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In  this  study  the  deformation  effect  of  a gas  diffusion  layer  (GDL)  on the pressure  drop  of  a polymer  elec-
trolyte  fuel  cell  (PEFC)  separator  channel  has  been  investigated  both  numerically  and  experimentally.
Pressure  drop  is considered  as  a  diagnostic  tool  to  monitor  the  performance  of  a  PEFC.  The  deforma-
tion  of  the  GDL  caused  by the  compression  pressure  plays  an  important  role  in the performance  of  a
PEFC  since  it  affects  the  physical  properties  of  the  GDL,  such  as  porosity,  permeability  and  the  cross  sec-
tional area  of  the  gas  channel.  The  flow  behavior  in  the  separator  channel  and  GDL  of PEFCs  has  been
investigated  by  using  a transient,  isothermal  and  three-dimensional  numerical  model.  To  develop  the
ressure drop
eformation thickness
eparator channel
umerical simulation

numerical  simulation  of  PEFC,  verification  experiments  and  data  acquisition  of  physical  parameters  were
conducted  by  mechanical  measurements.  The  experimental  results  showed  that  estimating  the  actual
flow  configuration  in  the  cell,  the  GDL  deformation  shape  due  to  clamping  by the  separator  lands  has
a  significant  influence.  The  numerical  result  shows  that  together  with  the  deformation  shape,  the  GDL
physical parameter  variation  also  needs  to  be  considered  in  order  to  predict  the  actual  flow  phenomena.
Moreover,  the  results  can  estimate  the  physical  parameters  under  deformed  condition  qualitatively.
. Introduction

The working formula of an electrochemical fuel cell is to convert
he chemical energy of hydrogenised fuel directly into electrical
nergy. Fuel cells are classified depending upon the nature of the
lectrolyte used in the system. Polymer electrolyte fuel cells (PEFCs)
re considered as prime candidates among the fuel cells under
evelopment because of their high power density, low operating
emperature, low emissions and environmental friendly nature.
his recognizes PEFC as a suitable alternative power source for
ext-generation vehicles and portable power plants. In order to
chieve large-scale market penetration, the performance of PEFCs
ust be improved.
Operating parameters such as pressure, temperature and flow

istribution in the flow channel and GDL have a great influence
n the performance of polymer electrolyte fuel cells. A certain
ressure drop is beneficial for fuel cell operation because it
elps to remove excess liquid water from the cell, though too
uch pressure drop would increase the parasitic power needed
o pump air through the fuel cell [1].  It is desired to have an
ptimum pressure drop in the separator channel because too
arge pressure drop leads to inefficient fuel cell performance. The
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effects of different operating parameters on the performance of
proton exchange membrane (PEM) fuel cells have been studied
experimentally by Wang et al. [2].  Hydrogen is used as the fuel on
the anode side whereas oxygen is used as the fuel on the cathode
side; the cell produces water and heat as by-products. Since both
the reactants and the byproduct pass through the channel and GDL
are considered important parts of a PEFC.

The design of the flow channels and bipolar plates is critical for
the performance of the resulting PEFCs [3–7]. A methodology for
designing the flow channels for PEFCs, including channel layout,
configuration, channel cross-section and channel length was devel-
oped by Li et al. [3].  Barbir et al. [1] investigated the relationship
between pressure drop and cell resistance as a diagnostic tool for
PEFCs. They observed that an increase in pressure drop is a reliable
indicator of polymer electrolyte fuel cell flooding. By monitoring
both the pressure drop and cell resistance they were able to diag-
nose either flooding or drying. He et al. [8] investigated the pressure
drop between inlet and outlet channels as a diagnostic tool to mon-
itor liquid water flooding. Cross-leakage flow through the electrode
has been investigated as a direct result of the pressure difference
between the adjacent flow channels of PEM fuel cells by Kanezaki
et al. [9] and Park and Li [10].
The gas diffusion layer in a polymer electrolyte fuel cell consists
of a thin layer of carbon black mixed with polytetrafluoroethylene
(PTFE) [11] that is coated on a sheet of macro-porous carbon back-
ing cloth. The GDL permits the gaseous reactants to move towards
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http://www.sciencedirect.com/science/journal/03787753
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Nomenclature

a height of the channel, m
A area, m−2

b width of the channel, m
d deformation thickness, m
K permeability, m2

L length of the flow channel, m
p pressure, Pa
Q volume Flow rate, m3s−1

t time, s
u flow velocity in the flow channel, ms−1

u velocity in the x direction, ms−1

v velocity in the y direction, ms−1

w velocity in the z direction ms−1

Greek symbols
ε  porosity of porous media
� viscosity, kg m−1 s−1
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this paper. The same code was  used to consider the electric current
and liquid water by Shi et al. [26,27].  Deformation of the GDL was
considered in our present investigation. The numerical grid and its
distribution pattern are shown is Fig. 2.

Table 1
Dimension of the computational domain for different deformation shapes.

Thickness of GDL  under bipolar plate (m)
� density, kg m−3

he catalyst layer and maintains the flow of electrons between cata-
yst layers and bipolar plates. The diffusion layer also plays a critical
ole in water management within the cell. It provides a physical
icro-porous support for the catalyst layer. The GDL is a porous
aterial, and the flow distribution inside the porous media is very

omplex. The effect of the diffusion layer parameter on the perfor-
ance of PEFC [12–16] has received a great deal of attention.
The gas diffusion layers and bipolar plates are usually clamped

ogether under suitable pressure in order to seal the fuel cell against
ny gas leakage and to minimize the contact resistance between
he rib and the GDL. The influence of the clamping force on the
erformance of a polymer electrolyte fuel cell with interdigitated
as distribution was investigated by Zhou et al. [17,18] whereas in a
ore recent work by Zhou et al. [19] the conventional flow field was

onsidered. They found that the clamping force affects the perme-
bility and diffusion of the reactant gas transport of the liquid water
ue to GDL deformation and porosity variation. Chang et al. [20]
ound experimentally that the external clamping pressure changes
ot only the thickness but also the porosity and permeability of
he GDL. Roshandel et al. [21] and Roshandel and Farhanieh [22]
xamined the variation of porosity distribution considering both
he effect of the compression of the electrodes on the solid landing
rea and the water generated at the cathode side of GDL. Gurau et al.
23] derived an analytical solution of a half-cell model for the poly-

er  electrolyte membrane fuel cell considering the non-uniform
orosity of the gas diffusion layer. Nitta et al. [24] experimentally

nvestigated the effect of inhomogeneous compression of the GDL
aused by the channel/rib structure of the flow field plate. They
bserved that the GDL under the channel remained at almost the
nitial thickness regardless of the width of the channel. On the other
and the GDL under the bipolar plate was compressed to gasket
hickness. Basu et al. [25] found that the high compression pressure
ushes the softer GDL material into the channel, partially blocking
he channels. The compression pressure is the highest at the edge
near the location of the tightening bolts), so GDL intrusion is most
evere at the edge channels. They used an experimental pressure
rop to match the deformation level but the variation of physi-
al parameters was not studied. None has reported dependence of
he pressure drop on the clamping pressure. In this study a detailed

nvestigation of the pressure drop in various deformation cases and
arious physical conditions has been carried out.

The objective of the present work was to study the influence
f GDL properties on the pressure drop in the separator channel.
ources 202 (2012) 100– 107 101

The influence of the key parameters and its effect in the uncom-
pressed and compressed conditions were studied, and the pressure
loss mechanism in the compressed PEFC condition was  identified.
Also, the effect of GDL deformation on the physical property of the
diffusion layer will be analyzed qualitatively.

2. Experimental setup and methods

Fig. 1 provides experimental fuel cell and a schematic view of
the single PEFC used in this study. PEFCs use a polymeric membrane
as an electrolyte, such as Nafion 117 polymer, which is sandwiched
between two electrodes, namely the anode and cathode. The inter-
face between the electrode and the polymeric membrane is the
catalyst layer, and it has a reaction area of 3 × 10 cm2. A separa-
tor with straight parallel gas flow channel, as shown in Fig. 1(b),
was  used on both the anode and the cathode side of PEFC. The
width of the channels and the ribs of both separators were 1 mm.
The thickness of the separator, which corresponds to the channel
height, was 0.5 mm.  Carbon paper with a thickness of 0.3 mm was
used for the GDL, and the cell was bolted together uniformly by
different clamping pressure. The pressure drop from the channel
inlet to channel outlet was  measured using a digital manometer for
two  different conditions: with and without the GDL. For the latter
case, a plastic wall was used instead of a GDL. Performance analysis
was  conducted under several driving conditions. GDL deforma-
tions due to the clamping pressure of the separators and the
pressure drop of the cathode gas channel were measured under
various deformation conditions. The deformation shape of the GDL
was  visualized using a section-observable separator, and an image
was  recorded by a digital camera after applying the compression
pressure.

3. Numerical methods

3.1. Model formulations

The gas flow channels are typically rectangular or square
grooves machined on the separator plate that distribute reactant
gas over the fuel cell. A conventional separator plate with straight
parallel gas channel is considered in this study. The flow config-
uration in the parallel channel layout is symmetrical. To reduce
the computational effort, symmetry consideration is assumed and
only one gas channel with the half of the rib region on both sides
of the channel, highlighted by the dotted line in Fig. 1(b), is consid-
ered in the present numerical investigation. We  wanted to focus
our investigation on the physical properties of the GDL that can be
deduced by observing the flow behavior inside this channel and
GDL. The dimensions of the gas channel, separator and GDL used
to conduct the simulation are listed in Table 1. For simplification,
the following assumptions were made: (1) an ideal gas mixture; (2)
incompressible and laminar flow due to a small Reynolds number;
(3) an isotropic porous media for the GDL. Here we investigated the
gas flow only. Electric current and liquid water were not studied in
Without deformation 3.0 × 10−4

Deformation 1 2.0 × 10−4

Deformation 2 1.75 × 10−4

Deformation 3 1.6 × 10−4
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Fig. 1. (a) Experimental fuel cell and schematic view of fu

Experimental observation of the GDL shape before and after
pplication of the compression pressure is shown in Fig. 3. From this
gure we see that the deformation shape of the GDL is non-uniform.
e also observe that deformation of GDL under the separator is

ighly compressed but less compressed under the channel region.
oreover, under the center of the channel it remains unaltered.

efore applying compression force the thickness of the GDL was
.3 mm.  The deformation of the GDL depends upon the compres-
ion pressure applied on it. Three different levels of deformation
ere chosen as shown in Fig. 8 in the results and discussion

ection. The computational grid used for the present simulation
as nearly the same deformation shape as in the experimental
ata.

.2. Governing equations

The flow field in the separator channel and GDL can be obtained
y solving the conservation equations of mass and momentum. A
ingle set of governing equations valid for the sub regions (1) gas

hannel and (2) porous GDL is used. Therefore, interfacial condi-
ions of the internal boundaries between gas channel and GDL need
ot to be specified. Considering the assumptions the governing
quations can be written as:
 model and (b) typical cross section of separator channel.

Mass conservation:

∂(ε�)
∂t

+ ∇ · (ε�u) = 0 (1)

Momentum conservation:

∂ε�u

∂t
+ ∇ · (ε�uu) = −∇(εp) + ∇ · (ε�∇u) + ε�g − �

K
ε2u (2)

where u is the velocity vector, � the viscosity, � the density, ε the
porosity of the GDL and K is the permeability of the GDL. Porosity,
ε is defined by the ratio of the volume occupied by the pore to
the total volume of the porous media where as permeability, K is
defined by the square of the effective volume to surface area ratio
of the porous matrix [28]. The last term of Eq. (2) represents the
Darcy’s drag force in the porous media. In the gas channel, ε → 1
and K → ∞,  so Eq. (2) becomes the original Navier–Stokes equation.

3.3. Boundary conditions
A constant velocity was  applied to the inlet boundary of the
channel. All wall boundary conditions were considered as no-slip.
A constant pressure condition was  used at the outlet of the flow
channel.
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Fig. 2. Computational grid for the deformation of GDL.
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.4. Numerical method

The conservation equations of mass and momentum, together
ith the boundary condition, are discretized by the finite vol-
me  method and solved by the software ForntFlow/PEFC, which

s a general purpose numerical simulator. The numerical simula-
or, developed by the Computational Fluid Mechanics laboratory of
okkaido University and supported by New Energy and Industrial
echnology Development Organization (NEDO), also includes an
lectrical field, porous media, electrochemical reaction and water
ransport. The flow behavior inside the porous media will be treated
s a key technology for this flow simulator. The implicit Euler

cheme was used for time integration. The first order upwind
cheme was applied to discretize the convection terms in the gov-
rning equations. The fractional step algorithm was used to update
he pressure and velocity fields from the solutions of the pressure
Poisson equation. Implicit treatment of the Darcy drag term was
considered to get an accurate continuity condition and precise
estimation of pressure loss. Details of the algorithm and the advan-
tage of using the algorithm have been reported by Saha et al. [29].
The solutions are considered to be convergent if the variables of
Eqs. (1) and (2) have an absolute error less than 10−8 and a rela-
tive maximum error less than 10−6. The computational grid system
of the present model consists of 0.26 million grid points. The time
required for each case on an AMD  Opteron 3.2 GHz system with
2 GB of main memory was around 12 h.

4. Pressure drop in the gas flow channel
The pressure drop is a result of frictional loss and bending loss in
the gas flow channel. In a straight channel, the loss coefficient can
be approximated only by the friction loss coefficient. The pressure
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Table 2
Physical properties and operational parameters for single channel.

Porosity, ε 0.1–0.9
Permeability, K (m2) 10−16–103

Density, � (kg m−3) 1.251
Viscosity, � (kg ms−1) 1.98 × 10−5

Operational temperature, T (K) 323
Operational pressure, P (pa) 101325
Flow rate, Q (m3 s−1) 3.54 × 10−6

Gas composition N2: 100%
Channel length, l (m) 0.11

inlet, the pressure drop does not exactly follow the linear profile
and over-estimates the linear fitting.

The pressure drop obtained from the numerical simulation and
its linear fitting is compared with the experimental as well as
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ig. 3. GDL deformation before (upper) and after (below) applying the compression
ressure.

rop between the inlet and outlet of a rectangular channel can be
alculated using Darcy’s law for uniform, non-compressible pipe
ow:

p = f
L

dh

�V2

2
(3)

here f is the friction factor, L the length of the channel, � the
ensity of the fluid, V the average velocity of the fluid, equal to
he volumetric flow rate per unit cross-sectional area, and dh the
ydraulic diameter of the flow path, which can be defined as:

h = 4ab

2(a  + b)
(4)

here a and b are the sides of the rectangular channel. Fluid flow
n the fuel cell channel is indeed laminar (Re < 2000), so the friction
actor can be expressed as:

 = c

Re
(5)

here c is the friction coefficient of the rectangular duct and is 62.2
or the present case [30], and Re is the Reynolds number based on
he hydraulic diameter and can be expressed as:

e = �Vdh

�
(6)

ere � denotes the viscosity.
Using Eqs. (5) and (6) Eq. (4) becomes:

p = cL�V
(7)
2d2
h

Therefore for the laminar flow the pressure drop is linearly pro-
ortional to velocity, i.e., to flow rate.
Channel width, b (m) 0.001
Channel height, a (m) 0.0005

5. Results and discussions

The physical conditions and the operational parameters used in
the numerical simulation are listed in Table 2.

5.1. Model validation

The distribution of pressure from the inlet to the outlet of the
channel by numerical simulation and its linear fitting is shown in
Fig. 4(a). Here, only the channel region is considered, i.e., the chan-
nel without the GDL and to do so, the interface between the channel
and GDL is considered as a wall. The pressure drops linearly with
the channel length except at the entrance region. Fig. 4(b) shows a
close-up view of the entrance pressure drop indicated by the dot-
ted rectangular box in Fig. 4(a). Up to a finite distance from the
Distance form the  inlet [mm]

Fig. 4. (a) Pressure distribution in the rectangular channel and (b) close-up view of
entrance pressure drop.
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ty and (b) cross-sectional velocity profile.
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Fig. 5. (a) Residual error of continui

heoretical solution. To consider the channel without the GDL case,
n experiment was conducted by replacing the GDL with a plastic
all. Eq. (7) was used to find the theoretical solution. The pres-

ure drops obtained by these distinct methods are summarized in
able 3. We  see that linear fitting of the numerical results corre-
ponds with the theoretical solution, and an excellent agreement
as observed between the numerical and experimental solution.

rom these results it is also clear that the entrance effect of the pres-
ure drop is included in both the numerical and the experimental
esults.

Now to find the accuracy of the numerical code, residual error
f continuity has been investigated. Fig. 5(a) and (b) shows the spa-
ial variation of residual error of continuity and the cross sectional
elocity distribution at the mid  cross section of the channel. Con-
our plot maximum error level is set to 0.1%. From Fig. 5 it is clear
hat very low level of continuity error is maintained even in the
egion with high aspect ratio.

.2. Effect of permeability

The pressure drop for various values of the permeability param-
ter is shown in Fig. 6. Here the value of the porosity parameter is
hosen to be 0.7. We  see that the permeability parameter has a very
trong effect on the pressure drop. The value of the pressure drop
ecreases with increasing values of permeability. This can also be

nterpreted from the Darcy term of momentum equation, which
as a direct relation to the permeability. Now from Fig. 6 it is also
lear that the representative effect was found for a range of perme-

−8 −12 2
bility values between 10 and 10 m . The GDL behaves like
n impermeable wall for the values of permeability smaller than
0−13 m2. The value of the pressure drop remained unchanged for
ermeability values greater than 10−7 m2.

able 3
omparison of pressure drop obtained by experimental, numerical and analytic
ethod.

Experimental
(kPa)

CFD
(kPa)

CFD (Linear
fitting) (kPa)

Analytic
(kPa)

Without GDL 0.75 0.75 0.72 0.72
Permeability [m ]

Fig. 6. Pressure drop for a wide range of permeability values.

5.3. Effect of porosity

The pressure drop for different values of the porosity parameter
is shown in Fig. 7. Here the permeability value 1.76 × 10−10 m2 is
used for any values of the porosity. We  see that the pressure drop
increases with the increasing values of porosity, but the effect is
not so noticeable.

5.4. Compression and GDL deformation
Table 4 shows the pressure loss obtained by the experimental
result with the consideration of 0.1 mm deformation thickness. An
analytic solution considering different channel heights (0.5 mm and

Table 4
Pressure drop with and without considering the channel height decrease.

Experimental
pressure drop (kPa)

Analytic (a = 0.5 mm)
pressure drop (kPa)

Analytic (a = 0.4 mm)
pressure drop (kPa)

1.235 0.72 1.288
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Fig. 7. Pressure drop over porosity.

.4 mm)  is also listed together with the experimental result. Eq. (7)
as used for the analytic solution, which is the pressure drop for

 rectangular channel with solid walls. The values of the friction
oefficient c, for 0.4 mm and 0.5 mm  channel heights were 65.47
nd 62.2, respectively [30]. We  observed that without considering
he decrease of the channel height, the analytic solution underes-
imated the experimental solution for the pressure drop. The flow
ate is expressed as: Flow rate = Inlet cross sectional area × Inlet
elocity. From the Darcy law we see that pressure drop is linearly
roportional to the velocity. So, the lower estimation of the pres-
ure drop derived from the lower estimation of velocity. The flow
ate Q = 3.54 × 10−6 m3s−1 remained constant in all cases. There-
ore, the velocity becomes higher when we consider that inlet cross
ectional area is decreased by the deformation of GDL. Hence, the
ressure drop underestimation is attributed to a decrease of the
hannel height causing GDL intrusion into the channel clamped by
he separator land. Thus, the relationship between the GDL defor-

ation and the pressure drop is identified.
With and without applying the clamping pressure, the pressure

rop from the inlet to the outlet of the channel was  measured and

s shown in Fig. 8. The results obtained by the numerical simulation

ere then compared with the experimental results. The material
roperty of the GDL, i.e., porosity and permeability, used in the
xperiment is unknown. For this reason taking other parameters

ig. 8. Comparison of numerical results with different parameters and with exper-
mental results; Case 1: the porosity and permeability of the case with GDL
eformation was  the same as in the case without deformation, case 2: the permeabil-

ty  was  changed but not the porosity and case 3: both the porosity and permeability
ere changed.
ources 202 (2012) 100– 107

as the same we observed several cases and found the values of
porosity and permeability at which the same pressure drop as in
the experimental result could be obtained without considering the
GDL deformation. We  found that for the values of porosity = 0.7 and
permeability = 2.25 × 10−10 m2 we could obtain the same pressure
drop as in the experimental result of the non-deformed case.

The distance between the two  separators, which include anode
and cathode GDLs, each with a thickness of 0.3 mm,  and the MEA
with a thickness of 0.03 mm,  was  measured. Then 0.24, 0.74 or
1.24 MPa  surface pressure was applied and the distance between
the two separators in each surface pressure case was  measured,
which was 0.43, 0.38 and 0.35 mm,  respectively. The displacement
between the separators after applying the surface pressure dis-
tributed evenly to the anode and cathode GDL was considered the
deformation thickness. The deformation of the MEA  (membrane
electrolyte assembly) was neglected due to its very large elastic
modulus and very small thickness compared to GDL. The deforma-
tion thicknesses for the corresponding cases were 0.1, 0.125 and
0.14 mm.  The pressure drop in each deformation case was  then
measured and is shown in Fig. 8.

In the CFD (computational fluid dynamics) simulation, three
distinct cases were considered for each deformation: (1) the poros-
ity and permeability of the case with GDL deformation was the
same as in the case without deformation, (2) the permeability was
changed but not the porosity and (3) both the porosity and perme-
ability were changed. The pressure drop for each case is shown in
Fig. 8. The porosity variation is considered by the following equa-
tion (Fluckiger, 2008):

ε = 1 − ı0

ı
(1 − ε0) (8)

where ε0, ı0, ε, ı are the uncompressed and compressed porosity
and deformation thickness, respectively. The permeability varia-
tion is considered by following the experimental results of Nitta
et al. [24], where the reduction of permeability was expressed in
terms of the deformation thickness. In the numerical solution of
case 1 we considered the deformation shape; i.e., the decreased
channel thickness was  taken into consideration but the change of
physical parameters was  not considered. From Fig. 8, we  see that
only considering the deformation shape cannot capture the exper-
imental result. Hence, the change of physical parameters together
with the deformation shape was  also taken into account in the
numerical solutions of case 2 and case 3. We already observed from
Figs. 6 and 7 that permeability has a significant effect on the pres-
sure drop but the porosity effect is not so strong. Therefore, the
effect of porosity on the pressure drop is indistinguishable. From
Fig. 8 we also observed that considering the variation in permeabil-
ity together with the deformation shape results in good agreement
with the experimental result. This result shows the importance of
considering the GDL deformation shape along with GDL physical
parameter variations in predicting the actual flow phenomena.

5.5. Mechanism of pressure loss

Here we tried to identify the pressure loss mechanism pre-
sented in Fig. 8. The horizontal red dotted line indicates the level
of pressure drop without consideration of the deformation shape.
The shaded region from this horizontal line, indicated by the same
parameter, represents the contribution of shape deformation. The
shape deformation increases the flow velocity in the channel, and
the pressure loss is proportional to velocity. From the black line to
green line, the yellow shaded region in Fig. 8 is the contribution of

the decrease of permeability, as we already know that the porosity
effect is insignificant. We  can divide this contribution in two  ways:
(1) increasing the flow velocity in the channel region (2) frictional
drag.
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ig. 9. Velocity profile for case 1 (the porosity and permeability of the case with
DL  deformation was  the same as in the case without deformation) and case 2 (the
ermeability was changed but not the porosity).

Fig. 9 represents the axial velocity profile of the middle of the
hannel and the GDL for the 0.1 mm deformation case. The black
ine indicates the CFD (same parameter) and the green line indicates
he CFD (K-change), which is the same as in the legend of Fig. 9. From
his figure we  see that the axial velocity increases for decreasing
alues of permeability. The flow rates (or velocity) in the channel
egion for these two cases are 2.30 × 10−6 and 2.36 × 10−6 m3s−1

or 5.47 and 5.62 ms−1). So the decrease of permeability in this case
ncreases the flow rate or velocity in the channel approximately
y 3%, and this flow velocity contribute to expanding the pressure

oss around 30 Pa, which is approximately 25% of the yellow shaded
egion. Hence, the remaining 75% is the contribution from the solid
atrix drag.

. Conclusions

The flow behavior in the gas channel and porous GDL of pro-
on exchange membrane fuel cells was investigated by a transient,
sothermal three-dimensional numerical simulation. A verification

xperiment was conducted and data of physical parameters were
cquired by mechanical and electrochemical measurements. It has
een observed that the permeability parameter has a strong effect
n the pressure drop. Also, it is shown that the major effect occurs

[
[
[
[

ources 202 (2012) 100– 107 107

for permeability values between 10−8 and 10−12 m2. The estima-
tion of the pressure drop with and without GDL  deformation has
been verified by comparing it with the experimental result. The
importance of the GDL physical parameter change to estimate the
actual flow phenomenon in a real system has been identified. The
contribution of the flow rate and the solid matrix drag term on the
pressure drop mechanism has been clarified. Moreover, the results
indicate that the physical parameter change under the deformed
condition can be estimated quantitatively.
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