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Nomenclature

: molar rate (mol.s )
. electro osmotic drag coefficient
: density (kg.cm™®)
. relative molecular mass (kg/mol)
: permeability (m®)
. liquid saturation level
. porosity
: dynamic Viscosity (m%s ')
. temperature (C)
. thickness (m)
. latent heat (kJkg ')
. heat transfer coefficient
(Wm K"
. air resistance constant
: acceleration (m.s 2
. vehicle velocity (m.s ')
CRF : rolling resistance coefficient
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= =3
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I : current density (A.m %)

A cross section area, (m%)

F  : Faraday constant (C.mol?)

é . humidity ratio (g/kg)

m  : mass (kg)

v : specific volume (m”/kg)

VvV  : volume (m?)

Q : flow rate (m/s)

W power (Watt)
Subscript

cap . capillarity

evap : evaporation

rct . reaction

sat . saturated

lig  liquid

vap . vapor

ve . vehicle

1. Introduction

Generally, flooding of a cathode catalyst
layer (CCL) in Fuel cell is linked to high

2

current density operation, which results in
the increase of water production rate higher
than the removal rate. However, flooding
can also occur at low current densities
under certain operating conditions, such as
low temperatures and low gas flow rates in
which faster saturation of the gas phase by
water vapor [1] can occur. Therefore, water
management is a critical design consideration
for PEM fuel cell systems. The amount and
disposition of water within the fuel cell
strongly affect efficiency and reliability [2].
The purpose of this paper is to propose
the water transportation model to get the
advanced water management in PEM fuel
cell. This study also simulates the model
using dynamic load from several standard
driving cycles to test the performances.

2. Model

Water balance in cathode catalyst layer
(CCL) is based on the different amount
between the rate of water addition and
removal as shown in Fig 1.

;lw, in
frct i, lig
——> L ——
ﬁw, vap
nw,ac

Fig 1. Water balance in CCL.

The water addition in CCL can be
simplify expressed as the total of the water
production from oxygen reduction reaction
(ORR) and electro osmotic transportation as
formulated in Eq. 1 [3].
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IA
ret (Cd_‘_]')ﬁ (1)

n
The input air also contains water that is
carried from the humidity. Therefore, the
water addition from humid air is given by
Eq. 2[4].

n, . = ¢Q (2)

w,in v Mr

The water removal can be occurred in
two phases, liquid and vapor as shown in
Fig. 2. The molar flow rate of saturated air
is given by Eq. 3. Otherwise removed water
trough vapor phase is limited by the

saturation pressure of air stream. The
available molar flow rate of air stream n

space

is determined by Eq. 4.

Ny = — (3)

n

space

nmpmmm unsaturated out

n lig out

n vapour_out saturated out

Fig 2. Water output phase

As long as the water input is not saturated,

the removal of water in vapor phase is
determined by Eq. 5. But the magnitude of

therefore the

excess water will turn into liquid.

n is limited by the n

w,vap space

nspace = nsat - nw,in (4)

T'Lw,vap: hw,in + 7.7’7'01‘, (5)

The water liquid saturation level (s) is
defined as the volume fraction of the total
void space of porous media occupied by the
liquid phase. Hence, s is defined in Eq. 6.

_ Vliq
Vtot

(6)

After receiving amount of water from
fuel cell reaction and membrane side, liquid
saturation level in CCL now is changed by
Ea. 7 and Eq. 8. If there is no liquid water
addition, the change of s is zero.

A o hw.liq Mr (7)
Sgret — p(SA e
Sz = S0 + Asw,r(zt (8)

Pasaogullari et al. [5] have studied about
steady state water transportation in GDL of
PEM fuel cell. In their work, it is seen that
capillary transport is the dominant transport
process to remove water from flooded
GDLs.

Molar flow rate of the water transported
by capillarity process is given by Eq. 9.
The liquid saturation change by capillarity
process is given by Eq. 10.
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Mgy = 8" (1417 — 4.2405 + 3.7895) x
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As, = Mot (10)
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S0 = 80T DSy veact — DSy cap (1

The water evaporation rate of system is
defined by Eq. 12 and the liquid saturation
change by evaporation process is given by
Eq 13.

Mevap= (12)
h(4s+2)(e0A)* ¥ Ty, — Tl
A M,
A o hevaer (13)
Sz,evapi p(SAS
The final liquid saturation becomes
Sy — 80+A81,7‘ct_ ASac,cap_ A‘Sx,evap (14)

The vehicle power model used on this
simulation is given by Eq. 15 until Eq. 18.
VVrallv Walﬁrresist’ Wkineticv and I/Vtotal
respectively are the power absorbed by

rolling resistance, air resistance, Kkinetic
power used and total power absorbed.

W/TOH = Mye Vye 9 CRF (15)
Wair resist 0.5 Pair ’Uie cdrag Aue (16)
VVk,inetic: My Vye Qe (17)

VVtotal: Wroll+ Wresist+ sz’neti(’ (18)

3. Simulation

Driving cycles used in this simulation are
based on light duty vehicles driving
schedule by several standards. There are
three driving cycles used in this simulation
[6]. New York city cycle (NYCC), extra
urban driving cycle (EUDC) and the Japan
10-15 mode cycles. Fig. 4 shows the speed
profiles from all used driving cycle in this
study. Table 1 shows the parameter used

for this simulation

Table 1. Simulation parameters

Parameter Value
Q 008 mi/s
R 8314
A 0.02 m’
Ser, 110°m
dapL 310"m
N 448
M, 18015310 kg/mol
) 971.8 Kg/m'’
Cq 05
K 1810 m’
I 855 10" N.s/m’
€ 0.6
0 00625 N/m
0, 120
h 10528 W/m'K
A 241744 KJ/kg
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Fig 3. Speed profile for all driving cycles
4. Results and discussions

During the acceleration, the force was
turned out to be positive. Since the speed is
always positive, the power demand is positive
as well and this power demand should be met
by the power generation system. On the other
hand, during the deceleration, the force and
the power requested were negative.

JP 10-15 Mode power profile
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Fig 4. Power profiles for JP 10-15 Mode

Because this was handled by the braking
system and then the power requested from
the power generation subsystem was almost zero
as shown in Fig 4. Also, the current densities
of all driving cycles were shown in Fig 5.

Current Density
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Fig 5. Current density profiles of all driving cycles

The simulation has started with low
temperature and humidity ratio of the input
air. The temperature under this condition is
40°C and the relative humidity is 50%. With
this condition, the humidity ratio after
being transferred is equal to 23.5g/kg’. At
low temperature the capability of the air
stream to hold water is relatively low.
Hence, the over—saturated stream tends to
occur after receiving water from the fuel
cell reaction as shown in Fig. 6. As long as the
amount of water received by CCL is not larger
than its maximum capability to hold water, the
over—saturated stream will not occur.

Flooding phenomena is occurred in
almost all profiles at low temperature,
otherwise EUDC has the highest power
load than other cycles. Therefore, the water
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addition is higher than its removal, which
causes EUDC to have the highest liquid
saturation level profile.

Temp Input air =40°C » =23.5 g/kg (50% RH)

0.8+

(over flooding)

0.6~

0.4-

(flooding)
0.2- 1

0 200

400
Time (s)

Fig 6. Current density profiles when flooding

Increasing the temperature of the air
input from 40°C to 60°C will decrease the
relative humidity from 50% to 185% with
same humidity ratio 235 g/kg. In this
condition, the capability of the air stream to
hold more water is higher than the previous
condition. This condition, however, makes
the low load profile get dried. Under this
condition, the capability of the air stream to
carry out water is higher than before, but
the evaporation rate is also high. As a
result, the drying phenomenon has happened
like as shown in Fig. 7.

Consequently, increasing the humidity
ratio becomes the common method to avoid
the drying phenomenon. The next simulation
condition was done by increasing the
humidity ratio of the input air as shown in
Fig. 8. This figure
saturation level when fuel cell was operated
at 60°C of air with 67.9 g/kg humidity ratio
(50% RH). In this condition, flooding in low
load profiles such as NYCC and JP 10-15

shows the liquid

600 800

can be avoided and over flooding in high
load profiles (EUDC) can also be reduced.
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Fig 7. Current density profiles when drying

Temp Input air =60°C » =67.9 g/kg (50% RH)

600 800

0.8F

0.6-

0.4-

0.2+
(balanced)

Time (s)

Fig 8. Current density profiles when balanced and
flooding

Conclusions

This study has made the water
transportation model of the PEM fuel cell
and also the simulation using driving
cycles. Due to the obtained water balance, a
fuel cell with different dynamic load profile
also requires different condition of temperature
and humidity of air input. This means the

proper condition for water management
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parameters will be different in every

dynamic profiles. Therefore, the dynamic

water management system 1S necessary.

The results are the following;

(1) As long as the amount of water received
by CCL is not larger than its maximum
capability, the over-saturated stream
will not occur.

(2) A dynamic power profile which has much
accelerations needs more power. In this
case, the water production is increased
therefore the water removal rate should
be increased to avoid flooding. In this
paper, the water balance is obtained in
input air condition 60°C temperature
with 67.9 g/kg humidity ratio (50% RH).
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