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Analyses of the fuel cell stack assembly pressure

Shuo-Jen Lee∗, Chen-De Hsu, Ching-Han Huang
Department of Mechanical Engineering, Yuan Ze University, 135 FarEast Road, NeiLi, TaoYuan, Taiwan, ROC

Accepted 3 February 2005
Available online 20 April 2005

Abstract

A proper stacking design and cell assembly are important to the performance of fuel cells. The cell assembly will affect the contact behavior
of the bipolar plates with the membrane electrode assembly (MEA). Not enough assembly pressure may lead to leakage of fuels, high contact
resistance and malfunctioning of the cells. Too much pressure, on the other hand, may result in damage to the gas diffusion layer and/or
MEA. The stacking design may affect the pressure distribution within the fuel cell stack and thus the interfacial contact resistance. Uneven
distribution of the contact pressure will result in hot spots which may have a detrimental effect on fuel cell life.

In this study, finite element analysis (FEA) procedures were established for a PEM single cell with point stack assembly method. The
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echanical properties and geometrical dimensions of all the fuel cell components, such as bipolar plates, membrane, gas dif
nd end plates were collected for accurate simulation. From the FEAs, the compliance as well as the pressure distribution of the
as calculated. In order to verify the results of the analysis, experimental tests, with a pressure film inserted between the bipola

he MEA, were conducted to establish the actual pressure distribution. Color variations of the pressure film could be calibrated
ressure distribution. Compliance of the gas diffusion layer was also measured. The analysis procedures for the fuel cell stackin
ere established by comparing the simulation results with those of the experimental data at various levels of assembly pressure
elp determine the proper stacking parameters such as stacking design, bipolar plate thickness, sealing size and assembly pre

mportant in obtaining a consistent fuel cell performance.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The stacking design and cell assembly parameters signif-
cantly affect the performance of PEM fuel cells. The dedi-
ated integral micro-porous structures and brittle mechanical
roperties of the gas diffusion layer and the MEA should be
reserved as much as possible after cell assembly. For ex-
mple, the assembly pressure affects the characteristics of

he contact interfaces between components. Insufficient as-
embly pressure may result in sealing problems, such as fuel
eakage, internal combustion and un-acceptable contact re-
istance. On the other hand, too much pressure may damage
he MEA and the gas diffusion layer, resulting in a broken
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porous structure and a blockage of the gas diffusion pas
In both cases, it will decrease the cell performance.

Lee et al.[1] measured the cell performance of PE
fuel cells with different, commercially available, gas dif
sion layers under various assembly pressures. They
that each gas diffusion layer had its own optimal ass
bly pressure due to differences in mechanical propertie
micro-porous characteristics. Chu[2] proposed a mathema
ical model for the porous structure of the PEM gas diffus
layer and its effects on cell performance.

Because of the relatively thin dimensions and low
chanical strength of the gas diffusion layer and MEA ve
sealant, bipolar plates and end plates, the most importan
in the stack design and assembly is to achieve a prope
uniform pressure distribution. In order to achieve a unif
pressure distribution, many stacking designs have been
posed[3–5]. Zhang[6] employed hydro-pressure on the e
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plates in order to obtain uniform pressure. He demonstrated
that the cell performed better than the traditional nut and
bolt point-load stacking design. However, there are few re-
ports on the simulation of the cell assembly and experimental
measurements.

2. Goals and methodology

The goal of this research was to propose a methodology
and a FEA simulation procedure for establishing numerical
tools for the evaluation of the stacking design and cell assem-
bly parameters. From the numerical simulation, the methods
of stacking design, the critical dimensions and material se-
lection of fuel cell components, and assembly pressure were
investigated for the purpose of achieving a consistent cell per-
formance. The schematic plot of the methodology is shown
in Fig. 1. It is composed of a numerical simulation and the ex-
perimental verification. From the experimental measurement,
the numerical model and the assumptions were verified for
further design evaluation and parametric studies.

The well-established finite element method was employed
for the numerical simulation of the mechanical responses
(stress, strain and compliance) of the cell assembly. First, the
dimensions and mechanical properties of all fuel cell com-
p ce
a and
a stack-

ing designs. In general, they can be categorized into three
types: point load-design, line-load design and surface-load
design. The traditional point-load design with several bolt
and nut assemblies is shown inFig. 2. The amount of as-
sembly pressure depends on the geometrical shape of the end
plate, and on the dimensions and physical properties of all the
fuel cell components. To-date it always has been determined
by the trial-and-error process. Boundary conditions and the
behavior of the contacting interface of the components must
be consistent with the actual physical situation. Finally, the
proper types of element for each component and their in-
terfaces must be selected so as to allow a realistic physical
behavior. Meshing is also important for an accurate result.
The significant difference in thickness between the compo-
nents requires special consideration in the meshing scheme.
The simulated results of stress, strain, pressure distribution
and the compliance contours for each component must be
plotted for detailed evaluation, so that the effects of the de-
sign variables and process parameters on the cell assembly
can be quantified.

In order to verify the numerical model and modeling as-
sumptions, actual experiments were conducted to measure
the pressure distribution of the MEA, and the compliance of
the gas diffusion layer for each assembly pressure. The pres-
sure distribution was measured by means of a pressure film.
The compliance was measured by micrometer. The results
w fter
e ula-
onents were collected.Fig. 2 shows the stacking sequen
nd components of the single cell in this study. The type
mount of assembly pressure depends on the type of
Fig. 1. Schematic plot of the
ere compared with those of the numerical simulation. A
xperimental verification, the established numerical sim
simulation methodology.
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Fig. 2. Components and stacking sequence of the single cell for modeling.

tion procedures can be used to evaluate a new stacking design
and/or optimize cell assembly parameters.

3. Numerical simulation

The PEM fuel cell is composed of several components.
The contact behavior between these components is highly
non-linear. A simple but effective contact model is essen-
tial for representing the actual physical phenomena with a
realistic numerical model. The well-established finite ele-
ment analysis was employed for the numerical simulation.
The commercial code of ANSYS was used in this study.

3.1. FEA structural model

The components of a fuel cell consist of end plates, bipolar
plates, sealants, gas diffusion layers and MEA. In this study, a
single cell was designed for numerical simulation and experi-
ments. The flow field plate integrated the functions of the end
plates for mechanical strength, the current conducting plate
for current collection, and the bipolar plates for flow field
channel, as shown inFig. 2. The flow field plate was fabricated
from Al 5052, and measured 84 mm× 84 mm× 10 mm. The
flatness form error was about±0.02 mm. The flow field

channel was 1.2 mm wide by 1.0 mm deep. A polymer gas-
ket, about 0.8± 0.08 mm diametre in cross-section, acted as
the sealant to prevent fuel leakage. The effective fuel cell
area was 50 mm× 50 mm. The gas diffusion layer was a
0.5± 0.03 mm thick carbon paper. It was brittle and had a
micro-porous structure. The MEA was a three-layered struc-
ture with a Nafion 112 membrane, and was only 0.05 mm
in thickness.. The dimensions and mechanical properties of
above components are listed inTable 1.

It is apparent fromTable 1that the elasticity modulus of
the flow field plate, 70,000 kgf mm−2, was much higher than
that of the other components. The MEA had the smallest
elastic modulus, 1.85 kgf mm−2. However, it was thin and
elastic and therefore may endure a certain amount of de-
formation. It can deform with the gas diffusion layer or the
flow field plate. The gasket is elastic, and its thickness is
slightly more than the gas diffusion layer. It is intended to
ensure fuel sealing. It can absorb some form error as well as
manufacturing tolerance of the fuel cell components. There-
fore, the critical component was the gas diffusion layer due
to its property of being brittle. As the gasket becomes com-
pressed by the assembly pressure, it will accommodate the
flatness error of the flow field plate as well as its own man-
ufacturing tolerance. Then, it will compress the gas diffu-
sion layer. If not enough pressure is applied, it may not

T
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able 1
imensions and mechanical properties of single cell components

omponent Material Modulus of elastici
(kgf mm−2)

low field plate Al 5052 70000
as diffusion layer Carbon paper 5.745
EA Nafion 112 1.85
asket VMQ 55
Poisson’s ratio Size (mm) Manufacturing
tolerance (thickness)
(mm)

0.29 84× 84× 10 ±0.02
0.33 5× 5× 0.5 ±0.03

0.33 5× 5× 0.05
0.3 φ = 0.8 ±0.08
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Fig. 3. Finite element model of the single cell.

ensure sufficient contact between the flow field plate, gas
diffusion layer and the MEA. However, the brittle gas dif-
fusion layer can be damaged if too much pressure is ap-
plied.

3.2. The finite element model

The proper finite element type must be selected to repre-
sent the physical behavior of each component and their in-
terfaces. Because both the gas diffusion layer and the MEA
are thin, the shell element with six degrees of freedom was
selected. The 3D solid element was used to represent the
flow-field plate and the gasket. In order to model the con-
tact behavior, the contact elements were connected between
the gas diffusion layer and the MEA, the gas diffusion layer
and the flow-field plate, and between the gasket and the flow-
field plate. A combination of mapped meshing and automatic
meshing was adopted in order to ensure proper element con-

Fig. 4. Loading conditions of the finite element model.

f the MEA assembly: (a) 15 kgf mm−2 and (b) 25 kgf mm−2.
Fig. 5. Simulated pressure distribution plots o
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Fig. 6. Simulated compliance plots of the gas diffusion layer: (a) 15 kgf mm−2 and (b) 25 kgf mm−2.

nectivity and a correct aspect ratio.Fig. 3 shows the finite
element model of the single cell.

3.3. Boundary and loading conditions

The assembly pressure was applied through four bolt and
nut assemblies at the corners. To simplify the numerical
model, the bolts and nuts were ignored in the finite element
model. The assembly pressure was applied directed at the
contacting areas of both flow field plates as shown inFig. 4.
The finite element model had to be properly constrained in
order to prevent free movement. Assuming that the model
was symmetric in the middle plane, the degree of freedom
of the contact elements between top and bottom gasket were
assumed to be zero. This does not affect the compliance be-
havior of the gas diffusion layers and the gasket (Fig. 4).

3.4. Simulation results

Four loading conditions were simulated, with a cell as-
sembly pressure of 15, 20, 25, and 30 kgf mm−2, respectively.

The results of the MEA pressure distribution and the gas dif-
fusion layer compliance are shown inFig. 5(a) and (b) and
present the simulated pressure distribution plots of the MEA
for cell assembly pressure of 15 and 25 kgf mm−2. These
figures demonstrate that the imprint marks of the two per-
pendicularly oriented flow field channels are not clear when
the pressure is low. However, the imprint mark becomes very
clear when the assembly pressure reaches 25 kgf mm−2. The
pressure values ranged from 1.51 to 3.49 kgf mm−2 and from
1.64 to 4.21 kgf mm−2 for both cell assembly pressures of 15
and 25 kgf mm−2, respectively.Fig. 5(a) and (b) also show
that the pressures were higher at the four corners and lower
towards the center.

The simulated compliance contours of the gas diffusion
layer are shown inFig. 6(a) and (b) for the assembly pres-
sures of 15 and 25 kgf mm−2. The range of compliance was
from 0.105 to 0.336 mm and from 0.002 to 0.613 mm, re-
spectively. The contours were slightly non-symmetric due
the non-symmetric nature of the top and bottom flow-field
plates.Fig. 6(a) shows that the compliance at the center was

plate u
Fig. 7. Deformation contours of the flow field
 nder 25 kgf cm−2: (a) front view and (b) side view.
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Table 2
Simulated pressure values of the MEA

Assembly pressure (kgf mm−2) Simulated pressure at various locations (kgf mm−2)

1 2 3 4 5 6 7 8 9

15 2.01 1.47 2.17 1.44 0.59 1.45 2.25 1.48 2.08
20 2.25 1.55 2.29 1.66 0.68 1.46 2.33 1.67 2.15
25 5.46 3.12 5.55 2.83 1.25 2.91 5.98 2.71 5.88
30 8.56 5.21 8.55 4.72 2.01 5.01 8.68 4.56 8.43

Table 3
Simulated compliance values of the gas diffusion layer

Assembly pressure (kgf mm−2) Simulated compliance at various locations (mm)

1 2 3 4 5 6 7 8 9

15 0.062 0.044 0.059 0.047 0.009 0.039 0.061 0.049 0.071
20 0.113 0.091 0.137 0.102 0.028 0.092 0.144 0.099 0.125
25 0.152 0.128 0.178 0.134 0.032 0.119 0.172 0.138 0.157
30 0.178 0.155 0.179 0.162 0.040 0.149 0.179 0.163 0.177

almost zero. The contours ofFig. 6(b) were more definitive.
Both figures show that the compliances were larger at the
four corners and smaller at the center.

In order to verify the effects of the point load stacking
design on the pressure distribution as well as on the compli-
ance contours, the deformation plots of the flow field plate
are shown inFig. 7(a) and (b) for the assembly pressure of
25 kgf mm−2. Fig. 7(a) clearly shows that the deformation
was larger at the four corners where the pressure was ap-
plied. And then it dropped considerable toward the center
creating a non-uniform distribution. This method of stack
assembly is in-effective and not recommended for uniform
pressure distribution. The diamond-shaped contour instead
of a round contour indicates that the flow field channel had
affected the strength of the flow-field plate.Fig. 7(b) also
shows that the plate was bent. The maximum deformation
was about 0.133 mm.

Values at nine locations of both the gas diffusion layer and
the MEA, seeFig. 8, are shown for further comparison. From
the contour plots, the values at locations 1, 3, 7, and 9 are ex-
pected to be higher while at location 5—the center will be the
lowest. The pressure values of the MEA at the nine locations,
under the four assembly pressures, are listed inTable 2. The

pressure value under the assembly pressure of 15 kgf mm−2

is about 2.1 kgf mm−2 (14%) at the four corner locations of
1, 3, 7, and 9. At the center, location 5, the pressure value is
only 0.59 kgf mm−2 (4%). At 25 kgf mm−2 assembly pres-
sure, the percentage pressure at the corner locations is about
22% and about 5% at the center. The variation in pressure
distribution was large. Although the mechanical strength of
the aluminum flow field plate, as shown inTable 1, was much
higher than the other components, the results show that the
point load stacking design is not a good method for obtaining
a uniform pressure distribution.

Table 3lists the simulated compliance values of the gas
diffusion layer. At 15 kgf mm−2, the compliance value was
about 0.062 mm at the corner locations and only 0.009 mm
at the center. This means that the center location was only
touching the flow field plate. This may result in a larger
contact resistance. At 25 kgf mm−2, the compliance value
at the center was about 0.032 mm, or about 6% of the orig-
inal thickness of 0.5 mm. However, it was about 0.17 mm,
or 34% of the original thickness, at the corners. The contact
in the center may be correct, but it was reaching the limit
of damaging the micro-porous structure of the gas diffusion
layer.

4. Experimental verification

ents
w f the
M sin-
g ting,
s sted
i he
m also
l te
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a
Fig. 8. Locations for numerical comparison.
In order to verify the above simulation results, experim
ere conducted to measure the pressure distribution o
EA, and the compliance of the gas diffusion layer. A
le cell, same as the numerical model, was built for tes
eeFig. 2. The dimensions of the cell components are li

n Table 1. The form error of the flow-field plate and t
anufacturing tolerances of the other components are

isted in Table 1. The flatness error of the flow field pla
as±0.02 mm. The variation of gasket diameter was a
0.01 mm. The variation in gas diffusion layer thickness
bout±0.01 mm.
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Fig. 9. Measured pressure distribution contours from the pressure film: (a) 15 kgf mm−2 and (b) 25 kgf mm−2.

Measurements were taken at location ofFig. 8. Four tests
with cell assembly pressures of 15, 20, 25, and 30 kgf mm−2

were conducted. Their values were recorded and compared
with those of the numerical simulation data.

4.1. The measurement methods

A Fuji pre-scale pressure film replaced the MEA during
the test. Color transformation takes place when the pressure
film is being compressed. The color transformed pressure
film is then transferred into an image file by scanning. The
image file is then compared with the reference color bar to
obtain the pressure value. However, it was found that the
color bar was not sensitive enough to provide an accurate
pressure distribution. Therefore, a Matlab file was written

to transfer the color image file into a gray level image file.
This proved to be more effective in providing the quantified
pressure distribution contours.

The compliance of the gas diffusion layer was measured
by micrometer at the nine locations ofFig. 8.

4.2. The experimental results

Fig. 9(a) and (b) show the measured pressure distribution
of the MEA at 15 and 25 kgf mm−2 cell assembly pressure.
The image ofFig. 9(a) is very light meaning that the pres-
sure level was low in general. The imprint mark of the flow
field channel was sparse and vague. This indicated that the
MEA was not in full contact with both the gas diffusion layer
and the flow field plate. The image ofFig. 9(b) was clearer

Table 4
Measured pressure values from the pressure film

Assembly pressure (kgf mm−2) Measured pressure at various locations (kgf mm−2)

1 2 3 4 5 6 7 8 9

15 1.78 1.25 1.65 1.26 0.83 1.03 1.55 1.05 1.77
20 3.15 1.92 2.98 2.33 1.08 2.36 3.33 2.26 3.56
25 4.71 2.54 4.08 2.75 1.55 2.39 3.95 2.37 4.31
30 5.21 4.47 5.44 5.56 2.55 4.45 5.36 5.58 5.23

T
M

A locatio

4

1 0
2 0
2 0
3 0
able 5
easured compliance values of the gas diffusion layer

ssembly pressure (kgf mm−2) Measured compliance at various

1 2 3

5 0.101 0.055 0.098
0 0.174 0.120 0.191
5 0.175 0.141 0.188
0 0.201 0.178 0.213
ns (mm)

5 6 7 8 9

.081 0.005 0.066 0.125 0.067 0.088

.115 0.020 0.137 0.163 0.115 0.165

.117 0.051 0.143 0.190 0.163 0.193

.143 0.065 0.179 0.223 0.199 0.241
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Fig. 10. (%) Error between the measured and simulated pressure values: (a)
15 kgf mm−2; (b) 20 kgf mm−2; (c) 25 kgf mm−2; and (d) 30 kgf mm−2.

with the imprint mark of the flow field channel, indicating a
lower interface contact resistance. The color at the circumfer-
ence was darker than in the centre. When these two measured
pressure contours were compared to the simulated contours
of Fig. 5(a) and (b), the numerical model was reasonably
accurate in predicting the actual cell assembly process.

Measured pressure values at nine local locations were ex-
tracted from the contours and are listed inTable 4. The com-
pliance values of the gas diffusion layer at the same locations
are listed inTable 5. The results of the trend were consis-
tent with the numerical results of the values at the corner
locations, 1, 3, 7, and 9 being larger and location 5 having
the smallest value. However, they were not as definite due
to manufacturing tolerances and process variations. As the
assembly pressure increased, the results became more con-
sistent.

5. Comparisons and discussion

Data from the numerical simulation were compared with
those of the experimental measurement at specific locations
of Fig. 8. The percentage error was calculated by the follow-
ing equation:

(
measured value− simulated value

se the
n aria-
t s, the
s , the
( s-

Fig. 11. (%) Error between the measured and simulated compliance values:
(a) 15 kgf mm−2; (b) 20 kgf mm−2; (c) 25 kgf mm−2; and (d) 30 kgf mm−2.

sure value) versusTable 2(simulated pressure value) were
computed and are listed inFig. 10(a)–(d). Similarly, the (%)
errors of the compliance values fromTable 5(measured com-
pliance value) versusTable 3(simulated compliance value)
were computed and are listed inFig. 11(a)–(d). First, the (%)
error was within a range of 10–60%. The values were all in
the same scale. The (%) errors, in general, were larger under
a smaller assembly pressure. Second, the locations of max-
imum and minimum values were identical for all simulated
versus measured results. Third, the pressure contours from
the pressure films were almost identical to those of the nu-
merical simulated results.

In the first stage of the cell assembly, the applied pres-
sure was mostly to overcome the manufacturing tolerance and
form errors of the fuel cell components, as listed inTable 1.
As the assembly pressure increased, then, there was a stage
where all the components were in elasticity deformation. Af-
ter the assembly pressure exceeded the elasticity limit of some
of the components, irreversible damage started to accumulate,
and the characteristics of the pressure distribution and com-
pliance became increasingly non-linear. Therefore, a cell may
perform best at the second stage of cell assembly pressure.

6. Conclusions

the
c lar
p fuel
c ndi-
t blish
t ribu-
%) error=
simulated value

× 100%

The simulated data were taken as the datum becau
umerical model was ideal. There were no tolerances, v

ions and uncertainties. At each set of analysis variable
imulated results will be unique and repeatable. Hence
%) errors of the pressure values fromTable 4(measured pre
The FEM analysis method was employed to simulate
ell stack assembly of a single cell with metallic bipo
lates. The physical properties and dimensions of the
ell components were collected with proper boundary co
ion assumptions, and actual loading conditions to esta
he finite element model. The contours of pressure dist
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tion and compliance were obtained for key components such
as the MEA and gas diffusion layer. From these results, the
effects of stack design and cell assembly procedures on stack
integrity can be evaluated.

A single cell of the simulated FEM model was assembled
in order to record measurement data for the purpose of com-
parison. The percentage errors of the pressure distribution of
the gas diffusion layer, and the compliance of the gas diffu-
sion layer were within 10–60%. These errors could be caused
by:

1. manufacturing tolerance and form error of fuel cell com-
ponents;

2. simplified static linear model;
3. measurement error from pressure film color to pressure

distribution contour.

However, the trends of the pressure distribution, compli-
ance and stresses were all very similar between the mea-
surement and the simulation. Hence, the proposed numerical
simulation model and procedures could be helpful in the eval-
uation of stack design and cell assembly.

The numerical simulation model and procedures could
be extended to fuel cell stack design, to evaluate cell as-
sembly parameters and to specify quality control specifica-
tions, allowing for the appropriate dimensions and tolerances
of the cell components to be specified. The proper combi-
n ad-
v , as

well as to provide mechanical strength compatibility, thereby
ensuring consistent and reliable cell performance in the
future.
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