JMEPEG (2006) 15:474-483
DOI: 10.1361/105994906X117332

©ASM International
1059-9495/$19.00

Fuel Cell and Hydrogen Economy

Ramana G. Reddy

(Submitted January 16, 2006; in revised form May 21, 2006)

This article reviews some of the recent developments in the materials, design, and concepts for bipolar/end
plates in the polymer electrolyte membrane fuel cell stack. Experimental results for the use of iron- and
copper-based alloys for bipolar plate as an alternative to the expensive conventionally used graphite
material are presented. The developments of the models for optimizing the design parameters in the gas
flow-field of these plates are discussed. Based on these simulations results, some of the new concepts for
these plates were urbanized. These include: use of metal foam in the gas flow-field, and corrugated thin
sheet bipolar/end plate. Experimental results with these new concepts are presented and will be compared
with the model-predicted results. Applications of these new concepts in the development of commercial fuel
cell stacks in the era of hydrogen economy are discussed.

Keywords bipolar plates, corrugated sheets, metal foams, mod-
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1. Introduction

Successful application of fuel cell technology is the key for
a sustainable hydrogen economy. The application of fuel cell
technology to portable power systems is motivated by several
factors including high power density, high energy-to-weight
ratio, and, more importantly, an environmentally benign pro-
cess. However, the miniaturization of fuel cells for portable
power applications is not simply a matter of reducing physical
dimensions but of making use of new designs and manufac-
turing processes for micro and macro components. This puts a
limitation on the materials and processes used for making such
components. The widespread commercialization of the tech-
nology has still not been made possible due to the high costs
associated with the fuel cell components. One such component
in the fuel cell stack is the bipolar/end plate. These are one of
the costliest components in the fuel cell stack and account for
>80% of the total weight of the stack (Ref 1). The working of
polymer electrolyte membrane fuel cell (PEMFC) is similar to
that of other fuel cells. Generally, hydrogen (H,) is fed to the
porous anode as fuel and an oxidant, either oxygen (O,) or
oxygen-enriched air, is passed on the cathode surface. The
reactions that take place are as follows (Ref 2, 3).

E°=0V
E°=1.229V

At anode — H, - 2H" +2¢”~

At cathode — 150, + 2H" + 2~ — H,0
The overall reaction is thus:

H,+ 10, ->H,0 E°=1229V
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Figure 1 shows the detailed working of the PEMFC. The
water thus produced can be reused by recirculation to keep the
membrane hydrated.

2. Fuel Cell Research at The University of
Alabama

The fuel cell research at The University of Alabama started
in year 1999. The research areas are multidisciplinary, and
various department are working together to develop a system
integration module for PEMFC, direct methanol fuel cell
(DMEFC), and solid oxide fuel cell (SOFC). The research areas
includes bipolar plates, end plates, membranes, electrodes,
catalysts, controls for fuel cell systems, and the effect of vi-
brations on cell stack components. The metallurgical and ma-
terials engineering department at The University of Alabama is
currently working on the development of new materials, de-
signs, and modeling of bipolar and end plates (Ref 4-6). Fuel
cell research in DMFCs is mainly focused on the design of and
material modification for bipolar and end plates. Ongoing re-
search is for the modeling and optimization of flow fields. The
other aspects of the development of electrode and membrane
materials are also ongoing. The research is also active in de-
velopment of interconnect materials for SOFC. This paper dis-
cusses some of the research finding pertaining to PEMFC bi-
polar/end plates.

3. Development of Bipolar/End Plate Materials for
Polymer Electrolyte Membrane Fuel Cell

3.1 Selection of Material

This is the first step in the development of bipolar/end plate
material. Material selection is a very critical step where lots of
possible materials are considered. The short-listed materials
were then compared, and some of them were eliminated on the
basis of various properties. The materials that were considered
fall into four major groups (Ref 7): metals and alloys; com-
posites; conducting polymers; and ceramics. Semiconductors
were not considered due to their cost and lack of corrosion
resistance. As discussed above, although composites and con-
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Fig. 1 Working of the PEMFC

Table 1 Comparison of SS-316 and C-17200 with
graphite

Property Graphite SS-316 C-17200

Cost, $/kg 75 7 12

Density, g/cc 2.25 8.02 8.25

Thickness of bipolar plate 2.50-4.00 0.16 0.16
for same weight, mm

Thermal conductivity, 0.24 0.16 1.3
J/em - °C - s

Electrical resistivity, 6000 73 46.2
Q-cm x 107°

Permeability for hydrogen 1072-107° <1072 <1072
across the plates, cm*/cm?-s

Modulus of elasticity, MPa 4800 193,000 18,500

Corrosion current, mA/cm? <0.01 <0.026 <0.025

ducting polymers were used they were rejected on the basis of
their cost and lower ease of manufacturing. Most of the alloy
systems have good conductivity and strength, and low cost.
Metals and alloys are promising in each and every aspect con-
sidered. So, the focus of this research was on testing of some
of the alloy systems. After reviewing the materials on the basis
of their properties, SS-316 and C-17200 alloys were selected as
a candidate material for PEMFC bipolar plates. The properties
of these alloys are compared with graphite, which is a com-
mercially used bipolar plate material, and are given in Table 1.

After finishing with the selection of the material, an exten-
sive corrosion study of the C-17200 alloy was carried out in a
simulated fuel cell environment (Ref 8). The details of the
corrosion testing are not included in this article. The corrosion
testing was followed by the modeling to study the optimization
of the flow field.

3.2 Modeling of Flow Fields

Among the different types of fuel cells that exist, the
PEMEFC-type cell is seen as a system of choice for automobile
applications due to its environmentally friendly nature and abil-
ity to deliver high power density while operating at lower
temperatures (Ref 2). With such a great progress in fuel cell
technology taking place in the last decade, one of the main
hindrances in the onset of the fuel cell commercialization pro-
gram is the high cost of the fuel cell system (Ref 9). Therefore,
the main focus for fuel cell developers is to improve the per-
formance of different components of the fuel cell stack and
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Fig. 2 Schematic of the PEMFC cross section showing different
zones and species transport across the zones. The net water flux is the
sum of: (1) electro-osmotic effect; (2) diffusion effect; and (3) perme-
ability effect

thereby increase the cell efficiency. This can be achieved by
optimizing the operating parameters and selecting newer ma-
terials with better performance. But the complex nature of in-
terlinking between different components makes the optimiza-
tion a challenging task. However, with the advent of advanced
modeling tools and the computational environment, enhanced
system integration and optimization for the fuel cell stack is
becoming a reality. Several models have been developed in the
past for different components in the fuel cell system (Ref 10-
18). The use of such models will enhance our understanding
and development of efficient fuel cell systems.

3.3 Single-Cell Model

The single-cell stack uses SS-316 bipolar/end plates with a
multiparallel flow-field design. The model focuses on predict-
ing the effect of operating parameters like humidification level,
temperature, and pressure. Simulations were carried out to
study the effect of these parameters on cell performance. The
model will help in obtaining the optimum operating parameters
without the need to do many costly experiments. The detailed
stepwise development of the model is discussed below.

3.4 Problem Domain

The simulation domain consists of bipolar/end plate flow-
field channels, anode and cathode diffusion, and a catalyst
layer, on each side of the membrane. Each of the layers is
marked as a separate zone in Fig. 2. The cathode and anode
flow channels were imprinted onto the bipolar/end plates. The
diffusion layers were essentially the electrodes made with po-
rous carbon cloth.

These layers help to diffuse the reactant gases from the
bipolar/end plate flow channels onto the reaction catalyst layer
on each side of the membrane. The pressure drop of the reac-
tants due to the porous layer was also taken into consideration
in this modeling work. It was assumed that these layers have an
isotropic permeability and that the value is 10™'% m? (Ref 11).
The catalyst layer is where all the electrochemical reactions
take place. Four species (i.e., hydrogen, oxygen, nitrogen, and
water vapor) were considered in this modeling work. The
model works by tracking the fluxes of all the reactants along
with the byproduct water that is formed due to the electro-
chemical reaction. Consider, for example, the flux for hydro-
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Fig. 3 Single-cell model simulations at different temperatures rang-
ing from 30 to 80 °C

gen species. The hydrogen from the anode flow channel is
transported through the anode diffusion layer toward the anode
catalyst layer. The catalyst action dissociated the hydrogen
molecule to protons and electrons according to the reaction H,
— 2H" + 2e”. The protons generated above will transfer
through the membrane (protonic conductor) onto the cathode
side, wherein they combine with oxygen to generate water. So,
there is a consumption of hydrogen and oxygen species on the
anode and cathode sides, respectively, and a generation of wa-
ter species on the cathode side. Similarly, other species are
tracked in the domain. The assumptions, solution strategy, and
governing equations have already been discussed separately in
another article (Ref 4).

3.4.1 Simulations. Simulations were done for different
operating conditions (i.e., humidification, temperature, and
pressure). The idea behind doing these simulations was to find
the optimum operating parameters, so that the cell stack could
be run with those parameters. Operating at these parameters
will yield the maximum performance in terms of the output and
life of the fuel cell system. It should be noted that while doing
a simulation on one parameter, all other parameters were kept
constant. For example, to study the effect of humidification
level, only the composition of the reactants was changed, and
all other parameters, like temperature, pressure, and operating
voltage, remained constant.

3.5 Effect of Humidification

Simulations were performed for varying degrees of different
humidification levels (content of H,O in the anode and cathode
streams) in the cell stack. The average current density for each
case A, B, C, D, and E was 2062, 4767, 7209, 4295, and 3187
A/m?, respectively. The details of all the results are included in
a previously published article (Ref 4).

It is clear from these simulations that humidification level is
an important parameter for efficient cell performance. Because
the water is produced on the cathode side of the cell, membrane
dehydration is highly unlikely on this side. The cell perfor-
mance is then entirely dictated by the water content at the
anode side. The results obtained above can be represented in a
more convincing way in Fig. 3. Five humidification cases are
represented here, and the graph shows a peak kind of perfor-
mance. On each side of the peak, the performance of the fuel
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Fig. 4 Simulation results for the variation of average current density
as a function of the humidification level of the reactant gases

cell decreases. Toward the left, the performance is low due to
membrane dehydration (i.e., low ionic transfer coefficient), and
on the right side the performance drops due to flooding of the
electrode pores. So, the optimum humidification level corre-
sponds to the peak of the curve. It may be noted here that in
practical systems it may be difficult to maintain a precise level
of humidification.

3.6 Effect of Temperature

Simulations were performed in a temperature range of 30 to
80 °C in steps of 10 °C. The pressure for these simulations was
kept constant at 240 kPa. The results are plotted in Fig. 4. As
expected, an increase in performance is observed. The linear fit
of the simulated data yields the equation:

CD=355xT+4165 (R*=0.9973)

where CD is the current density in amperes per square meter,
and T is the temperature in degrees centigrade It should be
noticed here that this equation is typical for our single-cell
stack in particular, and may vary slightly in other stack designs
and with other fuel cell materials.

The equation shows a direct relationship between tempera-
ture and current density in the cell for a fixed operating voltage
of 0.6 V. The graph shows a constant increase in current den-
sity with temperature. This is due to the reduced internal re-
sistance of the cell, the reduced mass transport limitations, and
the enhanced kinetics of the electrochemical reactions as the
temperature is increased. Also, when the fuel cell stack is op-
erated on the reformer feed at high temperature, it reduces the
chemisorption of CO on the catalysts. This enables the fuel cell
to be operated with some level of CO contaminant without
catalyst poisoning. The improvement in cell performance with
increase in cell temperature is limited by the high vapor pres-
sure of water in the electrolyte membrane. This is due to the
dehydration of the electrolyte membrane and consequently to
the reduction in the protonic conductivity as the temperature is
increased. The choice of optimum operating parameters in such
cases is, however, complex and depends on the performance of
the fuel cell materials. Typically, the performance of the elec-
trolyte membrane dictates the choice of the optimum operating
temperatures in the cell.
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Fig. 5 Single-cell model simulations at different pressures ranging
from 60 to 300 kPa

3.7 Effect of Pressure

Simulations similar to that for temperature were performed
for pressures ranging from 60 to 300 kPa in steps of 60 kPa.
The temperature and operating voltage for these simulations
was kept constant at 80 °C and 0.6 V, respectively. The results
are plotted in Fig. 5. The performance increases rapidly in the
beginning but slowly levels off as pressure increases. This is
due to the reduced rate of gas solubility as the pressure is
increased. The choice of optimum operating pressure depends
on the type of application. In general, high operating pressures
must be avoided in fuel cell operation. High operating pres-
sures unnecessarily add to the cost of pressurization of the
reactant gases.

3.8 Model Validation

The unified single-cell model results for current density
predictions were compared with the experimental data obtained
using a single-cell PEMFC stack. Bipolar/end plates were
made of SS-316 with multi-parallel flow-field (MPFF) design
and rectangular cross-section channels. Experiments were run
with simulated H, and H,O flow through the anode compart-
ment, and with simulated O, and H,O on the cathode side. Gas
inlet temperature and pressure were maintained at 350 K and
240 kPa, respectively.

Simulations were performed at voltages ranging from 1.0 to
0.4 V in steps of 0.1 V using the thermodynamic and mem-
brane properties (Ref 4, 6). The simulated results of cell volt-
age as a function of current density for a single-cell stack are
compared with our experimental data, as shown in Fig. 6. A
good agreement between the experimental and simulated data
was obtained. The discrepancy between model-predicted and
experimental data at low current densities or at higher voltages
(the activation polarization range) may be due to the changes in
temperature and pressure in the stack. In the experimental sys-
tem, these were not measured, and temperature and pressure
was assumed to be the same as that of the inlet gases. The fact
that the experimental results are lower than the predicted re-
sults indicates that the experimental flow-field-membrane elec-
trode assembly (MEA) system could have lower temperatures
and pressures than 350 K and 240 kPa, respectively. This uni-
fied model can now be used to study the effect of different
operating variables (i.e., humidification, temperature, and pres-
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Fig. 6 Validation of the single-cell model with experimental data

sure) and to predict the fuel cell performance. However, this
model is valid only for the MPFF design of the bipolar/end
plates and defined experimental conditions.

3.9 Gas Flow-Field Design

The gas flow field is one of the most important design
parameters that directly affect cell performance. Several mod-
els have been developed for the optimization of the electro-
chemical kinetics of the process. However, little attention has
been focused on the optimization of the flow-field design in the
bipolar/end plates of the fuel cell stack (Ref 10, 19). This work
concentrates on the effect of the flow-field design on the
steady-state and the transient behaviors of the fuel cell. Several
flow-field designs (i.e., serpentine, parallel, multiparallel, and
discontinuous) were studied for the steady-state and transient
performances of the fuel cell.

3.10 Model Development

The current model is a three-dimensional, single-phase,
transient, isothermal, numerical mass-transfer unified model
for PEMFCs. The steady-state performance is just a special
case where all the time-dependent terms in the governing trans-
port equations would be nullified. Essentially, this model is an
extension of the single-cell model described above. The nu-
merical predictions of the voltage were made for changing load
(current) levels. The transient behavior was studied for differ-
ent flow-field designs (i.e., serpentine, parallel, multiparallel,
and discontinuous) in the bipolar/end plates of the fuel cell.
Also, the steady-state performance was calculated for each of
the designs, and the results were compared. The overall per-
formance of the flow-field design was judged based on the
steady-state and transient behaviors of the fuel cell. This would
help in finding the best possible flow-field design for the bi-
polar/end plates of the fuel cell. The details about the assump-
tions, governing equations, and solution strategies have been
published elsewhere (Ref 4, 6).

3.10.1 Simulations. Simulations were performed for dif-
ferent flow-field designs in the bipolar/end plates of the
PEMEFC. The temperatures and pressures for all of the simu-
lations were kept constant at 350 K and 202 kPa, respectively.
Reactant gases were externally humidified. On the cathode
side, humidified air consisting of 21 mass% O,, 70.5 mass%
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Fig. 7 Steady-state and transient performance for a single-cell PEMFC
stack using different flow-field designs in the bipolar/end plates

N,, and 8.5 mass% H,O vapor was used. The anode side re-
actant gas consisted of 40 mass% H, and 60 mass% H,O vapor.
The velocity inlets for the cathode and anode sides were 5.0
and 2.5 m/s, respectively.

The steady-state results were first obtained by deselecting
the transient option from the Fluent software (Fluent Inc.,
Lebanon, NH). Deselecting essentially removes all of the time-
dependent terms from the transport equations. The current den-
sity for these simulations was fixed at 5000 A/m>. The simu-
lated voltages for serpentine, parallel, multiparallel, and
discontinuous designs were 0.66, 0.64, 0.68, and 0.71 V, re-
spectively. These are marked by dotted lines in the steady-state
region of Fig. 7. From this, the authors concluded that the
discontinuous type of flow-field design will perform better than
the other three designs. This is because the discontinuity of the
channels forces the gas into the diffusion layer, thereby making
the transfer of the reactant gases in the gas diffusion layer from
diffusion to diffusion plus forced convection type. This in-
creases the effective pressure of the reaction species at the
reaction interface. These findings are consistent with those of
Watkins et al. (Ref 19), who proposed the design as a solution
to the problem of increased gas diffusion. The transient re-
sponse of the PEMFCS was studied by changing the load level
(current) from 5000 to 8000 A/m? instantaneously. The sudden
load change was made at time # = 0 s. It was assumed that the
fuel cell has a steady state at all times, ¢ < 0 s. The simulated
voltage for the transient region is shown in Fig. 7. Initially,
when the load level is increased, the voltage suddenly drops,
and then levels off to a value slightly higher than the dropped
value. The time to level off was measured from the time when
the load level was suddenly increased (+ = 0 s) to the time
when the change in voltage was <0.1 mV. The times for the
transient responses for the serpentine, parallel, multiparallel,
and discontinuous types of flow designs were 9.5, 7.5, 8.0, and
16.5 s, respectively. It was seen that the transient performance
was highest for the parallel type of design and lowest for the
discontinuous type of design.

As discussed above, the discontinuous type of design gave
the maximum steady-state performance but the lowest transient
performance. On the other hand, the parallel design gave the
lowest steady-state performance but the highest transient per-

478—Volume 15(4) August 2006

formance; the multiparallel type of flow-field design gave rea-
sonably good values for both steady-state and transient perfor-
mance. So, with such flow-field designs in the bipolar/end
plates the overall performance of the fuel cell can be increased.

Also, it is worth mentioning that the use of the design also
depends on the application. If the fuel cell is used for stationary
applications where the steady-state response is more important
than the transient response, the discontinuous type of flow-field
design will be a better choice. However, if the fuel cell is used
for automobile applications, where the transient response is as
important as the steady-state performance, it would be wise to
use the multiparallel type of flow-field design.

Also, it may be noted that the difference in voltage transient
response values for different flow-field designs were on the
order of 0.1 V, which may appear to be insignificant. These
values should be used as a caution, because this depicts the
voltage variation in one cell only. In commercial cell stacks
(approximately =100 cells), the voltage variations from all
cells would add up, resulting in an appreciable level of tran-
sient voltage drop. The present model in further studies would
be extended to study the transient characteristics for the large
fuel cell stacks. The use of such models will help in the opti-
mization of the design process for the gas flow-field and will
give fuel cell developers a scope of further improvements of
the fuel cell technology.

3.11 Optimization of Channel Dimensions and Shape

The efficiency of the fuel cell depends on the kinetics of the
electrochemical process and the performance of the compo-
nents. However, as discussed in the previous sections, little
attention is being focused on the design dimensions for the fuel
cell, typically those of the flow field of the bipolar/end plate.
This work therefore concentrates on studying the effects of the
dimensions and shape of the channels in the gas flow field (Ref
4). This would help to better understand some of the design
consider ations for the bipolar/end plates and will give fuel cell
developers a scope of further improvement of the fuel cell
technology.

The PEMFC model described here was developed to study
the effect of the channel dimensions and shapes in the flow
field of the bipolar/end plates. Consequently, to avoid com-
plexities, a half-cell model for the anode side of the fuel cell
was developed. The problem domain for the half-cell PEMFC
model consists of three different zones: flow-field channels
(serpentine design), which are imprinted onto the bipolar/end
plates; gas diffusion electrodes; and catalyst layers. It was as-
sumed that the fuel was hydrogen on the anode side. The hy-
drogen gas enters the domain at the gas inlet in the bipolar/end
plate. The gas flow field in the bipolar/end plate helps in the
distribution of hydrogen reactant gas onto the surface of the
electrode. The gas is transported toward the anode electrode via
diffusion and convective transfer. The next layer is the catalyst
layer, where hydrogen molecules break into protons and elec-
trons.

Rectangular cross-section channels were chosen for study-
ing the effect of channel dimensions. The flow field was cho-
sen to be a single-path serpentine design. Once the optimum
channel dimensions have been achieved, the results would be
compared with those of other channel shapes. The data and
more discussion for this model have been published previously
(Ref 4, 6).
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3.11.1 Simulations. Simulations were performed for dif-
ferent sets of channel dimensions. Three different parameters
(channel depth, channel height, and land width) were chosen
for study. Each of the parameters was varied from 0.5 to 4.0
mm, resulting in a total of six different dimension cases (i.e.,
0.5, 1.0, 1.5 2.0, 3.0, and 4.0 mm). With all of the permutations
and combinations among the parameters, we have a total of 6
X 6 x 6 = 216 cases. Hydrogen consumption at the anode was
chosen as the parameter to judge the performance of the fuel
cell. It may be noted that the higher the hydrogen consumption
at the anode, the better the performance of the fuel cell. Simu-
lations corresponding to these 216 cases were performed for
different chosen values of N. We choose four different values
of \ corresponding to 5, 10, 15, and 20. The hydrogen con-
sumption for each of these cases came out to be roughly 20, 42,
63 and 83 mass%, respectively. Considering the fact that the
practical fuel cell operates at high values of fuel consumption
(e.g., 80 mass%), it was decided to choose a value of \ of 20
for the simulations. Further, the simulations performed at low
values of N like 5 or 10 showed little effect on changing the
channel dimensions with hydrogen consumption. This was ex-
pected, because diffusion mass limitations of hydrogen in areas
on ribs (land area) would be small at low reaction rates (with
low hydrogen consumption). Figure 8 shows the effect of
change in channel depth with hydrogen consumption at the
anode with optimum channel width (1.5 mm) and land width
(0.5 mm). So, the established optimum dimensions from these
simulations were a channel width of 1.5 mm, a land width of
0.5 mm, and a channel depth of 1.5 mm. These results were
consistent with those observed by other researchers in their
work. Watkins et al. (Ref 19) studied the optimal dimension for
bipolar channels on the cathode side of the fuel cell. They
claimed the most preferred ranges to be 1.14 to 1.4 mm for
channel width, 0.89 to 1.4 mm for land width, and 1.02 to 2.04
mm for channel depth. Based on the results, that hydrogen
consumption at the anode increases as land width decreases, it
was decided to study cases in which land width can be reduced,
close to a value of zero (0" mm). However, making such bi-
polar/end plate gas flow-field channels with very small land
width (-0 mm) by a machining or casting process is not prac-
tically feasible. Therefore, alternative methods must be looked
at to fabricate such designs. One such method that can be used
is the corrugated rolling process. However, this method is good
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only for metal/alloy systems. Keeping in mind that the cur-
rently used graphite bipolar/end plates suffer from some dis-
advantages (e.g., high machining cost and low mechanical
properties) (Ref 20, 21) and that much research is focused on
the use of metallic bipolar/end plates, it was decided to study
these systems. Based on the foregoing discussion, it was de-
cided to model triangular- and hemispheric-shaped cross sec-
tions for the flow-field design using the Fluent CFD tool. Using
such channels serves our two purposes. First, to achieve close
to zero value for land width, and second, to achieve a higher
pressure drop, both of which will provide enhanced fuel cell
performance.

The simulation results for the triangular- and hemispheric-
shaped cross sections are represented in Fig. 9. These results
are plotted for optimum channel dimensions, which were ob-
tained for rectangular-shaped cross-section channels. For tri-
angular cross sections, these dimensions are: channel width,
1.5 mm; channel depth, 1.5 mm; land width, 0* mm. For hemi-
spherical cross sections, these dimensions are: channel width,
1.5 mm; land width, 0" mm. It may be noted that in the case of
hemispherical cross sections, by choosing a channel width of
1.5 mm (the diameter of the hemisphere), the channel depth
(the radius of the hemisphere) became 0.75 mm.

The bar graph shows the hydrogen consumption at the an-
ode for triangular and hemispherical cross sections, and com-
pares these values to those for rectangular cross sections. The
hydrogen consumption for the triangular-shaped cross-section
channels was 92.5%, while that for hemispheric-shaped cross-
section channels was 92.9%. These values are approximately
9% more than those for rectangular-shaped cross sections
(84.8%). So, it is clear that with the use of cross sections other
than those of rectangular shape (like triangular and hemispheri-
cal shapes), the hydrogen consumption at the anode will be
enhanced, which in turn would enhance the fuel cell perfor-
mance. Taking these calculations as a guideline for developing
a different machining technique, a corrugated sheet bipolar
plate was proposed.

3.12 Use of Corrugated Sheet Hemispherical Channel
Bipolar Plates

As discussed before, the manufacturing of a bipolar plate is
very costly due to the critical machining requirement for flow-
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Fig. 10 Corrugated sheet bipolar plate with machined SS-316 sup-
porting plate

field channels (Ref 1). A corrugated sheet bipolar plate manu-
facturing technique consists of removing machined flow-field
channels from bipolar plates with rolled corrugated sheets.
Thin sheets of C-17200 alloy were corrugated with a labora-
tory-type tube wringer. The dimensions of depth, width, and
length of corrugation were controlled by roll pressure. The
details of manufacturing by this technique are presented in the
published literature (Ref 8).

Due to the feeble strength of the sheets, supporting plates of
SS-316 were used for the assembly of the single-cell stack.
Figure 10 shows the bipolar plate with corrugated sheets. Thin
silicon rubber gaskets were used to avoid gas leakage in the
cell. The single cell prepared was tested with the fuel cell test
station facilities at the University of Alabama. The cell was
tested for 250 h at the open circuit potential to observe the
degradation of stack potential. The operating conditions were:
T =60°C;P,oie = 159s1; Poonoae = 23 psi; anode flow rate,
0, = 29.8 cm*/min; and cathode flow rate, Q, = 37.5 cm?/
min.

Figure 11 shows the behavior of the stack potential for 250
h. The stack potential was observed to be constant throughout
the duration of test. The average stack potential was calculated
to be approximately 0.99 V. The stack was dismantled after the
test, and was observed for the corrosion and degradation of the
bipolar plate and MEA. Scanning electron microscopy and en-
ergy-dispersive spectroscopy analysis revealed no poisoning
and corrosion of the MEA and bipolar plates. The use of cor-
rugated sheet not only eliminates the critical machining of the
flow-field channels, but also reduces the weight and cost of the
bipolar plates (Ref 8). The further testing of such a cell for
polarization behavior is underway.

3.13 Effect of Flow-Field Permeability

The current design for the flow field uses the machined
rectangular flow channels. Because the flow field helps to dis-
tribute the reactant gases on the surface of the electrode, and to
remove them with the water byproduct, the dimensions and
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Fig. 11 Long-term stability of a single-cell stack using corrugated
sheet bipolar plates

shapes of the channels in the flow field will affect the perfor-
mance of the fuel cell. It was seen in the previous section that
smaller channel dimensions and more channels in the flow field
improve the fuel cell performance (Ref 11, 22). For the channel
type of flow field, as discussed above, an optimum dimension
exists for the channels that would yield maximum performance
from the fuel cell (Ref 4). However, in general, the lower the
permeability of the flow field, the better would be its perfor-
mance. Low permeability would result in an increased pressure
drop across the flow field. This will make the transfer of re-
actant gases toward the electrode-membrane reaction interface
from a diffusion to forced convection type. However, the per-
meability value of the flow field can not be decreased beyond
10 m? in the case of channel design due to difficulty in
machining thin cross-section channels.

So, there is a need to look for alternative technologies that
can produce thin cross-section channels, or will at least give
performance equivalent to that of thin channels. The use of
foam materials with an open-porous structure in this regard
seems promising. Metal foams are a new kind of material that
until now have not been characterized properly, but do have
some alluring properties. They are light and stiff, have good
energy-absorbing characteristics, and good heat transfer prop-
erties.

A three-dimensional, steady-state, numerical, mass-transfer
unified model for a PEMFC was developed to predict the cell
performance. This model is based on the previously developed
single-cell model. However, in this case metal foam is present
in the gas flow field instead of a channel design. Numerical
predictions of current density as a function of the permeability
levels of the flow field would be made. This would help in
finding the best permeability values for the metal foams that
need to be used in the flow field. The model formulation,
governing equations, and boundary conditions have been re-
ported in another article (Ref 5).

3.13.1 Simulations. Simulations were performed for dif-
ferent permeability levels of the metal foam flow field. The
permeability of the metal foam varied from 107 to 107'% m>.
Simulations were performed at a temperature and pressure of
350 K and 202 kPa, respectively. Externally humidified reac-
tant gases were used. The anode reactant gas consists of 40
mass% H, and 60 mass% H,O vapor. On the cathode side, the
reactant gas was humidified air containing 21 mass% O,, 70.5
mass% N,, and 8.5 mass% H,O vapor. The reactant velocities
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Fig. 12 Variation of average current density with the permeability
levels of the metal foam in the flow field of the bipolar/end plates

at the anode and cathode inlets were fixed at 2.2 and 4.5 m/s,
respectively. The cell voltage was fixed at a value of 0.6 V.
Figure 12 shows the variation of the average current density
with the permeability of the metal foam used in the flow field
of the bipolar/end plate. As was expected, the performance of
the cell increased steadily when the permeability was de-
creased. At very low permeability values, which were compa-
rable to those of the electrodes, the increase in performance
started to flatten out. So, it is clear that lower permeability
values for the flow field will enhance the fuel cell performance.
As already stated, lower values of permeability for the flow
field are difficult to achieve in the machined channeled flow
field. Consequently, the use of metal foam will be preferred.
To compare the permeability values of metal foam with
those of channel design, equivalent permeability for channel
design was introduced and was calculated using the expression
reported in the literature (Ref 11). It may be noticed that the
permeability of the metal foam can be decreased to improve the
fuel cell performance. But, on the other hand, it is difficult to
reduce the permeability of the channel flow field below a cer-
tain level (typically 10~® m?) due to the difficulty in machining
very thin channels.
Also, it is important to note that with the use of metal foam,
a more uniform distribution of current density is obtained. Fig-
ures 13 and 14 show the distribution of local current density on
the electrode-membrane interface for the channel and metal
foam types of flow field. It is clearly seen that in the case of
metal foam, a more uniform distribution of local current den-
sity is observed. Consequently, the use of a metal foam flow
field is proposed in the bipolar/end plate. The developed model
will give the fuel cell developers a possibility for improving the

bipolar/end plates in the fuel cell by switching over to the metal
foam flow-field concept.

3.14 Experiments for Different Metal Foam Permeabilities

Figure 15 shows the actual fabricated SS-316 bipolar/end
plate with SS-316 metal foam (20 pores per inch [PPI]) in the
flow field. The above bipolar/end plates were assembled to
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brane interface with metal foam in the flow field of the bipolar/end
plates

form a one-cell fuel cell stack. It may be noted that for one-cell
stacks only two end plates and one MEA are required. All
experiments were carried out using the fuel cell test station
facilities at the University of Alabama. Pure hydrogen and
oxygen were used as reactant gases on the anode and cathode
sides, respectively. Nitrogen was used as the purging gas. The
reactant gases were externally humidified by passing them
through a humidification chamber in the gas-controller unit.
The operating conditions were T = 80 °C; p = 207 kPa (both
anode and cathode sides); anode flow rate, Q, = 150 cm’/min
+ load-based flow (LBF); and cathode flow rate, Q. = 80
cm’/min + LBF. The polarization curves were obtained by
increasing the current output (scan rate 2 mA/s) from the cell
and monitoring the cell voltage. Two different types of foam
materials were studied: Ni-Cr metal (Fe 8% maximum; C 2%
maximum; Cr 30-54%; and Ni balance) foam with 50 PPI; and
SS-316 metal foam with 20 PPI. These materials were chosen
merely because they were electrically conductive, had good
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Fig. 15 The PEMFC stack bipolar/end plate with metal foam in the
flow-field

mechanical properties, and were easily available. The aim of
this study was to demonstrate the relative performances of
metal foams with different permeability values. Polarization
studies are typical for any electrochemical system to evaluate
its performance. Figure 16 shows the polarization curves for
the one-cell PEMFC stack with different bipolar/end-plate con-
cepts.

These curves were obtained by increasing the load level
(scan rate 2 mA/s) from the cell and monitoring the cell volt-
age. As is typical of any electrochemical system, the curve
shows a continuous decrease in voltage as the load level is
increased. This is due to the polarization losses (activation,
ohmic, and concentration), the magnitude of which depends on
the amount of current drawn from the cell. Furthermore, it can
be seen from Fig. 16 that the performance of Ni-Cr metal foam
was highest followed by SS-316 metal foam and conventional
multiparallel flow-field channel design.

3.15 Fuel Cell and Hydrogen Economy

The PEMFCs are supposed to be the future of energy-
providing systems due to their alluring benefits. They are en-
ergy systems that are independent of the price variation of oil
prices in the Middle East and so are politically appreciated as
well. Apart from the cost, weight, volume, and other technical
issues, the safety, cost, and ease of hydrogen generation are the
major hurdles for the real application of the fuel cell stack.
These problems have different priorities depending on the field
of application (Ref 23). The requirements of automobile appli-
cations are much more stringent for market penetration, fuel
supply, and the servicing of stack parts followed by cost and
safety.

When talking about stationary applications, the life times
and servicing of cell parts are considered to be the topmost
priorities followed by cost and market penetration. Due to the
safety norms proposed by the U.S. Department of Energy for
the onboard storage of hydrogen (Ref 23), researchers are con-
centrating on the onboard production of hydrogen. Also, the
supply of hydrogen from compressed hydrogen cylinders, lig-
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Fig. 16 Polarization curves for different bipolar/end plate concepts

uefied hydrogen cylinders, and gasoline by using fuel reform-
ers are currently active areas of interest for research by some
researchers and companies (Ref 24). The implementation of the
fuel cell technology for commercial application can be ex-
pected when some of these issues have been addressed.
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