
Journal of Mechanical Science and Technology 22 (2008) 565~574 
      www.springerlink.com/content/1738-494x

Journal of 

Mechanical 
Science and 
Technology

The structural variation of the gas diffusion layer and a performance  
evaluation of polymer electrolyte fuel cells 

as a function of clamping pressure 
Sang Yeop Lee1, Kwan-Soo Lee2 and Sukkee Um2,* 

1Fuel Cell Research Center, Korea Institute of Science and Technology, P.O. Box 131, Cheongryang, Seoul, 130-650, South Korea 
2School of Mechanical Engineering, Hanyang University, 17 Haengdang-Dong, Seongdong-Gu, Seoul, 133-791, South Korea 

(Manuscript Received July 6, 2007; Revised Decemebr 26, 2007; Accepted December 26, 2007) 

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

Abstract 

Interfacial contact resistance between gas diffusion layers (GDLs) and bipolar plates (BPs) has a substantial effect on 
the performance loss of polymer electrolyte fuel cells (PEFCs). Particularly during the final manufacturing process of a 
fuel cell stack, an externally applied clamping load determines the extent of electrical contact between those two solid 
components. In order to have the least electrical contact loss, it is highly necessary to keep all PEFC components close 
each other without causing structural failure of fuel cell stacks. In the present work, we investigated the effect of the 
clamping pressure on extrinsic properties such as porosity and permeability, which is closely related to mass transfer of 
reactants. Also, the variance of interfacial electrical resistance was analyzed as a function of the stack clamping pres-
sure or the compressed GDL thickness, which reflects the external clamping load. Then with these experimentally 
obtained material properties of GDL, computational efforts were made to account for the effect of the clamping pres-
sure on the fuel cell performance. 
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1. Introduction 

It is widely known that fuel cells consist of mem-
brane electrode assemblies (MEAs), bipolar plates 
(BPs), and gas diffusion layers (GDLs) in between 
and these subcomponents are tightly assembled and 
compressed to build a single cell or fuel cell stacks as 
an ultimate electrical power module depending on the 
electrical power demands/applications. In a working 
fuel cell system, protons move from anode to cathode 
through the ionomer membranes, and fuel and air go 
through oxidation and reduction processes at respec-
tive catalyst layers. The ionomer membranes and the 
catalyst layers are usually prepared together, making 
MEAs, and are mainly in charge of the proton transfer 
and electrochemical reactions in PEFCs. Compared to 

the MEAs, BPs have multi-functional role: gas supply, 
electron transfer, and ultimate heat and water removal. 
In harmony with MEA and BP, GDLs also play sig-
nificant roles as an intermediate reactant carrier from 
gas chamber to the catalyst layers via porous gas 
paths, ion and electron transfer medium, and heat and 
water transport medium. From thermo-fluid science 
and electrical point of views, GDLs seem to have 
very similar functions to BPs. However, there is a 
unique key role in GDLs, “a clamping stress ab-
sorber.” In the final manufacturing stage of fuel cells, 
a significant external load is applied to make those 
core elements close to each other and minimize elec-
trical resistances between them. Other solid parts of 
fuel cells (i.e., MEA and BP) have negligible extra 
space to withstand such high stacking pressure, e.g., 
10 bar/cm2. Without the highly porous GDLs (e.g., 
normally 80% of porosity), fuel cells would not as-
semble properly and work as an alternative clean 
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energy power source. 
The performance of polymer electrolyte fuel cells 

(PEFCs) is strongly affected by intrinsic and extrinsic 
properties of the above-mentioned core fuel cell ele-
ments. The intrinsic fuel cell properties include the 
electronic/ionic conductivities, catalytic activity, 
thermal conductivity, and so on. The extrinsic proper-
ties can be defined as material properties which are 
strongly associated with the external physical condi-
tions. Porosity, permeability, and the interfacial con-
tact resistance may fall into this category. Before 
exerting a stacking pressure, for instance, typical car-
bon based gas diffusion layers have 80% of porosity 
and the corresponding permeability. As the clamping 
process proceeds, the carbon paper undergoes a struc-
tural deformation process and the porosity, 
permeability, and mass diffusivity of gas diffusion 
layers get reduced. This deformation process reveals 
that the porosity is one of the critical extrinsic 
material properties as a function of stacking pressure 
or thickness. It should also be noted that the resultant 
transport and electrochemical reaction in fuel cells 
might greatly deviate from design values without 
these variations, which are closely chained to mass 
transfer of reactants and the electrochemical kinetics. 

Net fuel cell efficiency depends upon another ex-
ternal physical parameter, contact resistance, which is 
also significantly related to the stacking process of a 
fuel cell engine. There exists an electrical contact 
resistance between gas diffusion layers and bipolar 
plates while electrons are transferred to/from an ex-
ternal circuit. The electrical resistance at the interface 
can be minimized by applying an external stacking 
force. The magnitude of the contact resistance is low-
ered as the interfacial contact area increases in pro-
portion to the clamping load. However, the deforma-
tion of the porous gas diffusion layer will interfere 
with mass transfer of reactants from the gas-feeding 
channel to the catalyst layers, resulting in a negative 
effect on the fuel cell efficiency. Excessive clamping 
pressure results in performance loss due mainly to the 
narrow-downed diffusion path for mass transfer from 
gas channels to the catalyst layers and/or the in-
creased possibility of flooding in the GDL parallel to 
the land of bipolar plate. On the contrary, a less fas-
tened fuel cell stack might have better diffusive fluxes 
of reactant to the active reaction sites, suppress the 
possible water flooding, and cause increased electrical 
resistance between the cells. Therefore, the clamping 
pressure should be balanced in an optimal manner to 

obtain the maximum fuel cell efficiency as well as to 
enhance mass transfer in and out through the gas dif-
fusion layer. 

Remarkable experimental and numerical researches 
have been performed to figure out the effect of 
clamping pressure on mass transfer through gas diffu-
sion layer in the through-membrane direction and the 
performance of polymer electrolyte fuel cells. For a 
practical application of fuel cells, a number of cells 
are put together in series and then high external com-
pressing pressure (e. g. ~10 bar/cm2) is applied on 
both end plates. Under this high pressure, the porous 
carbon diffusion layer is pressed down and eventually 
takes on a serious variation in thickness and porosity. 
These drastic changes of GDL characteristics could 
have a remarkable effect on the fuel cell performance 
as experimentally demonstrated by Lee et al. [1]. 
Mikkola et al. [2] found how the variation of gas 
permeability in GDL goes through under different 
clamping pressures, targeting to elucidate the intrinsic 
characteristics of carbon paper, which is widely used 
in a fuel cell module. Electrical contact resistance 
between the carbon paper and its neighboring gas 
channel has been measured by various research 
groups [3, 4], since the interfacial electrical resistance 
reflects the material characteristics of the carbon pa-
per and the bipolar plates and is one of the major fac-
tors determining the fuel cell performance. 

Gurau et al. [5] developed a two-dimensional com-
putational fluid dynamics model by adding the in-
plane direction to the existing one-dimensional mod-
els. In their work, a fuel cell domain was divided into 
three different sub-sections for the computational 
purpose. Dutta et al. [6] developed a numerical pro-
gram to predict the mass transport phenomena by 
prescribing semi-empirical boundary conditions. In 
2000 Um et al. [7] suggested a single domain compu-
tational fuel cell dynamics (CFCD) model in which 
flow dynamics, transport phenomena and electro-
chemical kinetics are integrated together. Um [8] 
further developed the unified water transport model 
across the membrane by the aide of the equilibrium 
water uptake curve in the membrane phase. Follow-
ing this model, numerical effort including the electron 
transfer through the solid phase and the electronic 
potentials across the electrodes has been made by 
Meng and Wang [9]. Notable three-dimensional 
modeling on the ionomer membrane has been devel-
oped by Berning et al. [10] who assumed full satura- 
tion of the ionomer and conducted various parametric 
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studies to identify the their effects on the fuel cell 
performance by varying the gas channel width, poros-
ity, and thickness of the gas diffusion layer. Recently, 
two-phase flow models [11-13] has been made to 
investigate the water condensing and the resultant 
water flooding in the GDL which is a serious chal-
lenging issue in modern fuel cell research. Particu-
larly, Ugur and Wang [13] developed multi-phase and 
multi-component model (M-2 model) and they 
worked on characteristics water transport phenomena 
in the hydrophobic and hydrophilic nature of gas dif-
fusion layer by changing the contact angle. 

In the present study, the effect of the clamping 
pressure on electrical conductivity, porosity, thickness, 
gas permeability of a carbon paper GDL is exten-
sively investigated by experimental methods and 
discussed in detail to identify the relationship between 
the changes of extrinsic material properties and the 
fuel cell performance by both experimental and com-
putational predictions. Utilizing the experimentally 
obtained data accounting for the deformation of GDL 
by the stacking pressure, a computational fuel cell 
dynamic (CFCD) program developed by Um et al. [7] 
was adopted and further modified to implement the 
measured GDL properties and determine the effect of 
the electrical resistance on the fuel cell performance 
curve.  

2. Experimental setup & numerical modeling 
2.1 Experimental setup 

Gas flow in a porous diffusion layer encounters ad-
ditional flow resistance, which causes momentum 
loss by the intrinsic characteristics of the porous me-
dia. This momentum loss is closely associated with 
the micro structure, material characteristics, and po-
rosity of gas diffusion layers; however, it is hard to 
quantify the momentum loss of a fluid in an experi-
ment. Therefore, we need to define a material prop-
erty that describes the diminution of a vector field 
through porous media, the so-called “gas permeabil-
ity” which can be greatly utilized to derive other ma-
terial properties later in this study. 

An integrated test stand was built to determine po-
rosity, permeability, and electrical resistance in an 
integrated multi-measurement system as schemati-
cally shown in Fig. 1. SGL 10 BB carbon papers and 
graphite plates with 1 inch of O.D. and 0.2 inches of 
I.D. were filed up as shown in Fig. 2 and the external 
compressive force was measured by using a load cell 

which can weigh the external load by 0.1 kg up to 
maximum 200 kgs. During the compression process, 
the thickness variation of carbon papers was moni-
tored with a thickness gauge that has a minimal gaug-
ing limit of 10 m. The interfacial electrical resis-
tance between the graphite bipolar plate and the car-
bon gas diffusion layer was detected with a minimum 
of 1x10-5  by using a milli-ohm meter (Agilent 
Technologies). Gas permeability can be measured by 
using the data of pressure and flow rate at both ends 
of a test cell. For this purpose a mass flow controller 
(Alicat Scientific, Inc.) and a pressure differential 
gauge with a resolution of 0.001 bar were equipped to 
the test stand as shown in Fig. 1. For reliable data 
quality, a test gas was passed through a moisture-
removing filter packed with dendrites to eliminate the 
effect of humidity on the gas permeability. 

A single cell experiment was then performed to 
find out the effect of clamping pressure on cell per-
formance. A series of data collected from the experi-
ment could be utilized to show the quantitative effect 
of the external clamping load on the 1-5 polarization 
curve and validate the computational results as well. 
Basic information on a unit cell system for this study 
is available in Table 1 and an illustrative sketch of a 
single cell experimental system is displayed in Fig. 3. 
Pressurized air flows through a small hole in the cen-
ter and eventually diffuses out to the atmosphere. The 
gas permeability of the carbon paper can be calcu-
lated by measuring pressure before infusing the pres-
surized air into the concentric porous media [2], 
which is detailed in the appendix. 

Fig. 1. Schematic configurations of a multi-measurement 
system. 
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Table 1. Operating conditions of a single cell test. 

Description Value 
Cell Temperature [K] 333 

Stoichiometry 1.5/3.0 (Anode/Cathode) 
Inlet Relative Humidity [%] 100/100 (Anode/Cathode) 

Operating Pressure [atm] 1/1 (Anode/Cathode) 
Active area [cm2] 25 

Fig. 2. Samples of carbon paper and graphite. 

Fig. 3. Sketched illustration of a single cell experimental 
apparatus. 

2.2 Numerical modeling 

Fig. 4 schematically shows a PEM fuel cell and its 
various components in two-dimensional domain: the 
anode gas channel, anode gas-diffusion layer, anode 
catalyst layer, polymer electrolyte membrane, cathode 
catalyst layer, cathode gas-diffusion layer, and cath-
ode gas channel. Fully humidified fuel and air are fed 
into the gas channels. Electrochemical reactions are 
considered to occur only within the active catalyst 
layers where Pt/C catalysts are intermixed uniformly 
with recast ionomer. Stoichiometric flow ratio deter-
mines the fuel and oxidant flow rates: 
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Other governing properties describing the mass 
transfer and electrochemical reactions are taken from  

(a) Two-dimensional schematic 

(b) Three-dimensional serpentine geometry 

Fig. 4. A computational domain for a fuel cell modeling; (a) 
two-dimensional schematic, (b) three-dimensional serpentine 
geometry. 

Um et al. [7] 
The following assumptions are applied to the pre-

sent model: 
steady state  
ideal gas mixtures  
incompressible and laminar flow due to small pres-
sure gradients and Reynolds number in the channel 
flow  
negligible ohmic drop in the electronically conduc-
tive solid matrix of porous diffusion and catalyst 
layers  
constant uniform temperature due to the negligible 
temperature build-up for a single cell  
water in the vapor phase and/or mist flow modeling  
isotropic and homogeneous electrodes, catalyst 
layers, and membrane. 

2.3 Governing equations 

The single-domain approach developed by Um et 
al.[7] is employed for three-dimensional flow as 
shown in Fig. 4 and the electrochemical reactions 
described as source terms in Table 2. Non-linear, 
partial differential equations representing the conser-
vation of mass, momentum, species, and charge are 
strongly coupled to account for the transport and elec- 
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Table 2. Basic operating conditions for the computational 
study. 

Description Symbol Value
Cell temperature 
Operating cell voltage 

Tcell

Vcell

50 C
*

Pressure at the gas channel inlet of the  
anode side 

Hydrogen mole fraction at the anode gas  
channel inlet 

Water vapor mole fraction at the anode gas 
channel inlet 

Stoichiometry ratio in the anode gas  
channel

Pa

2
a,i
HC

a,i
WC

a

1.0 atm

*

*

1.5 

Stoichiometry ratio in the cathode gas  
Channel 

Oxygen mole fraction at the cathode gas  
channel inlet 

Nitrogen mole fraction at the cathode gas  
channel inlet 

Water vapor mole fraction at the cathode gas 
channel inlet 

Stoichiometry ratio in the cathode gas  
channel 

Pc

2
c,i
OC

2
c,i
NC

c,i
WC

c

1.0 atm

*

*

*

3.0 

Table 3. Design parameters for the computational study. 

Description Symbol Value 
Cell/electrode length L 6.1 cm 
Gas channel height CW 0.1 cm 
Gas channel width RW 0.1 cm 

Current collector width * 0.1 cm 
Anode catalyst layer thickness * 0.001 cm 

Membrane thickness Nafion  112 0.00508 cm
Cathode catalyst layer thickness * 0.001 cm 

trochemical reactions in polymer electrolyte fuel cells. 
The governing equations are written in the vector 

form for the steady-state as [7] 

0u  (10) 

uuu P u S   (11) 

k k k kuC D C S  (12) 

0e e S  (13) 

where u , P , kC , e , and S  represent the in-
trinsic fluid velocity vector, pressure, molar concen-
tration of chemical species k , the phase potential of 
the electrolyte membrane, and source terms for the 
conservation equations, respectively. Basic operating 
conditions and design parameters for the computa-
tional study are listed in Tables II and III. More de-
tailed information on the simulation can be found in 
the literature [7]. 

Thermodynamic open circuit potential for the over-
all fuel cell reaction and the exchange current density 
for the oxygen reduction reaction are defined [14], 

H2 O2
1ln ln

2 2
ref

oc oc
RTV V P P

F
, (14) 

where ref
ocV  represents the sole temperature effect 

on the open-circuit potential. This can be written, 
31.2334 0.83 10 303.15ref

ocV T  (15) 

The reference exchange current density at a cell 
temperature takes the following modified Arrhenius 
form: 

, ,
1 1353 exp 20000

353.15
ref ref
o c o caj T aj K

T
 (16) 
The sink/source term describing the water produc-

tion by the catalytic reaction as well as the electro-
osmotic drag from the anode to cathode electrodes 
can be described as, 

d
w e

nS i
F

 for anode (17) 

2
c d

w e
j nS i
F F

 for cathode (18) 

The local current density in the mid-section of the 
membrane can be calculated as follows: 

. .

, eff e
e

x M M

I y z
x

 (19) 

where the subscript M.M represents the mid-section 
in the membrane. The average current density is then 
determined from 

1 ,avg rxA
rx

I I y z dA
A

 (20) 

where rxA  is the electrode geometrical area. 
Additional modifications are made in order to ac-

count for the electrical resistance, 

,e R avgV I R  (21) 

Where ,e RV  and R  represent the additional volt-
age loss by the electrical contact resistance and the 
electrical resistance obtained from the experiment, 
respectively. 

The corresponding final cell voltage can be com-
puted, 
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,cell oc ohmic act mass e RV V V V V V  (22) 

On the right side of Eq. (22), all other terms are 
calculated except ,e RV  in the computing process. 

2.4 Boundary conditions 

Eqs. (10)-(13) form a complete stet of governing 
equations for (m+5) unknowns, where m is the physi-
cal dimension of the problem: u , P , 2HC , 2OC ,

wC , and e . Due to the single-domain formulation, 
boundary conditions are required only at the external 
surfaces of the computational domain. For mass flow, 
the no-slip and impermeability conditions are applied 
to all external surfaces except for the inlets and outlets 
of the anode and gas channels. At the fuel and oxidant 
inlets, the following conditions are prescribed. 
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where inlet velocities are determined from Eqs. (8) 
and (9), and the inlet species concentration is calcu-
lated by using the ideal gas law under a given operat-
ing condition. 

2.5 Numerical implementation 

For numerical testing, a 180 degree turn single 
channel is considered. The polymer electrolyte fuel 
cell model described above is implemented into a 
commercial computational fluid dynamics (CFD) 
package, Fluent  by using user-defined functions 
(UDFs). A series of customized external UDFs are 
encoded and interlinked to solve the transport and 
electrochemical reactions in polymer electrolyte fuel 
cells. Structured, orthogonal meshes are used for all 
computational meshing. We found that 62x150x30 is 
sufficient for three-dimensional geometry as shown in 
Fig. 4. The computation is assumed to be converged 
when the overall mass balance and species mass bal-
ances are met and the relative error between the con-
secutive iterations is less then 10-6.

3. Results and discussion 

Fig. 5 shows the effect of the clamping pressure on 
the GDL thickness and porosity variations. A sam-
pled 10 BB carbon paper has 420 m of thickness 
before compression at its initial state. The carbon 

paper was compressed to the maximum 50% varia-
tion (i.e., ~ 200 m) of its thickness. As shown in Fig. 
5, the compressed thickness of carbon paper used in 
this study has relatively stiff gradient in the low range 
of the external clamping pressure (i.e., ~ 5 bar), 
resulting in the relatively sharp decrease in porosity. 
In the remaining compression pressure ranges, the 
porosity of the carbon paper is inversely proportional 
to the external clamping pressure. Fig. 6 represents 
the corresponding permeability change under the 
same condition as shown in Fig. 5. As the applied 
clamping pressure increases, the permeability shows 
exponentially decreasing pattern. In Fig. 6, 5 bar of 
external pressure makes approximately 50% change 
in gas permeability. When the carbon paper further 
goes through more than 30 bar of the clamping pres-
sure, the permeability reduces down to 1/10 of the 
initial value. 

Fig. 7 displays the variation of the electronic resis-
tance as a function of the clamping pressure. The  

Fig. 5. Effect of the clamping pressure on the variation of the 
GDL thickness and porosity. 

Fig. 6. Effect of the clamping pressure on the variation of the 
GDL permeability. 
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electrical resistance is sharply reduced with a slight 
external clamping pressure from 1800 m cm2 at the 
initial state to 150 m cm2 at 2.5 bar, and then shows 
an asymptotic curve converging on 20 m cm2 of the 
electrical resistance. In general, a fully hydrated 
Nafion  112 membrane has an electrical resistance of 
70 m cm2 in the literature. Therefore, it is evident 
that the interfacial contact resistance could be a con-
siderable amount of electrical loss of fuel cells, and 
thus it is necessary to clamp a fuel cell stack closely 
together, at least more than 10 bar. In addition, it 
should be noted that for exact understanding of the 
effect of the clamping pressure on the electrical resis-
tance change, the adoption of electrochemical imped-
ance spectroscopy by fitting to an equivalent circuit 
should be performed in parallel with this analysis, 
which is beyond the scope of this macroscopic ap-
proach. 

A critical factor for optimal fuel cell performance is 
the permeability which has a strong effect on mass 
transfer in terms of reactant supply and the water 
removal to/from the active reaction site. Fig. 8 shows 
the porosity variation of the sampled carbon paper as 
a function of carbon paper thickness. In the natural 
state without external pressure, the carbon paper nor-
mally has 80% of porosity. As the clamping pressure 
increases, the slope of the porosity curve shows an 
adverse logarithmic pattern, indicating that the carbon 
paper has a mild deformation in porosity with less 
thickness change and then severe shrinkage in the 
pore volume under the high clamping pressure range. 
It should be also noted that large porosity facilitates 
the mass diffusion through a porous medium, provid-
ing sufficient amounts of reactants to the catalyst 
layer. The external clamping load to a fuel cell stack 

Fig. 7. Effect of the clamping pressure on the variation of the 
electronic resistance. 

results in the deflation of the vacant space of the po-
rous carbon paper. 

Fig. 9 shows the performance curves for a single 
cell experiment with various GDL thicknesses. The 
ionomer membrane is assumed to be fully saturated 
with 100% humidified fuel and oxidant feed stream. 
The measured polarization curves can be taken to 
reflect the effect of the interfacial electrical resistance 
and mass transfer since the ionic conductivity has 
negligible variance under this operating condition. It 
is shown in Fig. 9 that the fuel cell performance ap-
pears worst with 330 m of the compressed carbon 
paper thickness. Interestingly, the corresponding po-
larization curve shows the maximum limiting current 
density favorable from the mass transfer point of view. 
For a case of 300 m compression of GDL, it is 
shown that the interfacial electrical resistance gets 
smaller than for the case of 330 m compression and 
the maximum current density is limited to 1.2 A/cm2

Fig. 8. Effect of the GDL compression on the porosity varia-
tion. 

Fig. 9. Performance curves of PEFCs from experiment at 
various compression levels. 
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Fig. 10. Comparison of experimental and computational 
results with the electrical contact resistance considered. 

compared to 1.4 A/cm2 for the 330 m compression 
case. Compression between 200 m and 250 m
shows the highest performance and negligible differ-
ence in the performance curve between them. With 
further compression of 100 m carbon paper, it seems 
to be difficult to achieve more than 1.0 A/cm2 of cur-
rent density, due mainly to the worst mass transfer 
limitation. Therefore, it can be concluded that the 
compression of carbon paper between 200 m and 
250 m is the favorable clamping thickness of the 
carbon paper. 

The computational polarization curves considering 
the interfacial contact resistance are compared in Fig. 
10 with a series of experimental data under the same 
operating conditions. The calculated polarization 
curves show good agreement with the measured ex-
perimental data for the polarization curve except in 
the high current density close to the mass transfer 
limited region in which the water flooding has a det-
rimental effect on the fuel cell performance. Fig. 11 
shows the calculated polarization curves without con-
sidering the electrical contact resistance. For these 
cases, the fuel cell performance is only affected by the 
extent of mass transfer from gas channels to active 
catalyst layers. It is shown in Fig. 11 that the com-
pression effect on the cell polarization is remarkable 
for a case of 100 m thickness of carbon paper. More 
than 200 m of the compressed carbon paper (i.e., 
less compression pressure) does not make significant 
deviation in the predicted cell performances. 

4. Conclusions 

Experimental and numerical studies were per-
formed to investigate the effect of the clamping pres- 

Fig. 11. Computed polarization curves of PEFCs without 
considering the interfacial contact resistance. 

sure on the fuel cell performance. Gas diffusion layers 
were compressed with various clamping pressures to 
measure the variation of material properties--porosity, 
permeability, and electrical conductivity--as a func-
tion of the stack clamping pressure or the GDL thick-
ness. The experimental results showed that the poros-
ity of the carbon paper is inversely proportional to the 
external clamping pressure and more than 50% 
change in gas permeability appeared with slight ex-
ternal pressure. It was also found that further GDL 
compression of more than 30 bar in the stack clamp-
ing pressure significantly reduces down to 1/10 of 
permeability from its natural state. The experimental 
results revealed that the interfacial electrical contact 
resistance is a considerable electrical loss of fuel cells 
and the highest fuel cell performance can be obtained 
with 200-250 m of the GDL thickness. 

Good agreement between the numerical simulation 
results and experimental measurements was achieved, 
accounting for the clamping effects on the fuel cell 
performance. A slight deviation between the experi-
ment and the computed results appeared in the limit-
ing current density regime in which the water flood-
ing should be carefully considered. It could be in-
ferred from this study that less compression (i.e., 300 

m) could possibly promote multi-directional gas 
diffusion, while inducing worse interfacial electrical 
resistance.  Therefore, it should be noted that the 
optimal compression level should be determined 
based on the competing effects among mass transfer 
and interfacial resistance. 

Nomenclature----------------------------------------------------------- 

Arx : Active area, cm2
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Aa/c,i : Gas channel cross-sectional area, cm2

C : Molar concentration, mol/cm3

D : Mass diffusivity of species, cm2/sec 
F : Faraday constant, C/e-mol 
I : Current density, A/cm2

j : Transfer current, A/cm3

k : Permeability, m2

L : Gas channel length, cm 
M : Molecular weight, g/mol 
nd : Electro-osmotic drag coefficient
P : Pressure, Pa 
R : Gas constant, 8.314 J/mol K
T : Cell temperature, K
u  : Velocity vector, cm/sec 

Greek  letters 

 : Phase potential, V 
 : Ionic conductivity, S/m 

 : Water content, mol H2O/mol SO3-

: Stoichiometric flow ratio, Eq.(1) 

Superscripts 
eff : Effective value  
ref : Reference value 
W : Water, H2O

Subscripts 
a : Anode 
c : Cathode
e : Electrolyte phase 
i : Gas channel in 
oc : Open circuit 
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Appendix A 

Consider Darcy’s Law, 

ku P  (A-1) 

where u  represents the radial velocity vector, k
the gas permeability,  the molecular viscosity, and 
P  pressure, respectively. 

Considering the radial direction only, 
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r
P k u
r

 (A-2) 

The radial velocity vector is given as follows: 

1
2

u
r

R Tu Q
rh PM

 (A-3) 

where h  represents the thickness of the carbon pa-
per, uR  the universal gas constant, T  temperature, 
M molecular weight, and Q  the gas flow rate, re-
spectively. 

Combining Eqs. (A-2) and (A-3), 

1
2

uP R T Q
r k rh PM

 (A-4) 

Integrating Eq. (A-4) and arranging, 

2
2 2

1 2 1

1 lnuR TQ rk
h P P M r

 (A-5) 

The gas permeability of a porous media can be de-
termined by using Eq. (A-5) in which 2P  corre-
sponds to the ambient pressure in Fig. A-1. The po-
rosity of a porous medium can be derived by using Eq. 
(A-5) and the Carman-Kozeny relation [21]: 

2

23

1180
gd

k  (A-6) 

where  is the porosity of the porous medium and  

gd  is the average diameter of the theoretical granules 
the medium(~20 m), respectively. The fabrication 
method of granules can be found in the literature[22]. 
Strictly, this equation can be used for small porosity 
medium where the pores have little interaction with 
one another. In contrast, GDL in PEFCs have high 
pore spaces more than 60%, and Eq. (A-6) has a lim-
ited applicable range in predicting the correct behav-
ior of permeability in fibrous media. Nonetheless, it 
can be widely used for small changes in porosity. 

Porosity, which represents as the volume fraction 
of the pore spaces to the total volume of the porous 
medium as a function of permeability by the Carman-
Kozeny relation in Eq. (A-6), is closely related to 
mass transfer by way of the mass diffusivity, 

1.5eff
k kD D  (A-7) 

Fig. A-1. A conceptual diagram illustrating permeability 
measurement. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


