; (b) concentration

(@) Tc = 61°C; (b) Tc = 62°C; (c) Tc = 63°C. at cathode side.



136 W-M. Yan et al./Journal of Power Sources 129 (2004) 127-137

the current density on the water concentration distribution (x10%)
with Ty = 60°C and a constant cathode concentration of L.64
Cc = 1.59x 10* mol cm—3. The influence of on water con- 162
centration at the anode side is similar for differégt Care-

ful inspection of the data shows that there is a smaller water __ 16
concentration at the anode side at a large current density. "g .58
This can be explained by noting that an increase in current =
density causes the membrane to be seriously dehydrated due £ 1.56
to water drag by electro-osmosis. As for the results men-
tioned above, at a fixedd andi, the water concentration
increases with an increaseTg. 1.52
The effect of T, on the water concentration distribution , , , ,
is shown inFig. 8 with T, = 60°C andC, = 1.59 x @ O 0.2 04, 06 0.8 1
10* mol cm~3 under different. The water concentration pro-
file has a parabolic form. As the current density is increased,
however, the deviation in the water concentration distribu-
tion at differentT, becomes small. Therefore, the temper- 174 1
ature at the anode sid&, has only a small impact on the . 100
water concentration in the membrane at high current density. .~
The influence of current densityon the water concentra-
tion distributions at different anode operating temperatures
are presented iRig. 9. By comparing the results ffig. 9(a)
it is found that the anode side of the membrane tends to be-
come dehydrated as the current density is raised. This is be-
cause that the electro-osmotic drag effect becomes stronger
as the current density is higher. It is also found in the sepa- 1.62 55 57 e 53 1
rate numerical runs that the membrane is much wetter for the (®) Va
system with a highefF. than that with a loweT.. This is due

1.54

)

C(mol/cm

_ - - - Fig. 12. Effect of humidification factor, on water concentration distri-
to the temperature-dependence of the diffusion coefficient. bution with 7, — 60°C, i — 0.1 Acm-2 and water flux at cathode side

The relationship between the current density and the teM- ynder differentT: (a) concentration at anode side; (b) concentration at
perature distribution is shown irig. 10Q It is clearly shown cathode side.
in Fig. 10(a)that when the current density is raised, the tem-
perature changes sharply at the anode side of membrane. For
example, when it is necessary to speed up a car, the current va. Whenva is increased, the water enters easily the mem-
density must go up. This will cause dehydration of the mem- brane from the anode gas-diffusion electrode through the
brane, which, in turns, causes the temperature to increaseéinode—membrane interface and thus results in an increase
and become more non-uniform. Thermal expansion of the in the water content within the membrane.
membrane may become serious and lead to the breakdown
of the membrane. Therefore, the strength of the membrane
is a key factor for fuel cells operating under high current 5 Conclusions
density conditions.

The effect of the humidification parametey on the wa- A detailed analysis of the thermal and water manage-
ter concentration at the anode and cathode sides Tyith ment in the PEMFC membrane with coupling effects of
60°C andi = 0.1Acm 2 are shown inFig. 11 When mass diffusion and temperature gradient have been per-

ka IS increased, water vapour enters the membrane moreformed by using a one-dimensional mathematical model.
freely from the anode gas-diffusion electrode through the The thermal-mass diffusion coupling effects are taken into
anode-membrane interface which, in turn, results in an in- account with consideration of the temperature-dependent
crease in the water content. A careful inspectiofriof. 11 (diffusivity. The model can predict the water distribution in

indicates that the water concentration changes sharply whenhe membrane under different operating conditions. This is

Ka i? increased from 16 to 10-1cmst. But, for kg > useful for selecting the optimal membrane material and es-
1077, the effect ofica 0N the water content in the membrane  timating the gas-inlet temperature or working density in de-
is insignificant. signing a PEMFC. The major findings in this study are sum-

The influence of the parameters of the electro-osmotic marized as follows.
drag at anode side’{) on the water concentration at the an-
ode and cathode sides is presenteBim 12 It is observed (i) Increasing the temperature at the anode side of the
that the water concentration increases linearly with increase membrane can cause dehydration of the membrane.
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