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Abstract

The effect of channel flow pattern on the internal properties distribution of a proton exchange membrane fuel cell (PEMFC) for cath-
ode starvation conditions in a unit cell was investigated through numerical studies and experiments. The polarization curves of a lab-scale
mixed serpentine PEMFC were measured with increasing current loads for different cell temperatures (40, 50, and 60°C) at a relative
humidity of 100%. To study the local temperature on the membrane, the water content in the MEA, and the gas velocity in terms of the
channel type of the PEMFC with operating characteristics, numerical studies using the es-pemfc module of STAR-CD, which have been
matched to the experimental data, were conducted in detail. The water content and velocity at the cathode channel bend of the mixed
serpentine channel were relatively higher than those at the single and double channels. Conversely, the local temperature and mean tem-
perature on the membrane of a single serpentine channel were the highest among all channels. These results can be used to design the
PEMFC system, the channel flow field, and the cooling device.
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and the cell voltage would drop. The cell potential will reverse,

1. Introduction giving rise to a negative potential difference between the an-

A proton exchange membrane fuel cell (PEMFC) has many
advantages such as high energy density, operability at room
temperature, quick start-up, quick response to load, and envi-
ronment-friendly high efficiency [1, 2]. The performance of
the PEMFC can be improved by optimizing its operating pa-
rameters, such as gas flow rate, operating cell temperature,
inlet pressure, humidity condition, and channel flow type.
However, the optimization of these parameters for the
PEMFC depends on each operating condition [3-9].

Flooding due to poor water management may sometimes
block the channel, the porous gas diffusion layer, and the cata-
lyst layer. Poor thermal management at the startup of the fuel
cell may cause the internal temperature in the fuel cell to drop
to below zero, which can freeze the condensed water and can
in turn result in the starvation of feed due to the blocked po-
rous layers in the gas diffuser layer [10-13]. In the anode star-
vation condition, the performance of the fuel cell will degrade
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ode and the cathode. Cell reversal will accelerate the corrosion
of the carbon components, leading to a serious explosion if
oxygen mixes with hydrogen [14-15].

It is difficult to maintain a constant current with load
changes, especially in the cathode starvation. A current over-
shoot results in the degradation of the cell performance [16-
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Fig. 1. Schematic diagram of the experimental setup.
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18]. Studies on the starvation conditions of the PEMFC, how-
ever, are still insufficient.

Liu et al. [19] measured the polarization curves of a seg-
mented single fuel cell under starvation conditions. However,
the concentration distributions in the MEA for the cathode
starvation condition were not understood in detail.

Water and heat management is an important factor in the
uniform distribution of current density and water contents on
the membrane for different channel flow patterns [20-23].
Many researchers have investigated the internal characteristics
information of the PEMFC through numerical studies.

Kazim et al. [24] studied the current density and internal
distribution of the PEMFC with interdigitated flow by a two-
dimensional numerical study. However, this study was con-
ducted using a simple model application and only one channel
flow.

Wang et al. [25, 26] studied the internal current density in
the MEA and the performance change of the PEMFC with
interdigitated and parallel flow by a three-dimensional nu-
merical study. Simpalee et al. [27, 28] studied the internal
distribution on the rib parts and channel one areas in the gas
diffusion layer (GDL). However, the effect of channel pattern
on the internal distributions of a PEMFC was not studied.

In this study, the effect of channel flow pattern on the dis-
tribution of internal properties in a counterflow PEMFC for
the cathode starvation conditions was investigated in detail
through numerical studies and experiments.

2. Experimental distributions and numerical model

2.1 Experimental apparatus

Fig. 1 shows the schematic diagram of a lab-scale experi-
mental setup of a PEMFC. Generally, hydrogen is supplied to
the anode and air to the cathode to operate fuel cells.

However, in this study, oxygen - instead of air - was sup-
plied to the cathode under a limited surrounding environment
to observe the electrochemical reaction between hydrogen and
oxygen. The stoichiometry ratio of hydrogen was fixed to 1.2,
while oxygen supplied was 0.6 for cathode starvation to match
with the experiment conditions. Reactant gases were supplied
at a relative humidity of 100% by humidifiers and were trans-
ported in the fuel cell system through unipolar plates. The

Table 1. Grid geometry dimension and properties.

Channel
Inlet area[mm?] 0.6
Active area[mm’] 23.04
GDL
Thickness [mm] 0.25
Permeability [m?] 1.0E-12
Porosity [%] 0.7
Thermal conductivity [W/mK] 0.25
MEA
Membrane thickness [mm] 0.05
Thermal conductivity [W/mK] 0.15
Dry membrane density [g/cm®] 2
Equivalent weight of dry membrane[g/cm’] 1100
Cathode exchange current density [A/cm’] 20
Cathode transfer coefficient 0.6
Anode exchange current density [A/cm?] 200
Anode transfer coefficient 12
JAnode inlet t Cathode outlet

‘ Anode outlet

f Cathode inlet
(2) (b) (©

Fig. 3. Channel flows of single (a), double (b), and mixed serpen-
tine (c).

operating cell temperatures of the end plates were controlled
by cartridge heaters and temperature sensors. The end plates
were maintained at cell temperatures of 40, 50, and 60°C.
Experimental data were obtained by the application of an elec-
tric load of KIKUSUI PLZ-164WA.

2.2 Numerical apparatus

A control volume technique based on a commercial flow
solver, STAR-CD, was used to solve the governing equations.
This software is used with an add-on tool called Expert Sys-
tem for PEMFCs, which provides the source terms for species
transport equations, phase change equations for water, and
heat generation equations.

Fig. 2 shows the mixed serpentine channel of counter flow,
which is modeled in the channel numerical calculation and in
the channel grid arrangement. The active area of the fuel cell
was 4.8x 4.8 cm”. Table 1 shows the grid geometry dimen-
sions and properties. The grid arrangement diagram was di-
vided into five sub-regions: anode gas channel and bipolar
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plate, gas diffusion layer, membrane, gas diffusion layer,
cathode gas channel, and bipolar plate. The effect of cell tem-
perature on cell performance is quite complex, as the cell volt-
age depends on the catalyst activation of the cathode side, CO
poisoning of the anode side, humidity in the membrane, and
gas diffusivity in the gas diffusion layer. As the water starts to
boil at about 60°C, the cell temperature conditions were se-
lected to investigate the effect of evaporation on cell perform-
ance.

Fig. 3 shows the counterflow channel of single, double, and
mixed serpentine. The gas flow was assumed to be steady-
state, laminar, and incompressible.

Table 2 shows the operation conditions, while Table 3
shows the equations used in the calculation.

3. Results and discussion

3.1 Internal distributions of mass characteristics for various
channel flows

Fig. 4 shows the polarization curves for three different cell
temperatures, 40, 50, and 60°C, at the relative humidity of
100%.

These curves were used to compare the experimental results
with the numerical ones for the standard and cathode starva-
tion conditions. The numerical results showed good agreement
with the experimental ones.

The contact resistance decreased with the increasing cell
temperature at a full humidity condition. The performance of
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starvation condition, the highest performance was obtained at
a cell temperature of 50°C.

The performance of the fuel cell at 60°C might drop sig-
nificantly due to the drying of the membrane for the cathode
starvation condition. In the present experiment, the flow rates
of O, and H, were set to 20 cc/min and 50 cc/min, respec-
tively. However, for the standard condition, 80 cc/min of H,
and O, was supplied. This large mass flow rate might result in
a slight difference between CT 50 and CT 60.

Fig. 5 shows the results of the local temperature on the
membrane, water content in the MEA, and velocity of gas in
the channel with changing channel flows (single, mixed, and
double channel) at a cell temperature of 50°C and 85.5
mA/cm’ for both standard and cathode starvation conditions.
The upper and bottom parts show the result of the standard
condition and the cathode starvation condition, respectively.

The temperature in the periphery of the gas inlet regions
was higher than that of the other regions for both standard and
cathode starvation conditions. Especially the temperature at
the cathode inlet region, the starvation condition increased
extremely up to the local maximum temperature of about
65°C. The difference in the local maximum temperature be-
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Table 2. Operation condition. 0.2 |
L. . 0.1
Stoichiometry ratio [Ha, O] 1.2,0.6 |
0_0 1 1 1 'l 1 1
Flow rate [H,, Oy(cc/m)] 50,20 0 50 100 150 200 250 300 350
Cell temperature [ C] 40, 50, 60 Current density [mA/ cmz]
Inlet humidity condition [%] 100 . L . . .
- Fig. 4. I-V polarization curves obtained by experiments and numerical
Operating pressure [atm] 1 simulations for three cell temperatures at relative humidity of 100%.
Table 3. Equations used for the calculations.
Express Ref. No
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equation RT RT
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Fig. 5. Distributions of local temperature, water content in the MEA,
and velocity at 85.5 mA/cm? with a cell temperature of 50°C (upper,
standard condition, bottom, starvation condition).

tween the standard and the starvation condition exceeded 5°C,
but the temperature distribution became almost uniform at the
outlet region.

The local maximum temperature was in the order of single
> double > mixed channel. Particularly, the local temperature
in the single channel for the starvation condition increased up
to 67°C, and the temperature gradient of the channel bend
became higher than those of other channels.

For the water content distribution in the MEA, drying out
was observed at the inlet region on the anode for all conditions,
especially for the starvation condition. Water content of the rib
parts was higher than that of the channel parts.

In terms of the water content distribution in the MEA for
the starvation condition, water content at the outlet region was
higher than that at the inlet region. This low concentration at
the inlet region is caused by the drying out in the cathode inlet
region for the starvation condition, unlike in the standard con-
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Fig. 6. Water content for various channel flows for the cathode starva-
tion (lines) and standard condition (symbols).

dition.

The drying out was due to the poor water production caused
by the insufficient feeding of oxygen in the initial condition
and the evaporation of the produced water through the reac-
tion heat and surrounding temperature. In addition, cathode
starvation enhanced the locally concentrated reaction at the
inlet region, which resulted in a large temperature gradient on
the membrane.

The water content in the MEA was the in the order of mixed
> double > single channel. The distribution of the water con-
tent in the MEA was relatively uniform in the mixed serpen-
tine channel.

The gas velocities in the cathode starvation condition were
almost the same, regardless of the flow pattern. The velocity
in the channel bend was relatively high. Channel velocity
decelerated to half of that for the starvation condition due to
the shortage of oxygen at the cathode. The current density
distribution reflected the velocity of oxygen on the membrane,
which is caused by poor exhaust at the channel bend for the
starvation condition.

The mean velocity of gas in the cathode channel was in the
order of single > double > mixed channel. Conversely, the
velocity at the mixed channel bend was the fastest among
those at the other channels. As two straight channels com-
bined to form one channel at the channel bend part, the mixed
serpentine flow had high momentum, which was useful for
exhausting the condensed water in the channel bend and might
also be useful for water management.

3.2 Water content for various channel flows

Fig. 6 shows the water content in the MEA as a function of
the current density and cell temperatures. After reaching its
peak values, the water content tended to decrease with the
increasing current density.

The current density at the maximum water content of each
condition moved to a lower value along with increasing cell
temperature for the cathode starvation condition.
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Fig. 7. Water activity at the cathode for various channel flows.

The water content in the MEA was in the order of mixed >
double > single channel. For mixed channel flow at a cell
temperature of 40°C, flooding might occur due to the high
water content in the MEA. For a cell temperature of 60°C,
drying-out might occur due to the poor water production and
the vaporization by the hot cell temperature in the MEA. If the
gas in the cathode channel moved at lower velocity, the water
content would increase due to the increased residence time of
the reactants in the gas diffusion layer.

Fig. 7 shows the water activity in the MEA as a function of
the current density and cell temperature. When the local activ-
ity of water exceeded 1.0, water vapor condensed to form
liquid water until the local activity equaled 1.0. When the
liquid water was present, and the local activity of water
dropped below 1.0, the liquid water evaporated until the local
activity equaled 1.0 [28, 29]. When the vapor water condensed
in the periphery of the electrode surface, the amount of water
film increased with flooding.

Water activity increased with increasing current density for
all cell temperature conditions.

The water activity in the MEA was in the highest order of
the mixed > double > single channel. The water activity in the
MEA at high cell temperature showed little difference with the
type of channel flow. However, at low cell temperature, the
effect of flow pattern became non-negligible, especially at a
cell temperature of 40°C. At this temperature, the water activ-
ity of the mixed channel was 0.1 higher than that of the single
channel, resulting in increased water content in the MEA.

3.3 Internal temperature and standard deviation for various
channel flows

Fig. 8 shows the mean temperature values on the membrane

at the cathode as a function of flow pattern and current density.

At low current density, the mean temperature values on the
membrane were almost the same, regardless of cell tempera-
ture. The mean temperature increased with increasing current
density for all cell temperatures. At a cell temperature 40°C,
the mean temperature on the membrane increased up to 44°C.
At the cell temperature of 50 and 60°C, the mean temperatures
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Fig. 9. Standard deviation for the various channel flows.

increased up to 56 and 67°C, respectively, for the starvation
condition. The mean temperatures on the membrane were
about 10% higher than the cell temperatures.

The mean temperature on the membrane was in the order of
single > mixed > double channel. The local temperature at the
single channel for the starvation condition was particularly
2°C higher than for the standard condition. The performance
of the PEMFC, which is sensitive to a 1°C rise in room tem-
perature, was degraded by the decrease of water content and
membrane conductivity.

Fig. 9 shows the standard deviation of the local temperature
on the membrane as a function of current density and cell
temperature. The standard deviation values of temperature
were almost identical regardless of cell temperature for the
standard conditions. However, they changed largely along
with the cell temperature for the starvation conditions.

In the starvation condition of a cell temperature of 40°C, the
standard deviation increased linearly with increasing current
density. In the starvation condition of a cell temperature of
50°C, the standard deviation also increased linearly, but the
values were larger than those of a cell temperature of 40°C.
The discrepancies of the standard deviation between the stan-
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dard and starvation conditions were relatively smaller than
those of a cell temperature of 60°C. The standard deviation at
a cell temperature of 60°C changed dramatically with the
increasing current density for the starvation condition. The
standard deviation at 85.5 mA/cm’ increased up to 8.3, which
is four times higher than that of the standard condition. This
large standard deviation indicates the non-uniform distribution
of temperature on the membrane.

The standard deviation of the temperature on the tempera-
ture was in the order of single > mixed > double channel.

Compared with the standard condition, the increment of the
standard deviation of the local temperature is much larger for
a cell temperature of 60°C. Especially in the case of the single
channel, the highest increment of the standard deviation value
of temperature on the membrane may cause large thermal
stresses on the membrane. These results can provide useful
information in the design of the PEMFC channel flow.

4. Conclusions

The effect of channel flow pattern on the distribution of the
internal properties of the counterflow PEMFC for cathode
starvation conditions was investigated through numerical stud-
ies and experiments. Based on the numerical and experimental
analysis, the following conclusions were obtained:

(1) Mixed serpentine flow gives the fastest velocity of gas in
the channel, which is useful for exhausting the condensed
water in the channel bend to possibly prevent the channel
from flooding.

(2) The local temperature and its standard deviation of a single
serpentine flow are the highest among those of other chan-
nel flows, and such a condition may cause local thermal
stress.

(3) The single serpentine flow is the most sensitive to cathode
starvation, while the mixed one is the most durable.

Nomenclature

C : Molar concentration (mol/m’)
CON Conductivity (S/m)

E Open circuit voltage (V)

F Faraday constant, 96487 (C/mol)
1 Local current density (Alenr)
M Molecular weight (kg/mol)

P : Pressure (atm)

0 . Volume flow rate (m’/s)

R : QGas constant

T Temperature (K)

t Thickness (mm)

V Cell voltage (V)

X Mole fraction

Greek

a . Transfer coefficient

n : Overpotential (V)

A Water content

o : Conductivity (S/m)
p : Density (kg/m’)

) : Velocity (m/s)
Subscripts

a Anode

c Cathode

dry Dry state

K Anode or cathode
M Membrane

w Water
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