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Abstract

Optimal design and proper operation is important to get designed output power of a polymer electrolyte membrane fuel cell (PEMFC) stack.
The air-cooling fuel cell stack is widely used in sub kW PEMFC systems. The purpose of this study is to analyze the operating conditions
affecting the performance of an air-cooling PEMFC which is designed for portable applications. It is difficult to maintain well balanced
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perating conditions. These parameters are the relative humidity, the temperature of the stack, the utility ratio of the reactant gas a
his study a 500 W rate air-cooling PEMFC was fabricated and tested to evaluate the design performance and to determine optim
onditions. Moreover, basic modeling also is carried out. These results can be used as design criteria and optimal operating co
ortable PEMFCs.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The design of a fuel cell stack is highly complicated.
lot of parameters affect the performance of the system

nd these parameters are tightly related each other. Contrary
o a single cell, a stack must be considered as a manifold
esign to well distribute flow rate at each cell. Pressure drop

s also important to operate complete a system with an air
ompressor.

When it comes to operating a fuel cell stack, in many
pplications of polymer electrolyte membrane fuel cells
PEMFC), a portable power module should be operated under
variety of environments. The performance of the fuel cell

ystem can alter with the ambient humidity and temperature.
he portable power system should be able to adapt to these
nvironments by itself through the water and heat balance of

he system.

∗ Corresponding author. Tel.: +82 42 860 3781; fax: +82 42 860 3309.
E-mail address:yjsohn@kier.re.kr (Y.-J. Sohn).

The power of the PEMFC is closely dependent on
relative humidity of the reactant air in the stack. The r
tive humidity is determined by the humidity and tempera
of the input reactant air and the stack. The air-cooled
cell stack is widely used in sub kW PEM fuel cell s
tems because it is a simple and easy method. Howev
the power density of stack is increased, it is harder to
enough balanced humidity of the input fuel air and s
cooling by ambient air. To design a portable power
cell system, it is crucial to know the boundary of po
ble operating input fuel air humidity and controllable
cooled stack temperature to maintain stable and high p
output.

There has been much research about the water an
balance of PEMFC or DMFC[1,2]. However, it is hard t
find the data for real PEMFC adapted air-cooled syste
the several hundred watt size.

Water balance is coupled with the water produced in
MEA, the stack temperature and the fuel air humidity. Th
fore, a parametric experiment with a real system is a u
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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approach. Design aspects, such as pressure drop on the cath-
ode channels and flow distribution of each cell, are studied.
This paper is also focused on the relationship between the
power of the stack and the relative humidity through the con-
trol of the air-cooled system.

2. Test apparatus and experiment model

The stacks (Fig. 1) consisted of 16 and 21 cells separated
from each other by corrugated plates for forced air-cooling.
The active area of the each cell is 100 cm2. The dimensions of
the 21-cell stack are 23 cm (width)× 7.2 cm (height)× 22 cm
(length), 3.64 l. The MEA is made up from Nafion® 112 mem-
brane with SGL carbon paper as the gas diffusion layer, while
catalyst blending and assembly procedures of each com-
ponent were freshly prepared. The four and six axial fans
control each stack temperature. K type thermocouples were
used to get the temperature data at the four locations in the
stack.

Fig. 2 shows the schematic diagram of the experiment.
The reactant air is humidified 100% through the heated water
reservoir that is controlled at the set temperature. The temper-

ature of the water reservoir is set at 30, 40 and 50◦C according
to the capacity of the possible heat and water exchanger. Sev-
eral axial fans control the stack temperature for reflecting the
real system control condition. Therefore, there is some vari-
ation of the stack temperature as the current of the stack is
modified from low to high although the temperature of 60◦C
is hold stable as possible. The relative humidity can be cal-
culated by the following equation[3]:

φ = Pw

Psat
(1)

Pw andPsat is the saturated vapor pressure at the temper-
ature of the reactant air inlet and the stack, respectively.
The tube that is connected from the water reservoir to the
reactant air inlet is kept isothermal by the insulating mate-
rial. The temperature deviation from the water reservoir
to the reactant air inlet is 2◦ or 3◦. Therefore, it can be
assumed that the temperature for thePw is that of the reactant
inlet air.

3. Results and discussion

3.1. Pressure drop
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Fig. 1. The experimented stacks (a) 16-cell stack and (b) 21-cell stack.
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Pressure drop is one of the parameters to be consi
hen a fuel cell stack is designed. The difference in the w
xhausting property from cell to cell can be raised, eve
he geometry of each bipolar plate is identical. There ca

disparity of the alignment of each cell or surface co
ion between water and the channel walls or gas diffu
ayer. If the pressure drop is high enough, the differe
f water exhausting can be unaffected. From this poin
iew, increasing the pressure drop gives an advantage
peration of the fuel cell stack. However, the pressure
hould be optimised because the power and performan
he air supplier is limited in respect of a portable syst
n appropriate difference of pressure is estimated from
bove considerations.

Pressure difference between the inlet and the outlet o
athode side is measured and is shown inFig. 3. The cel
emperature is 22◦C. Dry air is supplied into the catho
hannels but some moisture exists in the channels be
f previous operations. Hydrogen is supplied into the an
hannels and an open circuit voltage is maintained durin
xperiment.

In addition, the pressure drop is calculated by a theore
quation. The reynolds number of the channel flow is be
000 in every operating case. Therefore, the flow in the c
els can be assumed laminar and the flow friction is calcu
y using the Hagen–Poiseuille equation as follows:

= 64

Re
, Re < 2300 (2)
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Fig. 2. Schematic diagram of the PEMFC experiment system.

Assuming single phase air flow because dry air is sup-
plied into the channels, the pressure drop can be obtained
from:

�p = 32vµL

D2
h

(3)

wherev is the mean flow velocity in a channel,µ the viscosity,
L the length of a channel andDh the hydraulic diameter.

The solid line inFig. 3 is the result of calculation. How-
ever, the theoretical result is only about 30% of the mea-
surement over the whole volume flow rate region. There are
several possible explanations for this inconsistency. First of
all, the channel cross-section can decrease due to swelling
of the gas diffusion layer between flow channels[4]. Sec-
ond, the dry air might actually be two-phase flow because of
moisture that already exists in the channels. Finally, man-
ifold pressure loss and the effect of the channel bending
can also affect this result. To estimate accurate pressure
drop, theoretical analysis as well as experiment have to be
carried out.

F e in to
2

3.2. Flow rate distribution

Uniform flow rate distribution exercises a direct influence
on cell voltage and performance. If an uneven amount of
air is provided into the channels then the voltage of a cell
decreases due to air shortage or water flooding within the
cell. In a serious case, the voltage of a cell centre reversed
and then water is electrolysed in the cell. Because the impact
force is considerable when a bubble forms by electrolysis,
physical destruction can take place on the high stress region
of membrane, for example the edge by channels. It is then
possible that hydrogen can spread into the cathode channel

Fig. 4. Example photograph of membrane failure.

Fig. 5. Three-dimensional mesh for numerical analysis.

ig. 3. Measured and calculated pressure drops of the cathode sid
1-cell stack.
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Fig. 6. Manifold configuration (a) u shape and (b) z shape.

through the tiny destruction point. This leads to a thermal
combustion of hydrogen by direct mixing with oxygen.Fig. 4
shows this failure.

To prevent the failure, the volume flow rate distribution of
the cathode side is estimated by a three-dimensional numer-
ical analysis. The commercial program, FLUENT® 6.0 is
used. Mesh created by using GAMBIT® 2.0 is shown in
Fig. 5. Air is assumed to be single phase and the electro-
chemical reaction is not considered.

The manifold design is important to make the distribution
of the volume flow rate uniform. The flow pattern is changed
sensitively according to the shape of the air inlet. In addition,

F
p

the inlet and outlet configurations (Fig. 6) also affect the flow
distribution.Fig. 7 shows the results. On the whole, the u
shaped configuration is more uniform then the z shape. The
deviation of distribution in the u shape case is under 1%.

3.3. Cell voltage distribution and relative humidity

Considering the general relation of several parameters,
the more the relative humidity increases, the more the ion
conductivity of the membrane improves but the deactivated
area of the catalyst layer also enlarges because water flood-
ig. 7. The deviation of the volume flow rate of each cell at (a) 14.6 litres
er minute and (b) 29.2 litres per minute.

F
r
a

ig. 8. The average and the distribution of cell voltage with respect to the
elative humidity (a) relative humidity = 37%, (b) relative humidity = 48%
nd (c) relative humidity = 66%.
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Fig. 9. The voltages of the cells and the stack power graph.

ing appears in the channels. Therefore the uniformity of each
cell’s voltage or the stability of stack performance can be
deteriorated under low as well as high relative humidity.
Moreover, the MEA is optimised for gas and water trans-
port in the specific condition by treatment of PTFE at the gas
diffusion layer and design of the structure of the micro layer.

As a result of the MEA specification, the operating condi-
tion can be restricted for getting an appropriate cell voltage
and performance[5]. In addition, the humidifier of the air
is bound to be limited for the application of portable power
systems. With these circumstances in mind, it is important to
determine the proper relative humidity within the designed
parameters such as the pressure drop through the channel, the
MEA properties, the performance of the humidifier and the
cooling fans.

Fig. 8 shows the average cell voltage and the deviation
of the maximum and minimum for each relative humidity
case. In the 37% relative humidity case, minimum voltage
steeply decreases above 550 mA cm−2 region although the
average voltage still has a moderate value. On the contrary,
the I–V performance and the deviation between minimum
and maximum voltage of the other cases appear acceptable.
This result indicates two facts. The one is that the designed
pressure drop is enough to clear water in the channel below
the 50–70% relative humidity condition. The other is that
low relative humidity can be the dominant reason for cell
voltage distribution instability caused by the deterioration of
ion conductivity. As a result, about 65% relative humidity
operating condition is proper if this condition is controllable
by the humidifier and the axial fans.

3 k

dity
k rating
Fig. 10. I–V performance curve of the 21-cell stack
.4. 600W operating results by air-cooled PEMFC stac

Fig. 9 shows the operating data. The relative humi
eeps about 64% in the stable operating region. The ope
and the voltage distribution at various current levels.
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Fig. 11. The parasitic load associated with the forced cooling by axial fans.

pressure of air and hydrogen is atmospheric pressure. Average
cell temperature is 60◦C and the air input temperature is
50◦C. Air stoichiometry is 2.3. The measurement shows that
the stack performance has reasonable stability at the given
relative humidity.

It is important that the voltage of each cell keep uniform
at various current levels. The cell voltage distribution of the
21-cell stack at three selected points is shown inFig. 10.
Points 1–3 indicate the voltage variation at open circuit volt-
age, normal power output and 0.6 average voltage points,
respectively. The uniformity of cell voltages is acceptable,
despite the fact that the voltages of 2 or 3 cells which are
opposite the manifold inlet appears over 18% lower than
the average voltage above the region of current density of
550 mA cm−2.

3.5. The parasitic load associated with the forced
cooling by axial fans

The parasitic load associated with the forced cooling by
axial fans is shown inFig. 11. The operation is carried out
under the identical condition ofFig. 9. Ambient temperature
is typical room value, 20◦C. As shown in the graph, the heat
control of the PEMFC stack is successfully carried out by
axial fans with 2% consumption of the total power output of
the stack.

4. Conclusion

PEMFC stacks are designed and manufactured with 16 or
21 cells, respectively, and 100 cm2 active area. Appropriate
pressure drop is investigated and estimated by experiment.
The difference between the measurement and the basic the-
oretical calculation of pressure drop is over three times. A
two-phase model and the swelling effect of the gas diffusion
layer must be considered to obtain more reasonable estima-
tion. The deviation of the distribution of volume flow rate is
under 1% by optimal design and configuration of the mani-
fold. Moreover, the deviation of the distribution is analyzed
by the basic numerical calculation.

The experiment with the stack is carried out at three rel-
ative humidity conditions controlled by the temperature of
the stack and the inlet reactant air. The air-cooling method is
used to control the temperature of the stack. The stack power
is improved at the 66% relative humidity case compared to
other cases. In portable systems, the stack temperature is
varied according to the current and the air flow rate. If the
humidity and the temperature of the inlet reactant air was
exchanged with the outlet reactant air, the condition also can
be controlled according to the outlet reactant air. The relative
humidity can be a useful operating indicator in this operating
situation.

The air-cooled PEMFC stack that is designed for 500 W
o f rel-
a rced
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a and
c

R

[ 112

[ on-
ol. 1,

[ ohn

[ 128

[ .-S.
ptimal operation works successfully in the 60% range o
tive humidity. The parasitic load associated with the fo
xial cooling fan consumes less than 2% of the overall p
utput at the room temperature. To estimate a more rea
tion, the parasitic load of the air compressor, actuators
ontrol board should be considered.
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