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a b s t r a c t

The in-plane permeability has been experimentally estimated for a number of carbon substrates and
microporous layer (MPL)-coated gas diffusion layers (GDLs) as used in proton exchange membrane (PEM)
fuel cells. The results show that the in-plane permeability of the tested carbon substrates decreases with
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increasing polytetrafluoroethylene (PTFE) loading and, in contrast, the greater is the PTFE loading in the
MPL, the greater is the permeability. It has been shown that the in-plane permeability of the carbon
substrates is reduced by an order of magnitude if they are coated with MPLs. Further, the permeability is
different from one in-plane principal direction to another by a factor of about two. Finally, ignoring the
inertial terms (for the reported flow rates) and the compressibility of the flowing air results in significant
errors in the obtained values of the permeability.
PL-coating

. Introduction

It is very crucial for the gas diffusion layer (GDL) in proton
xchange membrane (PEM) fuel cells to have an appropriate per-
eability because it permits the reactant gases to efficiently reach

he active sites in the catalyst layer. This in turn allows the electro-
hemical reactions, that are necessary to power the external loads,
o proceed. Likewise, the GDL must be sufficiently permeable in
rder for it to transport the liquid water from the catalyst layer to
he flow channels and vice versa and therefore control or eliminate
he phenomena of flooding of the electrodes and/or dehydration of
he membrane.

Typically, the properties of the GDL present a spatial anisotropy
nd this is due to the structure of the GDL that is characterised by a
referential orientation of carbon fibres in the in-plane directions.
s such, the permeability, among other properties, is anisotropic,

.e. the permeability in one direction (e.g. the in-plane directions)
s different to those in the other directions (e.g. the through-plane

irection). Such a fact has motivated a number of research groups to
stimate the permeability in two [1,2] and three [3] principal direc-
ions. However, most reported values of the permeability of the
DLs have been in the through-plane direction and this is mainly
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because of the incorrect perception that the permeability of GDLs is
isotropic, i.e. it is uniform in all directions. One more reason behind
favouring such a measurement is that measuring the through-plane
permeability is experimentally more easily performed [4]. How-
ever, Pharoah [4] showed that the pressure drop along the serpen-
tine flow channels, the most commonly used flow-configuration,
is much less sensitive to the through-plane permeability than to
the in-plane permeability because the convective flow in these
channels is mainly in the in-plane directions of the GDL.

Typically, GDLs (or simply carbon substrates) are treated with
a hydrophobic agent, namely polytetrafluoroethylene (PTFE), in
order to impart the hydrophobicity the GDLs require to remove
the excessive liquid water from the porous electrodes. Further,
the GDLs are normally coated with a thin layer, microporous layer
(MPL), that consists of carbon powder and PTFE particles in order
to enhance the contact between the GDL and the catalyst layer.
Pharoah [4] suggested that adding the MPL to the carbon substrate
does not alter the permeability of the latter layer in the in-plane
direction as the convective flow, which is mainly in the in-plane
direction, would be largely unaffected. However, he emphasised
that it does reduce the through-plane permeability by up to four
orders of magnitude. Thus, the convective flow is no longer signifi-

cant in the through-plane direction as the respective permeability
is normally lower than a computationally calculated threshold of
1 × 10−13 m2, which signifies the importance of the convection [4].
Therefore, it is clear that it is essential to estimate the in-plane
permeability. It should be noted that some CFD modellers assume

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:pmmsai@leeds.ac.uk
mailto:fue6mtz@leeds.ac.uk
dx.doi.org/10.1016/j.jpowsour.2010.04.036
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Nomenclature

A constant coefficient, Pa
B constant coefficient, s
K permeability, m2

L thickness of porous medium, m
ṁ mass flow rate, kg s−1

m′ mass flux, kg/(m2 s)
Mw molecular weight, kg mol−1

p pressure, Pa
R universal gas constant, J/(mol K)
r radius, m
T temperature, K
t time, s
V volume, m3

�′ non-dimensional velocity
V′ volume flux, m3/(m2 s)
�o reference velocity, m s−1

� velocity, m s−1

Greek symbols
ˇ inertial coefficient, m−1

� fluid viscosity, Pa s
�′ non-dimensional density
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Table 1
Manufacturer’s reported PTFE loading for carbon substrates.

GDL PTFE loading, wt.%

SGL 10AA 0
SGL 10BA 5
SGL 10CA 10
SGL 10DA 20
SGL 10EA 30

Table 2
Manufacturer’s reported PTFE loading for MPL-coated GDLs.
�o reference density, kg m−3

� density, kg m−3

hat the permeability is isotropic and it has the value of the highly
educed through-plane permeability of the MPL-coated GDLs.
his would most likely result in an inaccurate prediction of the
erformance of the fuel cell as the in-plane permeability of the
DL has been significantly underestimated.

Now, we review some works whose authors have investigated
he permeability in the in-plane directions. Feser et al. [5] found
hat the in-plane permeability of an MPL-coated GDL, TGP-60-H, is
ower than the tested woven and non-woven tested carbon sub-
trates by about an order of magnitude. This contradicts with the
reviously mentioned argument that the permeability in that direc-
ion would be largely unaltered [4]. Dhole et al. [6] found that the
n-plane permeability increases with an increase in the PTFE load-
ng in the MPLs. Likewise, Gurau et al. [1] showed that both the
hrough- and in-plane permeabilities increase with an increase in
he amount of PTFE in the MPLs. Ihonen et al. [2] found that the
ermeability of the tested carbon substrate in the in-plane direc-
ion is larger than that in the through-plane direction by a factor of
bout two. Also, they showed that the through-plane permeability
f the MPL-coated GDLs may be smaller than that in the in-plane
irections by two orders of magnitude. Further, Gostick et al. [3]
easured the permeability of the GDLs in three principal direc-

ions and showed that most GDL samples present an anisotropic
ermeability even in the in-plane directions.

It should be noted that none of the above works have investi-
ated the effect of PTFE loading in the carbon substrates on the
n-plane permeability. Also, most of them ignored the effect of
nertial pressure losses when calculating the permeability [2,5,6].
urther, the compressibility of the flowing gas has not been taken
nto account in most of the above-mentioned works [1,2,6] when
stimating the in-plane permeability.

In this paper, which complements our previous papers on the

hrough-plane permeability [7,8], the impact of PTFE loading in
oth the carbon substrates and the MPLs on the in-plane perme-
bility has been investigated. Also, the anisotropy of the in-plane
ermeability, and its sensitivity to the compressibility of the flow-

ng gas and to the inertial pressure losses have been probed. Further,
GDL PTFE loading (MPL), wt.%

SGL 10BC 20–25
SGL 10BE ∼50

light has been shed on the effect of MPL-coating on the in-plane
permeability of the carbon substrates.

2. Materials and methods

2.1. Materials

The in-plane permeability was measured for five carbon sub-
strates and two MPL-coated GDL samples. The samples were
provided by SGL Technologies GmbH, Meitingen, Germany. The
samples and their PTFE loading, as provided by the manufacturer,
are listed in Tables 1 and 2, respectively.

2.2. Setup and procedures

The GDL sample (54 mm long × 20 mm wide) is positioned
between two steel plates as shown in Fig. 1. The sample is com-
pressed by tightening the bolts. The thickness to which the GDL is
compressed is controlled with the assistance of four feeler gauges.
The flow rate of air was controlled and measured by a digital flow
controller (Teledyne Hastings, HFC 202) that has a 0–10 l min−1

range. The pressure drop across the sample was detected by a
0–50 psi differential pressure sensor, Omega PX 81D. The setup was
gas sealed with an in-house gasket which is made by mixing two
equal amounts of two chemicals, the first of which is the hardener
and the second is the base (Jacobson Chemical Limited, Alton, UK).
Prior to curing, the resulting mixture was spread all over the surface
of the lower plate and then covered by the upper plate. The thick-
ness of the gasket was controlled by feeler gauges. Once the mixture
is between the plates, the setup was left intact for 2 days in order to
allow the gasket to cure. It should be noted that the compressibil-
ity of the formed gasket is limited (50 �m or even less). Hence, two
gaskets, with different initial thicknesses of 350 and 300 �m, were
made so that the thicknesses to which the GDL samples are com-
pressed, i.e. 340–270 �m, are covered. The gas seal of the setup was
tested by pressurising the system to a high pressure (about 30 bar)
for few hours and was found to be leak-proof. The GDL sample was
placed carefully in the setup in a way that guarantees that there
are no gaps between the GDL and the gasket, see Fig. 1b. The bolts
were used to compress the GDL to four progressively decreasing
thicknesses, namely 340, 320, 290, and 270 �m.

It has been noticed in the test that the more resistant to the
flow is the GDL, the lower is the range of the flow rates to which
the GDL samples are exposed. This is basically due to the limitation
in the range of the used differential pressure sensor (maximum

operating pressure is 50 psi). Therefore, the range of the flow rates
under which the carbon substrates (more permeable) have been
tested is considerably larger than that of the MPL-coated GDLs (less
permeable), see Fig. 3 in Section 3.
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Fig. 1. A schematic diagram of the experimenta
The present setup is similar to that developed by Gostick et al.
3]. However, two major modifications have been made to the lat-
er setup. First, the number of the plates made was only two (lower
nd upper plates) rather than four (lower and upper plates plus two
ace plates) in order to minimise the possibility of air-leakage, see
: (a) front view, (b) top view, and (c) side view.
Fig. 1c. Second, the inlet to and the outlet from the setup were posi-
tioned in the middle of the inlet and outlet gas chambers, rather
than at their sides. This was done in order for the flowing gas
not to have a preferential direction through the tested GDLs, see
Fig. 1b.



6 wer S

2

m
fl
i

p

w
p
r
G
t
r
t
t

p

w
o
o

f
d
o
(

a
a
t
t
i
b
t
t
n
1
d
o

i
t
s
w
a
s
h

w
a
i

m

w
t

m

C

�

622 M.S. Ismail et al. / Journal of Po

.3. Data analysis

The analysis of the data in this study is similar to that imple-
ented in the through-plane permeability investigation [7,8]. The

ow passing through the GDL sample is governed by Darcy’s Law
f it is creeping. Darcy’s Law can be solved to yield [3,7,8]:

2
in − p2

out = �

K

2RTL

Mw
m′, (1)

here pin and pout are the pressures before and after the GDL sam-
le, � and Mw are the viscosity and the molecular weight of air,
espectively, K and L are the permeability and the thickness of the
DL sample, respectively, R is the universal gas constant, T is the

emperature, and m′ is the mass flux of air. If the velocity becomes
elatively high, a modified form of Darcy’s Law, normally termed as
he Forchheimer Equation, should be considered. Likewise, solving
he Forchheimer Equation leads to [3,7,8]:

2
in − p2

out = �

K

2RTL

Mw
m′ + ˇ

2RTL

Mw
(m′)2 (2)

here ˇ is the inertial coefficient. The second term, non-Darcy term
r inertial term, in the above equation corrects for the contribution
f the inertial resistance to the pressure drop across the sample.

The in-plane permeability was estimated for two samples taken
rom each GDL material for each orthogonal direction, namely the
irection parallel to the fibre orientation (designated for the sake
f simplicity as 0◦) and the direction normal to the fibre orientation
designated for the sake of simplicity as 90◦).

As a way to validate the results obtained from the above setup,
nother setup that was originally designed to measure the perme-
bility of normal fabrics used in textile industry has been employed
o obtain the in-plane permeability for one of the GDLs being inves-
igated in this study, namely SGL 10CA. More details on this setup
s available in [9]. The GDL sample has been made annular, placed
etween two aluminium plates, and compressed with the assis-
ance of a hydraulic press in such a way that air is forced to flow
hrough the sample in the radial direction, see Fig. 2. It should be
oted that the air cylinder was pressured to a certain level, namely
bar, and then it was allowed to leak out through the sample. The
ecay of the pressure with time was recorded using an appropriate
scilloscope.

The radius of the sample increases as the air flows towards
ts outer radius. Therefore, the form of the equation that governs
he flow through the sample is different to that employed in the
etup shown in Fig. 1. Now we present a rather detailed derivation
hereby mathematical expressions for the in-plane permeability

nd the inertial coefficient can be obtained for the annular GDL
amples. The flow of air through the GDL sample is given by Forch-
eimer Equation:

dp

dr
= −�

K
� − ˇ��2 (3)

here r is the radius of the GDL sample, � and � are the density
nd velocity of air, respectively. The rate of decrease in mass of air
nside the cylinder, ṁ, is given by

˙ = V
d�

dt
(4)

here V is the volume of the cylinder and t is time. As air flows
hrough the sample, the mass flow rate can be expressed as follows:

˙
 = 2���rL (5)

ombining Eqs. (4) and (5) results in:

= V

2�Lr�

d�

dt
(6)
ources 195 (2010) 6619–6628

The density of air can be obtained from the ideal gas law:

� = pD, D = Mw

RT
(7)

Substituting Eq. (7) into Eq. (6) yields:

� = V

2�Lrp

dp

dt
(8)

The oscilloscope showed that the pressure of the system decays
exponentially to zero, and thereby, the absolute pressure can be
mathematically expressed as follows:

p = Ae−t/B + pa (9)

where pa is the ambient pressure, i.e. the pressure outside the
system, and A and B are constant coefficients that have to be deter-
mined experimentally. Differentiating the above equation with
respect to time results in:

dp

dt
= −A

B
e−t/B (10)

From Eqs. (8) and (10), one can obtain:

� = C
1
r

1
p

e−t/B, C = A

B

V

2�L
(11)

Substituting Eqs. (7) and (11) into Eq. (3) yields:

dp

dr
= −�

K
C

1
r

1
p

e−t/B − ˇC2 1
r2

D

p
e−2t/B (12)

Integrating Eq. (12) from p (at the inner radius ri) to pa (at the outer
radius ro) yields:

p2 − p2
a = E

K
e−t/B + ˇFe−2t/B (13)

where

E = 2C� ln(ro/ri), F = 2C2D
(

1
ri

− 1
ro

)
(14–15)

Eqs. (9) and (13) give:

2paAe−t/B + A2e−2t/B = E

K
e−t/B + ˇFe−2t/B (16)

Comparing the coefficients of e−t/B and e−2t/B results in mathemati-
cal expressions from which one can calculate the permeability and
the inertial coefficient:

K = E

2paA
= �V ln(ro/ri)

2�LpaB
(17)

ˇ = A2

F
= 2�2L2RTB2

V2Mw((1/ri) − (1/ro))
(18)

3. Results and discussions

Fig. 3 presents the experimental results of the pressure gra-
dient as a function of mass flux for one of the carbon substrates,
SGL 10BA, and one of the MPL-coated GDLs, SGL 10BC, compressed
to progressively four decreased thicknesses. It is clear that the
pressure-dependency-on-the-flow-rate curves of the carbon sub-
strate in two orthogonal in-plane directions, namely 0◦ and 90◦,
present a non-linearity, especially at the high flow rates. In con-
trast, the corresponding curves for the MPL-coated GDL display an
apparent linear trend. The above two observations are applicable to

the rest of the carbon substrates and MPL-coated GDLs being inves-
tigated in the present study. Initially, the inertial resistance to the
flow of air was assumed to be significant and hence the Forchheimer
Equation was used to estimate the permeability. The validity of this
assumption is discussed in Section 3.4.
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Fig. 2. A schematic diagram of the setup reported in [9]. The GDL sample is shown in the upper right corner.

Fig. 3. Pressure gradient as a function of mass flux for (a) SGL 10BA, and (b) SGL 10BC. The angles (0◦ and 90◦) and the numbers (1 and 2) in the legends represent the
orientation of the fibres and the number of replica, respectively.
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when it is compressed to 340 �m. Bearing in mind that the perme-

F
M

ig. 4. Experimental results for p2
in

− p2
out as a function of air mass flux for one of the

ested carbon substrates, SGL 10BA.

.1. Calculation of the permeability

The in-plane permeability K and the inertial coefficient ˇ have
een estimated by curve-fitting the experimental data for p2

in − p2
out

s a function of mass flux m′ to Eq. (2), see, as an example, Fig. 4.

Figs. 5 and 6 show the permeability and the inertial coeffi-

ient as a function of the compressed volume fraction, respectively.
t appears that there have been very few works that have
nvestigated the permeability of the GDLs being tested in this

ig. 5. The permeability as a function of compressed volume fraction for (a) the tested c
PL-coated GDLs in 0◦ direction (left) and 90◦ direction (right).
ources 195 (2010) 6619–6628

study. Ihonen et al. [2] estimated the in-plane permeability of
the ‘uncompressed’ SGL 10BA and SGL 10BC to be 3.3 × 10−11

and 2.2 × 10−11 m2, respectively. They implicitly stated that the
GDLs were compressed to a certain extent when they men-
tioned that the ‘real’ permeability values may be higher than
the reported ones by about 30–50%. As the compressibility of
the raw GDL is relatively high, the initial thickness (and in turn
the permeability) of the GDL can be easily reduced with only a
slight compression. As such, the comparison between the above-
mentioned permeabilities and the present ones calculated for
a compressed thickness of 340 �m (attained with a relatively
slight compressive force) appears to be valid. The permeabili-
ties for all the four SGL 10BA samples (two in 0◦ direction and
two in 90◦ direction) were found to be between 4.16 × 10−11

and 6.23 × 10−11 m2, respectively. The permeability value obtained
by Ihonen’s et al. for SGL 10BA (3.3 × 10−11 m2) is somewhat
close to the lowest permeability measured for SGL 10BA, viz.
4.16 × 10−11 m2.

Likewise, the largest measured value for the permeability of SGL
10BC was 1.07 × 10−11 m2, which is lower than that reported by
Ihonen et al. [2] by a factor of about two. Such a discrepancy may
be attributed to the fact that the initial thickness of SGL 10BC is rel-
atively high when compared to that of SGL 10BA, viz. 420 �m, and
therefore its ‘initial’ permeability would be considerably reduced
ability in one in-plane direction may be different to that in another
direction by a factor of about two, see Section 3.3, Ihonen et al. [2]
did not mention the orientation of the fibres when they measured
the in-plane permeability.

arbon substrates in 0◦ direction (left) and 90◦ direction (right), and (b) the tested
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using Eq. (18) to be 3.14 × 10 m . It should be noted that the test
was performed at a room temperature of 25 ◦C. This result com-
pares very well with the results shown in Fig. 6a as it lies between
the reported limiting values for the inertial coefficient, namely
2.74 × 104 and 5.08 × 104 m−1.
ig. 6. The inertial coefficient as a function of compressed volume fraction for (a) th
PL-coated GDLs in 0◦ direction (left) and 90◦ direction (right).

Gostick et al. [3] estimated the permeability of SGL 10BA in two
n-plane orthogonal directions and found it to be between 2 × 10−11

nd 5 × 10−11 m2 when compressed to about 85% of its initial thick-
ess. This compares very well with the in-plane permeability of SGL
0BA reported in this study.

As mentioned in Section 2.3, the in-plane permeability of one
f the GDLs being investigated, viz. SGL 10CA, was estimated using
setup that was basically fabricated to measure the permeability
f normal fabrics [9]. Basically, the GDL sample was compressed
etween the two aluminium plates to a thickness of 340 �m with
he assistance of a hydraulic press [9]. Feeler gauges were used to

aintain the compressed thickness of the GDL, L. The cylinder was
lled with air until it read 1 bar. Fig. 7 shows the experimental data

or the pressure as a function of time after being curve-fitted. The
esulting curve-fitting equation is given by p = 1.153e(−t/98.99) +
a.

As such, the coefficients A and B in Eqs. (17) and (18) are
.153 bar and 98.99 s, respectively. The inner and outer radii (i.e.
i and ro) of the GDL sample were measured to be 1.5 and
.5 cm, respectively, and the ambient pressure pa was assumed
o be atmospheric, viz. 1.013 × 105 Pa. The viscosity of the air

at normal conditions of pressure and temperature is about
.86 × 10−5 Pa s and the volume of the cylinder V is 0.04 m3. Sub-

tituting the values of all these parameters into Eq. (17) results in
he in-plane permeability K having the value of 2.94 × 10−11 m2.
his result is in reasonable agreement to those estimated for
he same GDL (at 340 �m thickness) using the setup shown
n Fig. 1, namely 6.24 × 10−11 and 6.03 × 10−11 m2 (in 0◦ direc-
d carbon substrates in 0◦ direction (left) and 90◦ direction (right), and (b) the tested

tion) and 5.67 × 10−11 and 4.53 × 10−11 m2 (in 90◦ direction), see
Fig. 5a.

Likewise, the inertial coefficient ˇ for SGL 10CA was calculated
4 −1
Fig. 7. Pressure decay curve for SGL 10CA compressed to 340 �m.
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ble (i.e. the density of air is constant) then another simpler
ig. 8. The permeability as a function of compressed volume in two orthogonal
n-plane directions, 0◦ and 90◦ , for SGL 10BA.

.2. Effect of PTFE

It can be seen from Fig. 5a that the carbon substrates can be cat-
gorised into two groups, the first of which includes the untreated
ample (SGL 10AA) plus the one that was slightly treated with PTFE,
amely SGL 10BA (5% PTFE). The second group contains the rest of
he carbon substrates that were treated with a considerably higher
TFE loading, viz. SGL 10CA, SGL 10DA, and SGL 10EA. This cluster-
ng rather reveals a relationship between the PTFE loading and the
n-plane permeability: the greater is the PTFE loading, the smaller
s the permeability in the in-plane directions. It is likely that the
TFE particles penetrate the pores existing between the carbon
bres and in turn reduce the porosity (and consequently the per-
eability) of the carbon substrates. In contrast, the MPL-coated
DLs present a different behaviour to that of the carbon substrates:

he larger is the amount of PTFE in the MPLs, the larger is the
n-plane permeability, see Fig. 5b. Similar observations have been
eported and/or interpreted by [1,6,10]. Uchida et al. [10] studied
arbon powder–PTFE mixtures and suggested that the large par-
icles of PTFE could not penetrate the pores between the carbon
rains (20–40 nm size) but do penetrate the pores between the
arger-in-size carbon agglomerates (40–1000 nm size). This ulti-

ately results in an increase in the size of the agglomerates and
his in turn increases the size of the pores between them. In other
ords, the porosity, and consequently, the permeability of the car-

on powder–PTFE mixtures increase with an increase in the PTFE
oading. Apart from this and as expected, the permeability of the
DLs decreases with increasing compressive pressure as voids and
ir-gaps are closed up.

On the other hand, it appears that the effect of the compres-
ion and the PTFE loading on the inertial coefficient ˇ is opposite to
hat on the in-plane permeability, see Fig. 6. In other words, the
nertial coefficient (i) increases as the compression on the GDL
ncreases, (ii) increases as the PTFE loading in the carbon sub-
trates increases, and (iii) decreases as the PTFE loading in the MPLs
ncreases. Apparently, both the PTFE loading and the increased
ompression increases the tortuous nature of the GDLs and accord-
ngly increases the inertial resistance of the GDLs which manifests
tself as an increase in the inertial coefficients.

.3. Anisotropic in-plane permeability of GDLs
Fig. 8 shows the permeability in two orthogonal in-plane direc-
ions as a function of the compressed volume fraction for one of the
DLs tested in this study, namely SGL 10BA. It is clear that the in-
ources 195 (2010) 6619–6628

plane permeability in one in-plane direction (0◦ direction) is larger
than that in the other direction (90◦ direction) by a factor of about
two. As mentioned in Section 2, the fibres in the tested GDLs are
preferentially oriented in one-plane direction, namely 0◦. As such,
the GDL is more permeable if the gas flows in a direction parallel
to the 0◦ direction. On the other hand, the gas would experience a
considerably higher resistance if it flows in a direction that is nor-
mal to the orientation of the fibres, 90◦ direction. This observation
applies to all the other GDLs tested in the present study.

3.4. Effect of non-Darcy terms

To investigate the effect of the inclusion/exclusion of the
inertial (or non-Darcy) terms, one should perform the non-
dimensionlisation analysis whose details are available in [7,8]. The
Darcy and non-Darcy terms are given as follows [7,8]:

Darcy term =
[

�

K
�o

]
�′ (19)

non-Darcy term = [ ˇ�o�2
o ]�′(�′)2 (20)

where �o and �o are the reference velocity and density of air,
respectively, and �′, �′ are the non-dimensionlised velocity and
density, respectively. It should be noted that �′ and �′(�′)2 terms
are of order unity [7,8].

SGL 10BC in the 0◦ direction, whose pressure-dependency-on-
the-flow-rate curve appears to be linear (as shown in Fig. 3b), was
selected as an example in order to illustrate the importance of the
non-Darcy term. Now we take the case at which the flow rate is the
minimum reported one, i.e. 0.5 l min−1 as the effects of the inertial
pressure losses will be less profound. Therefore, if the non-Darcy
term proves to be significant in this case, then its importance cannot
be questioned in the other cases. The flow rate is 8.33 × 10−6 m3 s−1

and the cross-sectional area of the GDL sample is its length times the
thickness to which the GDL is compressed. The latter parameter (i.e.
the thickness) was selected to be the one at which the calculated
inertial coefficient is the lowest, namely 340 �m. This gives a cross-
sectional area and averaged air velocity of about 1.84 × 10−5 m2

and 0.45 m s−1, respectively. The viscosity and the density of air
at room temperature are 1.86 × 10−5 Pa s and 1.18 kg m−3, respec-
tively. The permeability K and the inertial coefficient ˇ in this case
were calculated to be 1.07 × 10−11 m2 and 3.79 × 105 m−1, respec-
tively. Substituting all the above parameters into Eqs. (19) and (20)
results in values of 7.82 × 105 for the Darcy term and 9.06 × 104

for the non-Darcy term. Dividing the latter term by the former
one gives a number that has recently been termed as the Forch-
heimer number, Fo [3,11]. This number has a value of 0.11 in the
above case. Thus, the error incurred by ignoring the inertial pres-
sure losses, given by E = (Fo/(1 + Fo)) × 100, is about 10%. This error
is somewhat significant and cannot be overlooked. Therefore, one
can envisage how important it is to include non-Darcy terms when
calculating the in-plane permeability in the other cases (especially
the ones at which the pressure dependency on the flow rate is
clearly non-linear). For the above case (i.e. SGL 10BC in 0◦ direc-
tion), the error increases to about 65% at 8.5 l min−1 flow rate. The
above analysis has been conducted for the other GDL samples and
similar results were obtained.

3.5. Effect of compressibility

If the compressibility of air is assumed to be negligi-
equation could be used to estimate the in-plane permeability
[7,8]:

pin − pout = �LV ′

K
+ ˇ�L(V ′)2 (21)
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Table 3
The calculated in-plane permeability for SGL 10BA using Eq. (2) (column 2) and Eq.
(21) (column 3).

Thickness, �m K (Eq. (2)) (10−11) m2 K (Eq. (21)) (10−11) m2 Error, %

340 6.23 4.93 20.81
320 4.78 3.69 22.67
290 2.94 2.28 22.58
270 2.24 1.76 21.09

w
u
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p
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M
r
h
r
t
t
h
v
m
a
e

strates may be reduced by up to four orders of magnitude if they
are coated with MPLs.
here V′ is the volume flux. The resulting permeability values,
sing the above equation, suggest that it is underestimated by
bout 20%. SGL 10BA in the 0◦ direction was taken as an exam-
le, see Table 3. Similar results have been obtained for the other
TFE-treated GDLs.

However, the above finding was found to be unrelated to the
PL-coated GDL samples since Eq. (21) is not applicable to the

espective pressure drop as a function of flow rates curves which
ave a linear trend, see Fig. 3b. It should be noted that a non-linear
elationship has been revealed for the MPL-coated GDLs after fit-
ing the experimental data of p2

in − p2
out as a function of flow rate

o Eq. (2). However, using a differential pressure sensor with a
igher range would allow higher flow rates to pass through the
ery resistant-to-flow MPL-coated GDL samples and then Eq. (21)
ay be applicable and in turn the underestimation of the perme-
bility mentioned above may hold. Certainly this requires further
xperimental investigation.

Fig. 10. EDX analysis for cross-sectional are
Fig. 9. The permeability as a function of compressed volume fraction for SGL 10BA
after being coated with MPLs to form SGL 10BC and SGL 10BE.

3.6. Effect of MPL-coating

Undoubtedly, the MPL-coating reduces the through-plane per-
meability of the GDLs. As mentioned in Section 1, Pharoah [4]
reported that the through-plane permeability of the carbon sub-
Given that the MPL is in series with the carbon substrate, one
may postulate that the in-plane permeability of the coated GDLs

as of (a) SGL 10BC and (b) SGL 10BE.
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ould not be affected as the body of the carbon substrate would
emain unaltered [4]. However, Fig. 9 reveals that the in-plane per-
eability of the carbon substrate (SGL 10BA in this case) is reduced

y an order of magnitude if it is coated with an MPL to form either
GL 10BC or SGL 10BE. Such a discrepancy could be attributed to
he possibility that some MPL material has penetrated the structure
f the carbon substrate and this in turn reduces the porosity of the
atter layer and thereby imposes a higher resistance to the flow of
ir.

In order to investigate this argument experimentally, SEM
mages for the cross-sectional areas of SGL 10BC and SGL 10BE were
aken, see Fig. 10. As suggested above, it appears from the images
hat some MPL material has migrated to the body of the carbon sub-
trates (probably while applying the MPL to the carbon substrate).
he composition of the presumably MPL clusters has been analysed
ith the assistance of energy dispersive X-ray (EDX) spectroscopy.

he resulting spectra show clear fluorine peaks that signify the
resence of one of the main constituents of the MPL material, PTFE,
ee Fig. 10. Therefore, the argument that the MPL material has pen-
trated the body of the carbon substrate and significantly reduced
he in-plane permeability appears to be valid.

. Conclusions

The in-plane permeability has been measured for some PTFE-
reated carbon substrates and MPL-coated GDLs. The results show
hat the in-plane permeability for the tested carbon substrates
ecreases with an increase in the PTFE loading. In contrast, an

ncrease in the PTFE loading in the microporous layers (MPLs)
auses the in-plane permeability of the respective GDLs to increase.
nterestingly, the effect of the PTFE loading on the inertial coeffi-
ient shows a completely opposite trend to that of the in-plane
ermeability.

The in-plane permeability of the tested GDLs is anisotropic as
he in-plane permeability in one in-plane direction (parallel to the

referential orientation of the fibre) is greater than that in the other
irection (normal to the preferential orientation of the fibres) by a
actor of about two.

The exclusion of the non-Darcy terms, while solving for the
n-plane permeability, results in a significant error, especially at

[

[

ources 195 (2010) 6619–6628

high flow rates. Likewise, neglecting the compressibility of air,
when solving the Forchheimer Equation, introduces a considerable
underestimation in the obtained in-plane permeability of the tested
carbon substrates.

Finally, the perception that the MPL-coating has no effect on the
in-plane permeability appears to be questionable as the in-plane
permeability of the tested carbon substrates is reduced by an order
of magnitude after MPL-coating.
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