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bstract

In actual size of polymer electrolyte fuel cell stack with heat management of cooling water, relative humidity distribution was calculated under
arious kinds of operating conditions and various shapes of gas channel with numerical analysis. And the optimal separator shape and the optimal
ow pattern of gas and cooling water that make the relative humidity higher and more uniform and that lead to the improvement of cell durability
ere examined under each operating condition. As a result, the effects of humidify temperature, the temperature of cooling water at an outlet and

he average current density on humidity distribution which was affected by vapor concentration and gas temperature were examined and it was
ound that the optimal combination of flow pattern of gas and cooling water was the same under each operating condition. As regards the operating

ondition in this paper, the relative humidity is the highest and the most uniform in the following cases: gas flow pattern is counter, the cooling
ater is synchronized with cathode gas flow and the ordinary serpentine separator with 1.0 mm depth channels is used in cathode and anode sides.
owever, it is found that it is possible to occur the flooding in such cases.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolyte fuel cell (PEFC) is a promising new clean
nd efficient generator, however, it needs to be improved its per-
ormance for general practical use. Recently, many studies have
een reported about improvement of the output performance
nd the durability of PEFC. In these studies, it was reported that
he degradation of the MEA caused a drop of cell voltage and

break in the electrolyte membrane. Though the degradation
echanism has not been investigated in detail yet, it is thought

hat peroxide radical attack is responsible for this degradation
henomenon. It was reported that this degradation was acceler-

ted under low humidity condition [1–3]. As concerns the basis
f this experimental result, it is effective to increase the average
elative humidity and to make its distribution uniform in a cell in
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Flooding

rder to improve the PEFC durability related to the degradation
f the MEA because a part of low humidity is reduced. On the
ther hand, when the humidity becomes high to excess, vapor
s condensed into liquid droplets. As a result, the droplets block
he diffusion of reactant gas in gas diffusion layer (GDL) and the
ow of the supplied gas in gas channels. Concerning such flood-

ng phenomena, there have been some studies which examine
hem by experiments or numerical analysis. The investigation
f degradation mechanism by flooding and the examination of
mprovement of discharging liquid water have been reported
4–9]. It is also effective to decrease the average relative humid-
ty and to make its distribution uniform in a cell in order to
mprove the PEFC durability related to the flooding because the
reas of high humidity are reduced.

Consequently, the relative humidity distribution must be uni-

orm and appropriate value, which should not be too high or
oo low, from the both viewpoints of the degradation of MEA
nd flooding. It is important to examine the relative humidity
istribution in PEFC for improvement of cell performance and

mailto:ginoue@chem-eng.kyushu-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2006.07.018
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Nomenclature

bc condensation rate constant (1 s−1)
Cj molar concentration of species j (mol m−3)
Cj(n) molar concentration of species j in next channel

of n direction (mol m−3)
Cp specific heat at constant pressure (J kg−1 K−1)
Ce

O2
oxygen concentration at catalyst layer (mol m−3)

Cref
O2

reference oxygen concentration (mol m−3)

Dj diffusion coefficient of species j (m2 s−1)
Deff

j effective diffusion coefficient of species j

(m2 s−1)
E electromotive force (V)
E�H the value of reduction change of water enthalpy

to voltage (V)
F Faraday’s constant (96485C mol−1)
h heat transfer coefficient of gas (J m−2 s−1 K−1)
hw heat transfer coefficient of cooling water

(J m−2 s−1 K−1)
HGDL length of GDL gas flow area (m)
�HH2O change of water enthalpy between vapor and liq-

uid (J mol−1)
i current density (A m−2)
iO2 oxygen exchange current density (A m−2)
k thermal conductivity of solid phase

(J m−1 s−1 K−1)
kp permeability of GDL (m2)
ksep thermal conductivity of separator

(J m−1 s−1 K−1)
ld,g gas channel depth (m)
lGDL GDL thickness (m)
lS thickness of solid phase (m)
lsep separator thickness between cooling water and

gas phase (m)
Mj molecular weight of species j (kg mol−1)
p pressure (Pa)
pn pressure in next channel of n direction (Pa)
PH2O,sat saturated vapor pressure in stream (Pa)
Qb all gas flow rate through GDL per unit volume to

next channel (1 s−1)
Qb(n) flow rate through GDL per unit volume to next

channel of n direction (1 s−1)
Qb(n,in) inflow rate through GDL per unit volume from

next channel of n direction (1 s−1)
Qb(n,out) outflow rate through GDL per unit volume to next

channel of n direction (1 s−1)
q1 heat flux from solid phase to gas phase (J m−2 s−1)
q2 heat flux from cooling water to gas phase

(J m−2 s−1)
qs

3 heat value generated by reaction (J m−2 s−1)
qs

4 heat flux from gas phase to solid phase (J m−2 s−1)
qs

5 heat flux from cooling water to solid phase
(J m−2 s−1)

qs
6 latent heat value of condensation (J m−2 s−1)

qw
1 heat flux from both side gas to cooling water

(J m−2 s−1)
qw

2 heat flux from solid phase to cooling water
(J m−2 s−1)

R gas constant (8.314 J mol −1K −1))
Rrea all reaction rate (1 s−1)
rj molar flux of species j (mol m−2 s−1))
Rohm resistance of proton transfer through electrolyte

membrane (�·m2)
Re Reynolds number defined in Table 1
Sc Schmitt number defined in Table 1
Sh Sherwood number defined in Table 1
t time (s)
T gas phase temperature (K)
Tn gas temperature in next channel of n direction (K)
Ts solid phase temperature (K)
T w cooling water temperature (K)
U average gas velocity in GDL of x direction (m s−1)
UT overall heat transfer coefficient between gas and

cooling water (J m−2 s−1 K−1)
Us

T overall heat transfer coefficient between cooling
water and solid phase (J m−2 s−1K −1)

v flow velocity (m s−1)
V operation voltage (V)
wC channel width (m)
wL land width (m)
x x direction (m)

Greek letters
α net water transfer coefficient
αt transfer coefficient
β parameter in oxygen mass transfer model shown

in Table 1
ε effective porosity of GDL
γ variable defined in Table 1 (A m mol−1)
λ parameter defined in Table 1
μ viscosity of mixture gas (Pa·s)
ρ density of mixture gas (kg m−3)
ω parameter in oxygen mass transfer model shown

in Table 1

Subscripts
H2O water
H2O(l) liquid water
H2O(v) vapor water
j species j
N2 nitrogen
O2 oxygen
x x direction

Superscripts
a anode
c cathode
channel channel
e electrode
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eff effective
k anode or cathode
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s solid phase
sep separator

umerical analysis is one of the tools to examine the humid-

ty distribution under various operating conditions and various
hapes. In our past research [10], author developed a reaction
nd thermal flow analysis model in PEFC stack including the
hermal management by cooling water. The relative humidity

able 1
asic equations for this study

ontinuity in channel
∂vk

∂x
= −Rk

rea − Qk
b

otion in channel ρk
Dvk

Dt
= −�pk + ρkvk(Rk

rea + Qk
b) − 12μk

(
1

(lkd,g)
2

+ 1

(wk
C)

2

)

ass balance in channel
DCk

j

Dt
= −

rk
j

lkd,g

+ Ck
j (Rk

rea + Qk
b) +

∑
n

Ck
j(n)Q

k
b(n,in) −

∑
n

nergy in channel
DT k

Dt
= qk

1 + qk
2

ρkCk
plkd,g

+ T k(Rk
rea + Qk

b) +
∑

n

T k
n Qk

b(n,in) −
∑

n

T kQ

nergy in MEA and GDL ρsCs
p

∂T s

∂t
= ks�2T s + qs

3 + qs
4 + qs

5 + qs
6

ls

nergy of cooling water
DTw

Dt
= qw

1 + qw
2

ρwCw
p lw

as flow rate through GDL Qk
b(n) = kp

μk

lkGDL

lkd,gw
k
Cwk

L

(pk − pk
n) Qk

b =
∑

n

Qk
b(n)

eaction rate

ra
H2

= i

2F
, ra

H2O(v) = α
i

F
+ lad,gbc

(
Ca

H2O(v) −
Pa

H2O,sat

RTa

)
, ra

N2

rc
O2

= i

4F
, rc

H2O(v) = −(1 + 2α)
i

2F
+ lcd,gbc

(
Cc

H2O(v) −
Pc

H2O,sat

RT c

ra
H2O(l) = −lad,gbc

(
Ca

H2O(v) −
Pa

H2O,sat

RT a

)
, rc

H2O(l) = −lcd,gbc

(
Cc

H2

Rk
rea = 1

lkd,gρ
k

∑
j

Mjr
k
j

eat flux

qk
1 = hk(T s − T k), qk

2 = Uk
T (Tw − T k), qs

3 = (E�H − V )i

qs
4 = ha(T a − T s) + hc(T c − T s), qs

5 = 2Us
T (Tw − T s)

qs
6 = −�HH2O(ra

H2O(l) + rc
H2O(l))

qw
1 = Ua

T (T a − Tw) + Uc
T (T c − Tw), qw

2 = 2Us
T (T s − Tw)

Uk
T = 1

1

hk
+ lsep

ksep
+ 1

hw

, Us
T = 1

lsep + lkd,g

ksep
+ 1

hw

urrent density V = E − RT

αt2F
ln

[
i Cref

O2

iO2 Ce
O2

]
− Rohmi γ = iO2

Cref
O2

xygen mass transfer in GDL
(upstream) Sh = β + λ Re0.5 Sc0.8

(downstream) Sh = β + λ(Re − ω)0.5 Sc0.5

Sh = i

4F

lGDL

Deff
O2

(Cchannel
O2

− Ce
O2

)
Re = lGDLρU

μ
Sc = μ

ρDeff
O2

λ = 1

2

√
lGDL

πHGDL
Deff

j = ε Dj

t
t
w
w
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istribution was examined under sixteen conditions about the
ow pattern of gas and cooling water and about channel shape.
oreover, the optimal flow pattern of gas and cooling water and

he optimal shape of channel were examined to make the relative
umidity distribution more uniform with this model. However,
s this result was obtained under only one operating condition,
t was thought that the different results might be obtained under
ifferent operating conditions (average current density, humidity
vk

Ck
jQ

k
b(n,out)

k
b(n,out)

= 0)
, rc

N2
= 0

O(v) −
Pc

H2O,sat

RT c

)

emperature, temperature of cooling water). In this study, with
he same PEFC analysis model including the effect of cooling
ater as our past model [10], the relative humidity distribution
as calculated under various operating conditions about four
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and the relative humidity was uniform or not low comparatively
under these four conditions. The shapes of gas channel are
shown in Fig. 1. The electrode area is 225 cm2 (a square with
side 15 cm long) and channel width and land width are 1 mm.

Table 2
Operating condition and shape of cell

Pressure (MPa) 0.1
Inlet gas temperature ( ◦C) 70
Inlet temperature of cooling water ( ◦C) 70
Outlet temperature of cooling water ( ◦C) 75, 80
Humidify temperature ( ◦C) 65, 55

Inlet gas composition
Anode H2:N2 = 75:25
Cathode O2: N2 = 21:79

H2 utilization (%) 70
O2 utilization (%) 40
Thickness of membrane (�m) 30
Size of catalyst layer (cm2) 225
GDL thickness (�m) 300
Channel width (mm) 1
Channel depth (mm) 1, 0.5
Land width (mm) 1
GDL permeability (m2) 2.5 × 10−11

Electromotive force (V) 1.23
Average current density (A cm−2) 0.4, 0.8

Table 3
Combination of operating condition

No. Average current
density (A cm−2)

Humidify
temperature (◦C)

Outlet temperature
of cooling water
(◦C)
G. Inoue et al. / Journal of P

ombinations of flow pattern and channel shape which were
onsidered the influences in [10]. The optimal flow pattern of
as and cooling water and the optimal shape of channel which
ead to improvement of PEFC performance were examined from
he viewpoints of degradation of MEA and flooding.

. Numerical analysis model

In this study, the PEFC numerical analysis model that had
een developed in our former study [10] was used. This numer-
cal analysis model was developed with the following assump-
ions.

(1) The gas flow rate at the inlet in each channel is uniform.
(2) The volume of liquid water is ignored and the water moves

with the gas.
(3) The reduction of the reaction area caused by flooding of

electrode is ignored and it is also ignored that liquid water
prevents the diffusion.

(4) Fluid is incompressible Newtonian fluid and ideal gas. The
flow condition is laminar flow. The gas properties are con-
stant.

(5) Heat transfer between separator and gas is ignored. But
heat transfer among gas phase, solid phase and cooling
water is included.

(6) Cell voltage is uniform and constant.
(7) Only resistance overvoltage and water transfer in mem-

brane include the influence of temperature.
(8) In membrane, ionic conductivity, electro osmosis coeffi-

cient and water effective diffusion coefficient that depend
on membrane humidity are determined by water activity
in anode side.

(9) The crossover of gases through membrane is disregarded.
10) The permeability of GDL is constant and uniform.

The assumptions 2 and 3 are not appropriate under the case
f excessive flooding conditions. However, it was assumed that
xcessive flooding was not caused in this study and it was thought
hat the influence of water in channels and GDL on the cell
erformance was very small.

The basic equations and the schematic analysis model are
hown in Table 1, respectively. The derivation of these basic
quations was shown in references [10,11], but it was omit-
ed in this study. In our former study, the numerical analysis

odel including the effect of thermal management with cool-
ng water was developed. As compared with the back plate of
hich the temperature is constant, the effect of cooling water
as changed by the flow pattern and the flow rate. The heat

ransfer from MEA, anode gas and cathode gas were combined
ith the one-dimensional energy equation and the temperature
f cooling water was calculated along the channels. When the
ow, the concentration and the temperature of anode and cathode
as were calculated, the quasi-two-dimensional model including

he effect of gas flow through GDL was used. The temperature
f MEA was calculated with the two-dimensional energy equa-
ion and the overvoltage equation including the characteristic of

ass transfer in GDL, which was developed in reference [11],

C
C
C
C

Sources 162 (2006) 94–104 97

as used in order to calculate the current density. Those vari-
bles were calculated until they became stationary state and the
elative error of all mass and energy balances became less than
%. In this study, gas flow rate was automatically set by the uti-
ization and current density and the flow rate of cooling water
as also automatically set by the temperature at the inlet and

he outlet.

. Results and discussions

The calculation conditions are shown in Table 2. In this cal-
ulation, the average current density, the temperature of cooling
ater at the output and the humidity temperature were set under

wo kinds of condition. Table 3 shows each combination of
hese values and condition numbers. In this study, the operating
ondition was decided on the assumption that excessive flooding
s not caused. To put it concretely, the temperature of cooling
ater was set higher than that of humidifier so that vapor
artial pressure could not be much higher than saturated vapor
ressure, if the generated water was added. On the basis of the
esult of our past study [10], calculations were carried out under
our kinds of flowing conditions about gas and cooling water
ondition 1 0.4 65 75
ondition 2 0.4 65 80
ondition 3 0.4 55 75
ondition 4 0.8 65 75
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Fig. 1. Separator shape: (A) is the ordinary serpentine se
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Fig. 2. The flow pattern of gas and cooling water.

is the ordinary serpentine separator; B is the distributed
erpentine separator and both separators have 25 channels. The
hape of cooling water channel is the same as that of anode gas
hannel or cathode gas channel. Fig. 2 shows the flow pattern of
as and cooling water. And the calculation results of two kinds
f channel depth (1.0 and 0.5 mm) were compared. Table 4
hows the combination of separator shapes and flow pattern.

Fig. 3 shows the cell voltage and the average relative humid-
ty (RH) of anode and cathode under each condition and the
esults are shown in the case that channel depth was 1.0 and
.5 mm. In this figure, it is confirmed that the average relative
umidity of anode and cathode gas was less than 100% under
ll conditions and that there is not excessive flooding condition.
t was found that the anode and cathode average humidity in the

ase of cooling water at high temperature (Condition 2) were
ower than that of other conditions. Similarly, in the case of
he humidity at low temperature (Condition 3), they were lower
han that of other conditions. In Fig. 3(a–c), cell voltages were

able 4
ombination of separator shape and flow pattern

o. Anode
separator

Cathode
separator

Flow
pattern

Cooling water
pattern

Channel
depth (mm)

A A Parallel Cathode 1.0 or 0.5
A A Counter Cathode 1.0 or 0.5
A B Parallel Cathode 1.0 or 0.5
A B Counter Cathode 1.0 or 0.5

a

a
i
A
i
a
p
a
b
b
B
g

parator; (B) is the distributed serpentine separator.

lmost equal to others under each condition in the case that the
verage current density was 0.4 A cm−2, on the other hand, in
ig. 3(d), cell voltage was affected by channel depth when the
verage current density was 0.8 A cm−2. With shallow gas chan-
els, pressure drop in a gas channel increased and differential
ressure between adjoining channels increased. As a result, the
as flow rate through GDL increased and the oxygen mass trans-
er rate to the surface of electrode raised. Therefore cell voltage
ncreased in the case of shallow gas channel. It was thought that
he effect of the depth of gas channel was more remarkable under
nough humidity condition with high current density because
he oxygen mass transfer in GDL was more dominant than the
roton mass transfer in membrane. Next, it was found that the
node average humidity on high current density (Condition 4)
as lower than that on low current density (Conditions 1–3) and

hat the cathode average humidity was not affected by current
ensity and it was equal to each other under each condition. As
he utilization was set constant in this paper, cathode relative
umidity was almost constant even if the amount of generated
ater increased under high current density condition. However,

t was thought that anode gas became drier because the amount
f water transfer in membrane from anode to cathode by electro-
smosis effect increased under high current density condition.
oreover, it was confirmed that anode and the cathode average

elative humidity was not affected by the depth of channel under
ach condition and that the average relative humidity of counter
ow (Nos. 2, 4) was higher than that of parallel flow (Nos. 1, 3),
s well as the result in our past paper [10].

Anode relative humidity distributions under each condition
re shown in Fig. 4. In Fig. 4(a), it was confirmed that the humid-
ty at turning areas of channels was high with shallow channels.
s the channels are shallow, the gas flow rate through GDL

ncreases. At the turning areas of channels, the gas flow rate
long the channel particularly decreases because the differential
ressure between adjoining channels is larger than that of other
reas. As a result, the effect of water transfer from cathode by

ack-diffusion is relatively larger than that of vapor convention
y gas flow and the anode gas at these areas become humid.
y contrast, the anode gas becomes dry at the areas where the
as flow rate along the channels is higher than other areas. The
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Fig. 3. Cell voltage and the average rela

esults mentioned above could be confirmed under other operat-
ng conditions. Next, it was found that the humidity distribution
f counter flow (Nos. 2, 4) was more uniform than that of parallel
ow (Nos. 1, 3). As compared with the results of ordinary ser-
entine separator (Nos. 1, 2), it was also found that the humidity
t turning areas with distributed serpentine separator was lower
ecause the gas flow through GDL was reduced in this separator
Nos. 3, 4) and that the trend became remarkable in the case of
hallow channels. However, it cannot be positively declared that
he distributed serpentine separator was effective in the uniform
umidity distribution because the overall humidity distribution
ith the distributed serpentine separator was complex. Though

uthor explained that the distributed serpentine separator was
ffective in the improvement of output performance in the case
f high gas flow rate and the low utilization in our past papers
11,12], it was thought that this separator was not effective in
he decrease of membrane degradation caused by humidity dis-
ribution because the cell voltage was not improved very much
nd the humidity distribution was not uniform in the case of low

as flow rate under such operating conditions of this paper. In
ig. 4(a) and (b), as compared with Condition 1, it was found

hat the anode humidity at cathode down stream area decreased
nd the humidity distribution was more uniform in the case of

t
o
a
e

midity under each operating condition.

he high temperature of cooling water at the outlet (Condition
). It was thought to be caused because of the followings: Anode
apor concentration at the area corresponded to cathode down
tream tends to increase by the back diffusion from cathode side.
owever, as the cooling water was supplied along the cathode
as flow, gas temperature on both sides at cathode downstream
rea became high. And as the cooling water was hot at the out-
et, anode relative humidity decreased. In Fig. 4(a) and (c), as
ompared with Condition 1, it was found that the anode humid-
ty decreased in overall cell and the humidity distribution was

ore uneven in the case that humidification temperature was
ow (Condition 3). In the case of low humidify temperature, the

embrane ionic conductivity decreased by a drop of humidity
n overall cell. As a result, the humidity at the upstream area of
athode became low because of decrease of current density and
he amount of generated water. On the other hand, the humid-
ty at the downstream area of cathode became high because of
ncrease the amount of water generated by high current density.
n Fig. 4(a and d), as compared with Condition 1, it was found

hat the anode humidity decreased in overall cell in the case
f high current density (Condition 4). It was thought that the
node gas became dry because the water transfer to cathode by
lectro-osmosis increased as current density increased.
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Fig. 4. Calculation results of anode relative humidity distribution under each operating condition.
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Fig. 4. (Continued ).
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the calculation results of cathode relative humidity distribution
under the Condition 1 and the cathode relative humidity of this
condition is shown in Fig. 6, No. 2. In this figure, it was found
that the cathode relative humidity in an overall cell of No. 2 was
Fig. 5. Component ratio of anode relative hum

To investigate the anode relative humidity distribution of
ig. 4 quantitatively, the component ratio of distribution under
ach operating condition is shown in Fig. 5. In this figure, it
as confirmed that the low humidity area of No. 2 was smaller

han that of other combinations under each operating condi-
ion and that the deep gas channel was effective in uniform
umidity distribution because the gas flow rate through GDL
as reduced. Consequently, the relative humidity in No. 2 is the
ighest and the most uniform. The conditions of the examina-
ion are as follows; gas flow pattern is counter, the cooling water
s synchronized with cathode gas flow and the ordinary serpen-
ine separator with 1.0 mm depth channels is used in anode and
athode sides. And it is expected that this combination is effec-
ive in the improvement of cell durability caused by membrane
egradation.

However, the flooding problem, which is another factor of
egradation, has to be also referred. As the relative humidity of

he cathode was higher than that of the anode by generated water,
ater condensation tends to be occurred on the cathode side. The
ata of the cathode relative humidity distribution confirms that
he cathode local relative humidity exceed 100% under only the

F
d

distribution under each operating condition.

ne condition in all of 32 operating conditions. Fig. 6 shows
ig. 6. Calculation results of cathode relative humidity distribution under con-
ition 1.



ower

h
w
b
o
f
h
I
a
i
b
o
e
i
g
fl
t
f
fl
c
t
o
t
e
i
w
o
s

4

w
o
i
T
o
h
e
e

(

(

(

(

(

(

i
a
t
a
I
a
i
t
i
r
a
i
w

A

o
t

R

G. Inoue et al. / Journal of P

igher than that of No. 1 and that the highest value in No. 2
as more than 100%. Though the combination of No. 2 is the
est to improve the membrane degradation, there is possibility
f occurring the flooding which blockade the gas flow and dif-
usion in No. 2. As a result, the optimum pattern of gas flow
as to be decided in consideration of flooding in the cathode.
n No. 2, the area which relative humidity exceeded 100% was
bout 1% of the electrode area. Consequently, in this calculat-
ng condition, it is thought that the influence of flooding can
e ignored because the excessive condensation is not caused
n the cathode side. Similarly, it is thought that such an influ-
nce is not occurred on the anode side. Concerning this result,
t is necessary to note the following. In this study, the optimal
as shapes of gas channels and the optimal flow pattern for the
ooding mean to reduce the extremely high humidity area and

o decrease the possibility of condensation of water. However,
rom the viewpoint of the liquid discharge performance under
ooding condition, the optimal shapes of the channels were not
onsidered. Put another way, the purpose of this study is to search
he conditions that vapor condensation is not caused by decrease
f the high humidity area and it is not to search the conditions
hat the influence of flooding decreased by improving the water
xhausts performance. As the flooding model was not included
n this numerical analysis model, the improved model with
hich the effect of flooding could be examined has to be devel-
ped when the internal cell condition is more humid in our future
tudy.

. Conclusion

In an actual PEFC stack, the relative humidity distribution
as calculated on various operating conditions, various shapes
f gas channel with PEFC reaction and flow analysis model
ncluding the effect of the heat management by cooling water.
he optimal shape of separator and the optimal flow pattern
f gas and cooling water that make the relative humidity
igher and more uniform were examined with this model under
ach condition. The following results were obtained by these
xaminations.

1) The relative humidity at turning areas of channels was higher
than that of other areas, because of the effect of gas flow
through GDL.

2) The humidity distribution of counter flow was more uniform
than that of parallel flow. As compared with the ordinary
serpentine separator, the humidity at turning areas with dis-
tributed serpentine separator was lower because the gas flow
through GDL was reduced in this separator and the trend
became remarkable in the case of shallow channel.

3) When the cooling water was supplied along the cathode gas
flow, the anode humidity at the downstream area of cathode
decreased and the humidity distribution was more uniform
as the outlet temperature of cooling water was high and this

thing was caused by vapor concentration and gas tempera-
ture distribution.

4) As compared with the high humidify temperature, the
humidity became low in overall cell in the case of the low
Sources 162 (2006) 94–104 103

humidify temperature and the humidity distribution was
more uneven than that of the high humidify temperature
because of decrease of membrane ionic conductivity and
the change of current density distribution.

5) When the utilization was constant, the anode humidity
decreased in overall cell in the case of high current den-
sity. The anode gas became dry because the water transfer
to cathode by electro-osmosis increased as current density
increased.

6) The relative humidity is the highest and the most uniform
in the following cases: gas flow pattern is counter, the cool-
ing water is synchronized with cathode gas flow and the
ordinary serpentine separator with 1.0 mm depth channels
is used in both sides. It is expected that this combination
is effective in the improvement of cell durability caused
by membrane degradation. However, there is possibility of
occurring the flooding which blockade the gas flow and
the diffusion in this combination as compared with other
combinations.

Owing to the numerical analysis model used in this study,
t is possible to examine the relative humidity distribution that
ffects the cell durability caused by membrane degradation and
o evaluate the optimal design on various operating conditions
nd various shape of channel to control humidity distribution.
n the author’s previous study [11], the validity of this model in
25 cm2 cell was confirmed by the generation and flow exper-

ments and it is thought that the results of the calculations with
his model is certainly accurate. However, it is needed to exper-
ment the actual size and system of PEFC and to compare the
esults of the experiments with that of the calculations in order to
ssure the reliability of this analysis model. In our future study,
t is expected that this model will be improved and be compared
ith experimental results.
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