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a b s t r a c t

The contact pressure distribution is known to have significant influences on the contact ohmic resis-
tance, porosity of gas diffusion layers (GDLs) and performance of the proton exchange membrane fuel
cell (PEMFC) consequently. This work experimentally investigated the effects of various combinations of
bolt configuration and clamping torque on the corresponding contact pressure distributions and perfor-
mances of a single PEMFC and a 10-cell stack. The pressure-sensitive films (FUJI-FILM I&I) were used to
visualize the contact pressure distributions under three different clamping torques and three different
bolt configurations in the experiments. The importance of the proper stacking design was clearly demon-
strated by these contact pressure images. The mean value and the fluctuation intensity of the contact
pressure were extracted statistically from the data of pressure-sensitive films. A non-dimensional pres-
sure fluctuation intensity, which indicates the relative dispersion to its mean value, was proposed to gauge
the uniformity of the contact pressure distribution, similar to the definition of the turbulence intensity in
fluid mechanics. The experimental results showed that, for the single cell under the current experiment
conditions, the larger mean contact pressure tends to yield the higher maximum power, regardless of
the bolt configuration and the applied torque. The uniformity of the contact pressure distribution, the
ohmic resistance and the mass transport limit current had highly linear correlations with the mean con-
tact pressure. In the case of the 10-cell stack, the effects of various combinations of bolt configuration
and clamping torque on its performance and the mass transport limit current could not be reflected by
the stack mean contact pressure only. Increasing the mean contact pressure improved the uniformity

of the contact pressure distribution and reduced the contact ohmic resistance, in general. However, the
maximum power did not increase monotonically with the mean contact pressure and no linear correla-
tion was found. The detailed contact pressure distribution may have important influences on the local
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electrochemical reactions

. Introduction

Polymer electrolyte membrane fuel cell (PEMFC) is an elec-
rochemical device that directly converts the chemical energy of
eaction gases, for example, hydrogen and oxygen or air, into elec-
ricity, without generating pollutions. Thus, countries worldwide
ay more attention to the development of this so-called “clean”
nergy generation technology and drive it to be one of the alterna-
ive energy sources in the future. The operation temperature of a
EMFC is relatively low (60–100 ◦C) and offers a short start-up and

hut down time (few minutes).

A PEMFC suffers the voltage losses which affect its performance
nd are primarily caused by three sources: activation polariza-
ion, ohmic polarization and concentration polarization [1]. The
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heat and mass transfer processes involved in the stack.
© 2009 Elsevier B.V. All rights reserved.

activation polarization loss is due to the simultaneous occurrence
of the two-electron and four-electron oxygen reduction reactions.
Ohmic losses vary directly with current, increasing over the entire
range of current density. Ohmic losses can be improved by using
different assembly mechanisms and forces, membrane electrode
assembly (MEA) and bipolar plate materials and designs of the flow
channel plates to lower the carrier-conducting resistance and the
electric contact resistances at various interfaces. The concentration
polarization losses occur due to the mass transport limitation of
reactants/products to or from the electro-active sites. Mass trans-
port voltage losses occur over the entire range of current density,
but become prominent especially at high limiting currents, when
it is difficult to provide enough reactant flows to the reaction sites.

The mass transport voltage losses can be reduced by making the
gas distribution over the electrode surfaces more uniform with
proper designs of the flow channel and assembly mechanism, and
by using the backing layers with higher porosity (interconnected
pores).

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:cywen@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jpowsour.2009.03.058
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Nomenclature

b Tafel slope (Eq. (1), mV per decade)
E measured cell voltage (V)
Er reversible potential for the cell (Eq. (4), V)
I, i measured cell current density (A m−2)
id mass transfer parameters at high current range (Eqs.

(1)–(3), A)
im mass transfer parameters at high current range (Eqs.

(1)–(3), A)
i0 exchange current density (Eq. (4), A m−2)
M total number of cells in a stack
m mass transfer parameters at high current range (Eq.

(1), �)
N total number of pixels in a scanned pressure-

sensitive film image
n mass transfer parameters at high current range (Eq.

(1), A−1)
P(Pij) pressure (at pixel (i, j)) (MPa)
P̄(Pj) cell mean contact pressure (of cell no. j) (≡

(
∑

Pij)/N, MPa)

Pj mean pressure value of a stack (Pj ≡ (
∑

P̄j)/M, MPa)
P ′(P ′

j
) standard deviation of the cell pres-

sure distribution (of cell no. j)(
≡

√
(1/(N − 1))

∑
(Pij − P̄)

2
, N m−2

)

P ′/P̄ non-dimensional pressure fluctuation intensity of a
single cell

(P ′/P̄)j mean non-dimensional pressure fluctuation inten-
sity of a stack (≡ (

∑
(P ′/P̄)j)/M)

R ohmic resistance of a single cell (� cm2)
Wmax maximum power (W)

Greek symbols
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value of contact pressure and ��z represents the uniformity of MEA
�z compression stress (N m )
� clamping torque (N m)

Fig. 1 shows the components and clamping sequence of a PEMFC
tack, including end plates, insulating plates, collector plates, MEAs
nd bipolar plates. In general, the fuel cell clamping can be cate-
orized into three types: point-load design, line-load design and
urface-load design [2]. The traditional and most popular point-
oad design with the assembly of several pairs of bolts and nuts is
dopted in this study. Because clamping configuration of the point-
oad design will affect the contact behavior between bipolar plates
nd MEAs, the clamping torque and bolt configuration (number of
olts and their positions) are considered as the important factors
hat determine the uniformity of contact pressure on the MEAs and
ence affect the performance of the PEMFC system. The proper-
esigned clamping configuration will prevent leaking, homogenize
he contact pressure distribution within the fuel cell stack and min-
mize the interfacial electric contact resistance. Uneven distribution
f the contact pressure may cause hot spots which will have a detri-
ental effect on fuel cell life.
Lee et al. [3] experimentally investigated the effects of changing

he clamping torque and gas diffusion layer (GDL) on the perfor-
ance of a PEMFC at fixed 4-bolt configuration and stoichiometric

ow rates for the fuel and reactant. For the three torques used in

heir experiments, an optimal bolt torque in terms of power density
as obtained for each GDL. This optimum was explained in terms
f the changes in the porosity and the electrical contact resistance.
higher clamping force gives a lower interfacial electric contact
ources 192 (2009) 475–485

resistance, but also gets a lower GDL porosity. The electric con-
tact resistance decreases rapidly with the initial increase in the
clamping force and then remains virtually unchanged after reach-
ing relatively large compression force. Hence, for the case of a more
compressible GDL material, the cell performance increased with
the clamping torque until an optimal clamping torque was reached.
Further increase of the clamping torque resulted in the perfor-
mance deterioration because of the continuous decrease of the GDL
porosity. For the case of a less compressible and somewhat brittle
material, the results showed that higher performance was obtained
with less torque indicating that the higher bolt torque may have
damaged the GDL. Mishra et al. [4] measured the electrical contact
resistance between flow channel plate and GDL. The measured con-
tact resistance values were compared with predictions of contact
resistance model based on a fractal representation of the interface
geometry. Good agreement is observed between the data and the
model predictions for a wide range of contact pressures and mate-
rials. In order to achieve a uniform contact pressure distribution,
Wang et al. [5] designed and fabricated a pressurized end plate with
a built-in hydraulically pressurized pocket covered by a thin wall
facing the fuel cell assembly. Pressure-sensitive films were used
to measure the pressure distribution for both conventional point-
load bolt-fastening and their newly designed surface-load hydraulic
mechanisms. It was found that the contact pressure distribution for
the hydraulic compression mechanism was more uniform than for
the conventional bolt-fastening design. Consequently, an improved
fuel cell performance was shown for the newly designed clamping
system. Many other stacking designs have also been proposed to
achieve a uniform contact pressure distribution [6–8].

Other than experimental investigations, finite element analysis
(FEA) models were used to analyze the contact pressure distribu-
tion. Lee et al. [9] established FEA procedures for a PEM single
cell with point-load assembly design. The results of the analysis
were compared with the actual contact pressure distributions mea-
sured by pressure-sensitive films. The trends of the simulated and
measured pressure distributions were similar. Zhou et al. [10] built
a simplified two-dimensional FEM analysis model of a PEM sin-
gle cell with interdigitated gas distributors to analyze the elastic
deformation of the GDL and the interfacial contact pressure. Then,
the porosity distribution, the changed volume in the flow channels
and the interfacial electric contact resistance were calculated and
inputted into a finite volume flow solver to investigate the effect of
clamping force on the mass transport of the reactants and products
and the performance of the PEMFC. It is shown that the clamping
force affects the permeability and diffusion of the reactant gas and
the transport of the liquid water due to the GDL deformation and
the porosity.

An inadequate clamping force increases the interfacial electri-
cal resistance, but an excessive clamping force decreases the GDL
porosity and thus increases the transport resistance of the gas and
liquid water. There would be a maximum power density if an opti-
mal clamping force is found for a practical fuel cell system. Liu et al.
[11] performed a robust design analysis based on response surface
methodology on a simplified two-cell stack model to identify the
effect of the assembly parameters on the MEA pressure distribution.
A FEM model of four bolt and nut assemblies was built to obtain the
membrane’s maximum and minimum compression stress max �z

and min �z. The assembly pressure and bolt position were consid-
ered as randomly varying design variables with given probabilistic
property. Max �z and the ��z (≡max �z − min �z) were used for the
desirability function of the optimal design. Max �z represents the
pressure distribution. When max �z increases, it means the contact
pressure on MEA becomes larger. If ��z decreases, the uniformity
of MEA pressure distribution will become better. The reliability of
the robust design has been demonstrated.
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Fig. 1. Schemati

As shown, the most important goal in the assembly design is to
chieve a proper and uniform contact pressure distribution. Never-
heless, the general criteria for the “uniform distribution” have not
een rigorously defined in the literature. In this study, it is aimed to

nvestigate experimentally the effects of the assembly pressure and
he bolt configuration (number of bolts and their positions) on the
erformance of a PEMFC and a 10-cell stack at fixed stoichiometric
ow rates for the fuel and reactant. In order to find the relation-
hip between the assembly variables (assembly pressure and bolt
onfiguration) and the performance of the PEMFC, statistical anal-
sis was performed on the contact pressure distribution obtained
rom the pressure-sensitive film. A non-dimensional pressure fluc-
uation intensity was found to represent the uniformity of contact
ressure distribution.

. Experimental

.1. Design and assembly of a single PEM fuel cell and a 10-cell
tack

Fig. 1 schematically depicts the fuel cell stack used in our
esearch. The fuel cell stack had 10 single cells assembled
n series. Brief details about each component are described
n this section. Pelcan® graphite bipolar plates of dimension
55 mm × 85 mm × 4 mm with three-parallel-channel serpentine
ow fields for both cathode and anode were used. The channel
idth and height were 1 and 0.6 mm, respectively. Parallel straight

ir cooling channels were placed in the middle of every bipo-
ar plate. Each cooling channel has a rectangular cross-section of
mm × 2 mm. Two fans were placed on top of the stack to pro-
ide necessary cooling. Both sides of MEA were sealed with green
ilicon rubber sealing-rings of 0.8 mm diameter placed inside the
-ring grooves on the peripheries of bipolar plates to ensure gas

ight sealing. The O-ring groove is 0.8 mm wide and 0.3 mm deep.
herefore, the O-rings will be 0.5 mm higher than the surfaces
f the bipolar plates. The MEA (a Nafion® 112 membrane with
atalyst loading of anode and cathode: Pt/Ru 0.5 mg cm−2 and
t 0.65 mg cm−2) sandwiched in between two standard TORAY®

arbon papers (TGP-H-090) as GDLs were placed in the middle
f two flow channel plates. The active area of each MEA was
00 cm2. End plates were aluminum alloy (6061T651) with dimen-

ions of 250 mm × 180 mm × 20 mm. POM insulation plates and
opper current collectors were placed between the end plate and
tack. For the case of the single cell, only one cell was placed
etween the end plates and no fan was used in the experi-
ent.
e PEMFC stack.

Bolts and nuts were used to tighten the PEM single cell and the
stack. Fig. 2 shows the position of bolts on the end plates for con-
figurations with 2, 4 and 6 bolts. During the stack assembly, two
positioning rods were used for the alignment. The end plate, insu-
lation plate, current collector, bipolar plate, MEA, etc. were aligned
and stacked one by one. The sizes of SS 304 bolts are M10 × 1.25 mm
with the length 107 mm for the single cell and 157 mm for the stack.
Equal torque was applied on each bolt to assemble the PEM single
cell and stack.

2.2. The contact pressure measurement methods

Before conducting the fuel cell performance tests, an experi-
mental study was planned to measure the internal contact pressure
distribution for different bolt torque and configuration. As shown
in Fig. 1, pressure-sensitive films of thickness 90 ± 5 �m (Fuji ‘Ultra
Super Low’ [12]) were used to reveal the contact pressure dur-
ing these off-line experiments. The detective range of the chosen
pressure-sensitive film is 0.2–0.6 MPa. Each piece of film was cut
with the dimensions of 8.5 cm × 11.5 cm and was inserted on cath-
ode side between the active area of MEA and bipolar plate. A
torque spanner was used to lock and assemble the stack compo-
nents. Note that these films were removed during on-line operation.
Pressure-sensitive films have been used in the Refs. [3,5,9] to
measure the internal contact pressure distributions for different
assembly methods of fuel cells. Due to the small thickness of the
pressure-sensitive film comparing with the allowable compression
of O-ring (0.5 mm in the current experiments), the effect of the
thickness of pressure-sensitive film on the internal contact pres-
sure distribution was assumed negligible, as was done in Refs.
[3,5,9].

The single cell and the 10-cell stack of the three different bolt
configurations were assembled with torques � of 8, 12 and 16 N m
in a certain sequence as shown in Fig. 2. In our another study
based on finite element analyses with the same configuration and
component material properties of the PEM fuel cell [13], the maxi-
mum clamping torque was found close to 16 N m. At this clamping
torque and 6-bolt configuration, the maximum stress in the PEM
was found to be 5.8 MPa in the simulation, which is very close to
the yielding strength of 6.14 MPa for the thin Nafion® 112 mem-
brane obtained in a simple tension test by Tang et al. [14]. Further

increase of the clamping torque may possibly cause the damage
to PEMs. Due to a large number of PEMs needed in the experi-
ments, especially in the stack experiments, which are very costly
for researchers, the clamping torque was limited to 16 N m in this
study.
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ified to 80% RH at 65 ◦C with the flow rate of 300 sccm. Air was
ig. 2. Schematic drawing of the bolts’ configuration (number of bolts and their p
eferences to color in this figure legend, the reader is referred to the web version of

Incremental torque settings of quarter-circle increments were
pplied until the final torque was reached. This procedure of
he application of torque was followed according to the sugges-
ion of United State Fuel Cell Council (USFCC) [15] to improve
he reproducibility of the clamping behaviors. When the torque
as applied, microcapsules on the pressure-sensitive film were
roken and a color-forming material was released and absorbed
n the film. The color (red) intensity of the film increases with
he amount of applied pressure. At 5 min after it was assembled,
he fuel cell unit was opened, and the pressure distribution on
ach film was observable by the color density pattern formed.
ecause the pressure values in the flow channel region are very
mall, compared with that under the ribs, a mask of the pro-
le as that of the flow channels was applied on every color
ransformed pressure film. The filtered pressure film was then
ransferred into an image file by scanning. A Matlab program was
ritten to transfer the color image file into a gray level bitmap
le which was then compared with the reference color bar to
btain the pressure value [16]. The mean value P̄(≡ (

∑
Pij)/N)

nd the standard deviation P′
(

≡
√

(1/(N − 1))
∑

(Pij − P̄)
2
)

of

he filtered pressure distribution were calculated afterward, where
ij is the pressure at pixel (i, j) and N is the total number of
ixels. Note that the pressure data in the flow channel region
ill form a low peak in the pressure distribution if not filtered

ut.
Following the incremental torque settings of USFCC [15], every

ingle-cell case at given bolt configuration and clamping torque was
epeated five times. The measured contact pressure contours from
he pressure-sensitive films for each case were very similar and the

ean value P̄ and the standard deviation P′ of the filtered pres-
ure distribution were reproducible to within 0.025 P̄ and 0.018 P′,
espectively.

.3. I–V curve measurements
The I–V curves were measured on a computer-controlled Arbin
uel cell test system (Arbin Instruments, BT2000, 1 kW) which com-
osed of an electrical load and a gas handling system to control
he load and anode and cathode gas parameters such as flow rate,
ew point temperature. The experimental setup has been described
ns). Numbers in blue represent the clamping sequence. (For interpretation of the
ticle.)

in detail in our previous work [17]. Pure hydrogen from the gas
bottle and air from the oil-free compressor were regulated by
flow controllers inside the gas handling system before fed into
the cell. Both hydrogen and air pressure regulators at the test sta-
tion were set at 3 bar G. The electrodes were purged with nitrogen
between two measurements to realize reproducible initial condi-
tions. The PEM single cell or stack was connected to the electrical
load that was operated in a constant voltage discharge mode. The
current and voltage of the fuel cell unit under operation, gas flow
parameters like volume flow rates, relative humidity and tempera-
tures of air and hydrogen were recorded with the data acquisition
system.

The stack electrical insulation and gas leakage tests follow
the procedures of Giddey et al. [18]. The stack was tested for
electrical short-circuiting by measuring voltage between different
components of the stack, i.e. between individual bipolar plates,
between current collector plates (positive and negative), between
current collector plates and the first and last bipolar plates, or
between current collector plates and stack end plates. Nitrogen
gas was used to test the gas leakage from hydrogen and air
compartments, and cross-leakage from one compartment to the
other.

2.4. Experimental conditions

The experimental results presented in the next section have
been gained under the following conditions:

• Every MEA underwent an activation process suggested by USFCC
[15] to ensure that fuel cell has reached a stable status for every
test. The process involved running the PEM single fuel cell and
the stack at:(1) 0.6 V for 60 min; (2) 0.7 V for 20 min; (3) 0.5 V for
20 min; (4) repeat steps (2) and (3) for nine times; (5) 0.7 V for
20 min; (6) open-circuit potential for 1 min.

• In the single cell performance test, the hydrogen gas was humid-
humidified to 80% RH at 65 ◦C with the flow rate of 1.5 slpm.
• In the 10-cell stack performance test, the hydrogen gas was

humidified to 80% RH at 65 ◦C with the flow rate of 3 slpm. Air
was humidified to 80% RH at 65 ◦C with the flow rate of 15 slpm.

• The atmospheric temperature was 25 ◦C.
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ig. 3. Measured contact pressure contours from the pressure-sensitive films (top
onfigurations and 16 N m clamping torque for each pair of bolt and nut in the case
he end plates and the clamping sequence, respectively.

. Results and discussion

.1. Results of single cell

Fig. 3(a–c) shows the measured contact pressure contours from
he pressure-sensitive films and the corresponding statistic distri-
utions at 16 N m clamping torque (for each pair of bolt and nut)
nd 2-, 4- and 6-bolt configurations, respectively, in the single cell.
n the upper images of Fig. 3(a–c), the color (red) intensity of the
lm indicates the level of applied pressure. The lighter the image,
he less the contact pressure level. The imprint mark of the flow
hannel in Fig. 3(a) is light and sparse meaning that the pressure
evel is low and not uniform in general. This assembly configuration
s in-effective and not recommended for uniform contact pressure
istribution. The level and uniformity of contact pressure distribu-
ion increase as pairs of bolt and nut increase, at the same clamping
orque. As shown in Fig. 3(c), the imprint mark of the flow channel is
lear and uniform for the case of 6-bolt configuration. Note that the
olor intensity at the upper right and lower left corners in Fig. 3(a),
nd at four corners in Fig. 3(b) is darker than the rest of regions.
he bending of the end plates yields the lighter color images in the
iddle of the contact pressure contour in Fig. 3(b). These contact

ressure distributions correlate well with the bolt locations and
learly demonstrate the importance of the proper stacking design.
he measured distributions were non-symmetric due to the assem-
ling sequence and other actual physical imperfection including
inor positioning errors, flatness error of the bipolar plates . . .,
tc.
The contact pressure distributions obtained from the statistic

nalyses of the scanned bitmap images of the pressure-sensitive
lms are shown in the bottom half of Fig. 3. As seen, the more
airs of bolt and nut, the narrower the contact pressure distribu-
the corresponding statistic distributions (bottom) at (a) 2-, (b) 4- and (c) 6-bolt
ngle cell. Outer frames and numbers in the top figures represent the boundaries of

tion. In Fig. 3(a), a double-peak and wide distribution is observed
for the 2-bolt configuration. On the other hand, a nearly normal
and concentrated distribution is seen in Fig. 3(c) for the 6-bolt case.
The statistic distributions are in good agreement with that of the
imprint images.

At a fixed bolt configuration, the effects of increasing the clamp-
ing torques are exemplified in Fig. 4(a–c). The measured contact
pressure contours and the corresponding statistic distributions at
4-bolt configuration show higher pressure amplitudes and more
uniform pressure distribution at larger clamping torques. Again, in
all three cases, the color intensity at four corners in is darker than
the rest of regions due to the bending of the end plates.

The mean value and the standard deviation of the pressure dis-
tribution of every combination of bolt configuration and applied
torque in the case of a single cell were calculated and presented in
Table 1. The mean value P̄ and the standard deviation P′ are mea-
sures of the magnitude and dispersion of the contact pressures. As
expected, P̄ increases with the clamping torque � at a given bolt
configuration, and increases with the bolt numbers at a fixed �.
However, P′ does not show any similar or opposite trend to that
of P̄. A non-dimensional pressure fluctuation intensity P ′/P̄, which
indicates the relative dispersion to its mean value, was proposed to
present the uniformity of the contact pressure distribution, simi-
lar to the definition of the turbulence intensity in fluid mechanics.
As seen in Table 1, an opposite trend as that of P̄ is obtained. P ′/P̄
decreases with the increase of the clamping torque � at a given bolt
configuration, and decreases with the increase of the bolt numbers

at a fixed �.

The polarization and power density curves describing the per-
formances of the single cell at 2-, 4- and 6-bolt configurations are
presented in Fig. 5(a–c), respectively. The maximum power den-
sity increases and the mass transport limitation shifts to higher
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ig. 4. Measured contact pressure contours from the pressure-sensitive films (top)
b) 12 and (c) 16 N m clamping torques for each pair of bolt and nut in the case of a

urrent densities as the clamping torque becomes larger for all
-bolt configurations. Also shown in Fig. 5(d) is the polarization
nd power density curves of the single cell at 2-, 4- and 6-bolt
onfigurations and � = 16 N m. At this clamping torque, the maxi-
um power density increases and the mass transport limitation

hifts to higher current densities as the bolt number increases. It
s clearly observed that 6-bolt configuration offers the best perfor-

ance in our experiment. The V–I characteristics of the single cell
re consistent with the contact pressure measurements shown in
igs. 3 and 4.

As known, the effects of the assembly pressure and the bolt con-
guration (number of bolts and their positions) on the performance
f a PEMFC are mainly attributed to the changes of the interfacial

lectrical resistance and GDL porosity. The later is directly related
o the transport resistance of the gas and liquid water and the mass
ransport current density. The empirical Eqs. (1)–(4) proposed by
iang and Chu [8] and Kim et al. [19] were adopted to determine
he ohmic resistance and the mass transport limit current density

able 1
he statistic pressure values and calculated performance parameters of the single cell at d

olt configuration 2 4

(N m) 8 12 16 8

¯ (MPa) 0.29 0.39 0.43 0.41
′ (MPa) 0.09 0.11 0.11 0.12
′/P̄ 0.33 0.27 0.26 0.30
0 (V) 0.86 0.87 0.87 0.89
(mV/decade) 94.6 93.8 92.5 85.9
(� cm2) 0.85 0.83 0.61 0.78
max (W) 8.5 8.7 10.2 10.2

d (mA cm−2) 398 440 460 423
xperimental OCV 0.90 0.91 0.91 0.91
he corresponding statistic distributions (bottom) at 4-bolt configuration and (a) 8,
cell.

of the cell in a systematic way:

E = E0 − b log(i) − iR − imm exp(nim) (1)

im = i − id (when i > id) (2)

im = 0 (when i ≤ id) (3)

where, E and i are the cell voltage and current density under load
from experimental V–I characteristics of a single cell, respectively,
E0 is the estimated open circuit voltage (OCV) reversible potential,
b is the Tafel slope and R is the ohmic resistance of the cell. Here, im
(A), m (�) and n (A−1) terms are mass transfer parameters at high
current range. The parameters (E0, b, R, im, m, and n) can be obtained
by fitting the measured polarization curve with computer simula-

tion. The id value in Eq. (2) can be obtained from the calculated
curve with Eq. (1). At low current density the electrochemical pro-
cess is mainly controlled by the activation of the electrodes, while
at high current density the electrochemical process is mainly con-
trolled by ohmic and/or mass transfer polarization. Physically, the

ifferent bolt configurations and clamping torques.

6

12 16 8 12 16

0.48 0.51 0.50 0.55 0.56
0.09 0.09 0.09 0.04 0.03
0.20 0.18 0.18 0.08 0.06
0.87 0.90 0.91 0.89 0.90

86.3 83.5 80.7 85.9 83.0
0.59 0.52 0.64 0.49 0.45

11.8 13.0 12.8 13.3 14.4
502 560 541 550 571

0.92 0.92 0.92 0.92 0.92
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afel slope b and ohmic resistance R represent the voltage losses
ue to activation polarization of both electrodes and ohmic polar-

zation, respectively. id is the minimum value of current that causes
he voltage deviation from the linearity at the higher current range
mass transport limit current density) and is an objective indicator
f the mass transfer limit.

The two main interested parameters, R and id are summarized in
able 1 at different combinations of bolt configuration and applied
orque, along with parameters E0 and b. While performing the non-
inear regression analysis to determine the values of E0, b, R, im,

and n, the correlation coefficients (R2 value of the fit) were in
he range of 0.990–0.998 to ensure that the fitted model parame-
ers represent the experimental data well. Also shown in Table 1 is
he experimental OCV for each case. The experimental OCV nearly
eeps constant, with the maximum difference of 0.01 V among all
ases. The term E0 is in the range of 0.86–0.91 V, which is approxi-
ately equal to the OCV of the cell. The maximum deviation of the

stimated E0 from the experimental OCV is about 5%. The Tafel slope
of each combination fluctuates in the range of 80.7–94.6 mV per
ecade and falls in the range of 57–110 mV per decade for Pt/C cat-
lyst reported by Chu and Jiang [6]. The values of ohmic resistance
vary from 0.45 to 0.85 � cm2, which is higher than the range of

alues reported by Giddey et al. [18].
As would be expected, the effects of bolt configuration and

lamping torque would reflect on the performance of the fuel cell
nd contact resistance. Their correlations are worth being further
nvestigated. Fig. 6 shows the scatter plots of Wmax, P ′/P̄, R and id,
ersus P̄, with the data in Table 1. As seen in Fig. 6(a), the maximum
ower Wmax increases monotonically with P̄ under the current

xperiment conditions. When performing a linear regression anal-
sis, a high correlation coefficient (R2 value of the fit) of 0.91 was
btained. This correlation indicates that the larger mean contact
ressure tends to yield the higher maximum power, regardless
f the combinations of different bolt configurations and clamping

ig. 5. Polarization and power density curves of the single cell at (a) 2-, (b) 4- and (c) 6-
nd different bolt configurations.
ources 192 (2009) 475–485 481

torques in the current experiments. Note that the contact behav-
ior between the components inside the PEM single cell is highly
non-linear. The mean pressure does not necessarily increase lin-
early with the bolt numbers and applying torques. Similarly, in
Fig. 6(b–d), P ′/P̄ and R decrease and id increases monotonically with
the increase of P̄. By performing linear regression analyses, high cor-
relation coefficients of 0.86, 0.85 and 0.9 were obtained for the cases
of P ′/P̄, R and id versus P̄, respectively. P ′/P̄, R and id exhibit nearly
linear relations with P̄. These correlations imply that the larger the
mean contact pressure, the smaller the contact pressure fluctuation
and ohmic resistance and the larger the mass transfer limit, consid-
ering the experimental errors. On the other hand, E0 and b did not
show such good linear correlations with P̄ (also seen in Table 1).
Correlation coefficients of 0.55 and 0.65 were obtained with lin-
ear regression analyses, respectively. The Tafel slope b seems to
decrease with the number of bolts in general for the single cell. But
if one examining the relationship between b and the average con-
tact pressure P̄ carefully, b does not decrease with P̄ for the single
cell. As known, at low current density, the major factors affecting
the values of E0 and b are properties of the electrocatalyst, the cell
temperature and the humidification conditions [18]. The present
statistic analyses are in consistent with the previous findings. Under
the current experiment conditions, the large mean contact pressure
(P̄) increases the uniformity of contact pressure distribution (P ′/P̄)
and reduces the cell ohmic resistance, especially the contact resis-
tance, without damaging PEM and bipolar plates. This reduction in
the contact ohmic resistance consequently increases the maximum
power and mass transport limit.

It is well known that both the contact resistance and the

through-plane resistance of the GDL decrease with the increase
in the clamping pressure until a certain point. However, accord-
ing to the experimental study of Chang et al. [20] on the effects
of the clamping pressure on the performance of a PEM fuel cell,
the through-plane resistance is quite small as compared to the

bolt configurations and various clamping torques, and (d) 16 N m clamping torque



482 C.-Y. Wen et al. / Journal of Power Sources 192 (2009) 475–485

′/P̄, (c

c
(
t
m
o
p

p
s
v
t
p
s
i
b
c
c
p
r
t
m
l
a
m
n
t

3

p
s
p
t

again demonstrates an opposite trend to that of ¯̄Pj much more evi-

dently than P ′
j
. In general, (P ′/P̄)j decreases with the increase of the

clamping torque � at a given bolt configuration, and decreases with
Fig. 6. Scatter plots of (a) Wmax, (b) P

ontact electrical resistance. In the current contact pressure range
<10 bar), the through-plane resistance is less than 4% of the con-
act resistance (see Fig. 6 in Chang et al. [20]). Therefore, we did not

easure or try to isolate the relative contribution of the decrease
f the through-plane resistance to the overall increase in the cell
erformance.

The electro-physical properties of the GDL such as porosity, gas
ermeability, electrical resistance and thickness were also mea-
ured by Chang et al. [20], using a special designed test rig under
arious clamping pressure levels. In addition to the measurement of
he contact resistance between the GDL and the bipolar (graphite)
late under various clamping pressures, their experimental results
howed that at the low clamping pressure levels (e.g. <10 bar)
ncreasing the clamping pressure reduces the interfacial resistance
etween the bipolar plate and the GDL that enhances the electro-
hemical performance of a PEM fuel cell. In contrast, at the high
lamping pressure levels (e.g. >10 bar), increasing the clamping
ressure not only reduces the above ohmic resistance but also nar-
ows down the diffusion path for mass transfer from gas channels to
he catalyst layers. Comprising the above two effects did not pro-

ote the power density too much but reduce the mass-transfer
imitation for high current density. Our experimental results are in
ccordance with that of Chang et al. [20]. Although increasing the
ean contact pressure decreases the porosity of the GDL, it does

ot seem to cause any significant effect on the mass transport in
he present experimental range (P̄ < 6 bar).

.2. Results of fuel cell stack
Similar statistic analyses of the scanned bitmap images of the
ressure-sensitive films were conducted for each cell in the 10-cell
tack to obtain its mean value and the standard deviation of the
ressure distribution at different combinations of bolt configura-
ion and applied torque. Fig. 7 illustrates a typical example of the
) R, (d) id versus P̄ for the single cell.

measured mean contact pressure P̄ and the non-dimensional pres-
sure fluctuation intensity P ′/P̄ of each cell in the 10-cell stack. The
stack was assembled at four bolts and 8 N m. Clear cell-to-cell vari-
ations are observed for both P̄ and P ′/P̄. The mean values of cell
P̄, P′ and P ′/P̄ of the 10 cells at different combinations of bolt con-
figuration and applied torque were calculated and listed in Table 2.
Similar to the case of a single cell, ¯̄Pj(≡ (

∑
P̄j)/M) increases with the

clamping torque � at a given bolt configuration, and increases with
the bolt numbers at a fixed �, where M (=10 in the present experi-
ments) is the total number of cells. And, the mean non-dimensional
pressure fluctuation intensity of 10 cells (P ′/P̄)j (≡ (

∑
(P ′/P̄)j)/M)
Fig. 7. Typical measured mean contact pressure P̄ (right column) and the non-
dimensional pressure fluctuation intensity P ′/P̄ (left column) of each cell in the
10-cell stack. The stack was assembled at four bolts and 8 N m.
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Table 2
The statistic pressure values and calculated performance parameters of the 10-cell stack at different bolt configurations and clamping torques.

Bolt configuration 2 4 6

� (N m) 8 12 16 8 12 16 8 12 16

¯̄Pj (MPa) 0.36 0.41 0.44 0.43 0.44 0.45 0.46 0.47 0.49

P ′
j
(MPa) 0.08 0.07 0.07 0.07 0.05 0.05 0.05 0.05 0.02

(P ′/P̄)j 0.21 0.17 0.16 0.15 0.11 0.10 0.11 0.11 0.05∑
(E0)j (V) 10.66 10.52 10.45 10.54 10.52 10.44 10.50 10.50 10.47∑
(b)j (mV/decade) 350 393 414 387 393 418 399 400 409∑
(R)j (� cm2) 5.5 4.38 3.87 4.49 4.12 3.69 4.41 3.89 3.58

W 2.5

i 1

E 0.20

t

s
t
a
i
o

f
a
c
l
b
i
a
t
p

F
a

max (W) 181.7 190.6 205.7 18

d (mA cm−2) 330 353 395 31

xperimental OCV 10.20 10.03 10.01 1

he increase of the bolt numbers at a fixed �. Note that P̄ ′
j/

¯̄Pj behaves

imilarly to (P ′/P̄)j . Comparing Table 1 with Table 2, the (P ′/P̄)j of
he stack is smaller than the corresponding P ′/P̄ of the single cell
t the same combination of bolt configuration and applied torque,
ndicating less effects of deformation and bending of the end plates
n the uniformity of the stack than that of a single cell.

The polarization and power density curves describing the per-
ormances of the 10-cell stack at 2-, 4- and 6-bolt configurations
re presented in Fig. 8(a–c), respectively. As in the case of the single
ell, the maximum power density increases and the mass transport
imitation shifts to higher current densities as the clamping torque

ecomes larger for all 3-bolt configurations. Also shown in Fig. 8(d)

s the polarization and power density curves of the 10-cell stack
t 2-, 4- and 6-bolt configurations and � = 16 N m. At this clamping
orque, the maximum power density increases and the mass trans-
ort limitation shifts to higher current densities as the bolt number

ig. 8. Polarization and power density curves of the 10-cell stack at (a) 2-, (b) 4- and (c) 6
nd different bolt configurations.
192.4 208.2 190.7 196.3 214.9

355 395 361 361 434

10.10 10.20 10.10 10.33 10.10

increases. Again, it is clearly demonstrated that the combination of
6-bolt configuration and 16 N m clamping torque offers the best per-
formance in our experiment. The V–I characteristics of the stack are
consistent with the descriptions about the mean contact pressure

measurements (Pj) in the previous paragraph.
Eq. (1) was adapted to describe the V–I characteristics and esti-

mate the electric resistances and mass transport limiting currents
for a PEMFC stack, following the work of Chu and Jiang [6]. Since
the current flowing to each cell is the same, the total voltage of the
stack is then expressed as follows:∑

(E)j =
∑

(E0)j − (log(i))
∑

(b)j − i
∑

(R)j − imm exp(nim)
(4)

Here, the subscript j represents the order of a single cell in the stack
and

∑
takes the sum of all single cells. The two main interested

parameters,
∑

(R)j and id, obtained by fitting the experimental data

-bolt configurations and various clamping torques, and (d) 16 N m clamping torque
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ith Eqs. (2)–(4), at different combinations of bolt configuration
nd applied torque are summarized in Table 2, along with parame-
ers

∑
(E0)j and

∑
(b)j. While performing the non-linear regression

nalysis to determine the values of
∑

(E0)j,
∑

(b)j,
∑

(R)j, im, m and
, the correlation coefficients (R2 value of the fit) were in the range
f 0.990–0.998. The fitted model parameters represent the exper-
mental data very well. Also shown in Table 2 is the experimental
CV for each case. The experimental OCV nearly keep constant, with

he maximum difference of 0.03 V/cell. The maximum deviation of
he estimated

∑
(E0)j from the experimental OCV is about 5%. The

erm
∑

(E0)j is approximately equal to the OCV of the stack and is in
small range of 10.44–10.66 V. The values of total ohmic resistance,

(R)j at various combinations of bolt configuration and applied
orque vary from 3.58 to 5.5 � cm2. The corresponding average
hmic resistance of each cell is in the range of 0.358–0.550 � cm2,
hich is slightly higher than the range of values reported by Giddey

t al. [18]. The values of
∑

(b)j vary from 350 to 418 mV per decade.
he average values of Tafel slope of each cell fall below the range of
7–110 mV per decade for Pt/C catalyst reported by Chu and Jiang
6], but are in good agreement with the values reported by Kim et
l. [19]. As mentioned earlier, at low current density, the major fac-
ors affecting the values of

∑
(E0)j and

∑
(b)j are properties of the

lectrocatalyst, the cell temperature and the humidification con-
itions [18]. With the same electrocatalyst, inflow humidification
onditions and activation process in all experiments (described in
ection 2.3), the average values of E0 of each cell are higher than that
n the corresponding cases of the single cell (Table 1), while the aver-
ge values of Tafel slope are lower. Generally,

∑
(E0)j increases with

ncreasing temperature while
∑

(b) goes in opposite direction [21].
j
he higher temperature of the stack than that of the single cell yields
he differences. The average values of ohmic resistance of each cell
re smaller than that in the corresponding cases of the single cell
Table 1), especially for the cases of 2- and 4-bolt configurations.

Fig. 9. Scatter plots of (a) Wmax, (b) (P ′/P̄)j , (c)
∑

ources 192 (2009) 475–485

Two possible mechanisms need to be further studied in the future
to clarify this reduction in the average ohmic resistance: (1) the
improved uniformity of the contact pressure distribution reduces
the average contact ohmic resistance and (2) the increased stack
temperature promotes the hydration of the membranes under the
current experimental conditions and yields the higher ionic con-
ductivity of the Nafion membrane electrolyte and the lower ohmic
resistance.

The effects of bolt configuration and clamping torque on the
parameters, Wmax, (P ′/P̄)j ,

∑
(R)j and id, versus ¯̄Pj are further exam-

ined by the scatter plots in Fig. 9, with the data in Table 2. Much more
scattered features than that of the single cell are observed. As shown
in Fig. 9(a), the maximum power Wmax does not increase monoton-
ically with ¯̄Pj . When performing a linear regression analysis, a low
correlation coefficient (R2 value of the fit) of 0.49 was obtained.
Similarly, in Fig. 9(b–d), (P ′/P̄)j and

∑
(R)j seem to decrease and

id to increase with the increase of ¯̄Pj , but the trends are far from
monotonic. By performing linear regression analyses, correlation
coefficients of 0.85, 0.77 and 0.43 were obtained for the cases
of (P ′/P̄)j ,

∑
(R)j and id versus ¯̄Pj , respectively. Only (P ′/P̄)j and∑

(R)j show higher linear correlations with ¯̄Pj , indicating increasing
the mean contact pressure improves the uniformity of the contact
pressure distribution and reduces the contact ohmic resistance, in
general. However, the linear correlation between the mean con-
tact pressure ( ¯̄Pj) and the maximum power (Wmax) or the mass
transport limit (id) are not conclusive.

∑
(E0)j and

∑
(b)j did not

show good linear correlations with Pj either (also seen in Table 2).

Correlation coefficients of 0.65 and 0.55 were obtained with lin-
ear regression analyses, respectively. For the 10-cell stack, the Tafel

slope
∑

(b)j seems to increase with clamping “torque” (not Pj), at
the same bolt configuration. For all cases,

∑
(b)j falls in the range

(R)j , (d) id versus ¯̄Pj for the 10-cell stack.
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f 393–418 (relatively constant), with only one exception at two
olts and 8 N m. Again,

∑
(b)j does not increase with average con-

act pressure Pj for the 10-cell stack, by examining carefully the

elationship between
∑

(b)j and average contact pressure Pj . The
ffects of various combinations of bolt configuration and clamping
orque on the performance of the stack and the relevant electrode
inetic parameters could not be reflected by a single statistic param-

ter, mean contact pressure Pj , only. The detailed contact pressure
istribution may have important influences on the local electro-
hemical reactions and heat and mass transfer processes involved
n the stack. These local effects are more complicated and impor-

ant in the stack than that in a single cell. Although, increasing Pj

educes the contact ohmic resistance generally, a comprehensive
tudy of the influence of the contact pressure distribution on local
lectrochemical reactions and heat and mass transfer processes is
eeded to well present the performance of the stack.

. Conclusion

In this study, systematic statistic analyses were performed to
tudy the effects of different combinations of bolt configuration
nd clamping torque on the performance and relevant electrode
inetic parameters of a single PEMFC and a 10-cell stack. The
ean value and the standard deviation of the pressure distribu-

ion of every combination of bolt configuration and applied torque,
xtracted from the pressure-sensitive films, were calculated. A non-
imensional pressure fluctuation intensity, which indicates the
elative dispersion to its mean value, was then proposed to present
he uniformity of the contact pressure distribution, similar to the
efinition of the turbulence intensity in fluid mechanics. From the
xperimental results of polarization curves and contact pressure
easurements, it showed that, for either the single cell or the

tack at the same bolt configuration, the maximum power density
ncreases and the mass transport limitation shifts to higher current
ensities as the clamping torque becomes larger; and that the max-

mum power density increases as the bolt number increases, when
t the same clamping torque. The combination of 6-bolt configura-
ion and 16 N m clamping torque offered the best performances for
oth the single cell and the stack in our experiments. Moreover, for
he single cell under the current experiment conditions, the larger

ean contact pressure tends to yield the higher maximum power,
egardless of the bolt configuration and the applied torque. The uni-
ormity of the contact pressure distribution, the ohmic resistance
nd the mass transport limit current had highly linear correlations
ith the mean contact pressure. Under the current experiment con-
itions, the large mean contact pressure increases the uniformity

f contact pressure distribution and reduces the cell ohmic resis-
ance, especially the contact resistance, without damaging PEM
nd bipolar plates. This reduction in the contact ohmic resistance
onsequently increases the maximum power and mass transport
imit. Although increasing the mean contact pressure decreases the

[
[
[
[

[

ources 192 (2009) 475–485 485

porosity of the GDL, it does not seem to cause any significant effect
on the mass transport in the present experiments. In the case of the
10-cell stack, clear cell-to-cell variations were observed for both
cell mean contact pressure and pressure fluctuation intensity. The
effects of various combinations of bolt configuration and clamping
torque on the stack performance and mass transport limit current
could not be reflected by the stack mean contact pressure only.
Generally, increasing the mean contact pressure improved the uni-
formity of the contact pressure distribution and reduced the contact
ohmic resistance. However, the maximum power did not increase
monotonically with the mean contact pressure. Besides the effect
that the improved uniformity of the contact pressure distribution
reduces the average contact ohmic resistance, the detailed contact
pressure distribution may have important influences on the local
electrochemical reactions and heat and mass transfer processes
involved in the stack. Overall, there are no conclusive trends for the
estimated OCV and Tafel slope with the applied mean contact pres-
sure in either the single cell or the 10-cell stack case. Further studies
will be conducted to clarify the role of contact pressure distribution
in the stack performance in the future.
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