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bstract

The absolute gas permeability of several common gas diffusion layer (GDL) materials for polymer electrolyte membrane fuel cells was measured.
easurements were made in three perpendicular directions to investigate anisotropic properties. Most materials were found to display higher in-

lane permeability than through-plane permeability. The permeability in the two perpendicular in-plane directions was found to display significant
nisotropy. Materials with the most highly aligned fibers showed the highest anisotropy and the permeability could differ by as much as a factor
f 2. In-plane permeability was also measured as the GDL was compressed to different thicknesses. Typically, compression of a sample to half
ts initial thickness resulted in a decrease in permeability by an order of magnitude. Since the change in GDL thickness during compression can
e converted to porosity, the relationship between measured permeability and porosity was compared to various models available in the literature,

ne of which allows the estimation of anisotropic tortuosity. The effect of inertia on fluid flow was also determined and found to vary inversely
ith permeability, in agreement with available correlations. The results of this work will be useful for 3D modeling studies where knowledge of
ermeability and effective diffusivity tensors is required.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The commercialization of the polymer electrolyte membrane
uel cell (PEMFC) is highly anticipated, but several techno-
ogical difficulties must still be addressed. Some of the main
hallenges are to prolong membrane life, increase power den-
ity and reduce the platinum loading [1]. The last two points
an be addressed by improving mass transfer rates in the porous
lectrodes and porous backing layers, or gas diffusion layers
GDLs). Higher mass transfer rates would allow higher current
ensities to be achieved and would also enable higher reactant
oncentrations to be maintained in the catalyst layer, thereby
educing the amount of catalyst required. If the mass transfer

ates through the GDL are to be improved, then a more com-
lete understanding of the transport properties of GDL materials
s needed.

∗ Corresponding author. Tel.: +1 888 4567x3415; fax: +1 519 746 4979.
E-mail address: mfowler@uwaterloo.ca (M.W. Fowler).
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In this work, a detailed analysis of single-phase fluid flow
hrough GDLs is presented with the aim of measuring the
ransport properties associated with convection, namely the
ermeability and the inertial coefficient. For sufficiently low
uid velocities, single-phase flow through a porous medium is
escribed by Darcy’s Law [2]:

∇P = μ

K
�v (1)

here K is the absolute permeability of the porous material,
the viscosity of the flowing fluid, �v the superficial velocity

f the fluid and P is the pressure. In the creeping flow regime,
iscous interactions between the fluid and the porous solid are
he dominant source of pressure loss. At higher velocities, an
nertial pressure loss is incurred by the acceleration and deceler-
tion of the fluid as it flows along curved streamlines through the

ortuous paths of the porous media. This phenomenon, termed
he Forchheimer effect, manifests itself as a non-linearity in
he dependency of the flow rate on the pressure drop. Incor-
orating this effect into Darcy’s law results in the Forchheimer

mailto:mfowler@uwaterloo.ca
dx.doi.org/10.1016/j.jpowsour.2006.06.096
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Nomenclature

df fiber diameter (m)
Fo Forchheimer number
kCK Carman–Kozeny constant
K permeability coefficient (m2)
L length of test specimen (m)
m′ mass flux (kg m−2 s−1)
MW molecular weight (kg mol−1)
P pressure (Pa)
R universal gas constant (J/mol/K)
Re Reynolds number
T temperature (K)
v superficial velocity (m s−1)
Vp pore volume (m3)
Vb bulk volume (m3)
Vs solid volume (m3)

Symbols
α numerical constant in Eqs. (10) and (12)
β inertial coefficient (m−1)
ε porosity
εp numerical constant in Eqs. (10) and (12)
μ kinematic viscosity (Pa s)
ρ density (kg m−3)
τ tortuosity
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quation [2]:

∇P = μ

K
�v + βρ|�v|�v (2)

here ρ is the fluid density and β is the inertial coefficient.
he inertial coefficient is also referred to as the Forchheimer
oefficient or the non-Darcy coefficient.

Although diffusion from the flow channels to the catalyst
ayer is considered the primary mode of transport for deliv-
ry of reactants [3], convective transport is important in sev-
ral instances. Forced convection in the plane of the GDL can
ccur since a pressure difference often exists between neigh-
oring flow channels. It has been experimentally observed that
ver-land convection can significantly improve cell performance
nd delay onset of the mass transfer limiting regime [4]. This
ehavior has been the focus of several numerical studies [5–7].
haraoh [5] modeled flow along serpentine channels and calcu-

ated the fraction of gas that would flow over the land into the
eighboring channel as a function of the GDL permeability. It
as found that nearly all the gas would flow in the channel if the
DL permeability is below 10−12 m2, but over-land convection

ould become more important as the permeability increased.
s much as 50% of the gas fed to a channel could be expected

o flow by convection through a GDL with a permeability of
0−10 m2. The permeability of commercially available GDLs

o
m
b
a
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s typically in the middle of this range with values from 1 to
0 × 10−12 m2. The interdigitated flow field [8] is designed to
aximize the beneficial effects of in-plane convection by forcing

ll flow through the GDL. Significant performance improvement
s achieved by this design, but it causes prohibitive pressure
rops through the cell and so has not been widely employed. It
as also been suggested by modeling studies [9] that a through-
lane pressure gradient may exist between the flow channel and
he catalyst layer which would lead to convective mass transfer.
his pressure gradient is caused by the consumption of reac-

ants at the catalyst layer and condensation of the product water.
ell assembly also plays an important role in these convective
ass transfer processes since cell compression reduces the per-
eability. Lee et al. [10] studied the effect of cell compression

nd found that performance first improved but then deteriorated
s the degree of compression was increased. They attributed this
ehavior to the competing effects of improved contact resistance
nd reduced GDL permeability as the cell was compressed more
ightly. Since cell compression is an integral part of PEMFC
ssembly, it is important to understand how the compression of
he GDL affects performance.

Very few experimental measurements of GDL permeability
ave been reported in the open literature. Williams et al. [11],
honen et al. [12] and Mueller et al. [13] measured the through-
lane permeability of several materials. However, almost all the
aterials tested in these studies were coated with a microporous

ayer (MPL). This confounding factor makes it impossible to
etermine the transport properties of the GDL substrate mate-
ial alone. Through-plane permeability was also measured by
rasanna et al. [14] for two types of materials with varying PTFE
ontent and no MPL. Mathias et al. [3] measured through-plane
ermeability of a single sample with no MPL, but reported the
esult only as an approximate range of values. Ihonen et al. [12]
easured in-plane permeability for each material as a function

f compression. They found that the permeability decreased as
he compression force applied to the GDL was increased. Dohle
t al. [15] measured the in-plane permeability of a single type
f GDL, but with different MPL properties. They reported the
ermeability as a function of GDL thickness instead of com-
ression. Again, because of the presence of the MPL, neither
f these studies revealed the intrinsic transport properties of the
DL. Mathias et al. [3] also measured in-plane permeability

or a single sample, but again reported their results only as an
pproximate range. The above mentioned studies are also limited
n that the effect of directional anisotropy on in-plane permeabil-
ty was not investigated. Also, no attempt was made to correlate
r predict GDL permeability using established theories of flow
hrough fibrous porous media.

In the present study, permeability is measured in the through-
lane and both in-plane directions for a variety of GDL substrate
aterials without MPL. For the in-plane tests, the effect of

irectionality is investigated to determine the effects of fiber
rientation and anisotropy. Measurement of the permeability

f the samples in all three principal directions provides much
ore detailed information about GDL structure and transport

ehavior. Additionally, the in-plane permeability is measured as
function of GDL compressed thickness to determine the effect
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f cell assembly on GDL permeability. Since change in sam-
le porosity during compression is also known, it is possible to
tudy the relationship between permeability and porosity and to
erify the applicability of known permeability–porosity mod-
ls. The inertial coefficient is also determined for all samples
nd compressions and its values are compared with previously
eveloped correlations.

. Materials and methods

.1. In-plane gas permeability

The in-plane gas permeability was measured as a function
f GDL thickness to simulate conditions in an assembled cell,
hich is significantly compressed in order to promote good

lectrical contact between layers and ensure a tight gas seal.
he experimental apparatus for these measurements is shown in
ig. 1. The sample size for this test was 63.2 mm wide × 20 mm

ong. The sample was compressed between two plates with the
pacing controlled by placing feeler gauges of known thickness
etween them. Using a torque wrench, the plates were tightened
y two bolts to a torque of about 20 N m each. Tests were per-
ormed to confirm that the test cell was sufficiently rigid and that
he results did not depend on the bolt torque (i.e. the test cell did
ot deform when tightened). A bolt torque of 20 N m was found

o be sufficient to compress all samples and so was maintained
t this level throughout all experiments for consistency. It was
lso verified that the test cell presented negligible pressure drop
n the absence of a sample to ensure that all observed pressure

T
s
i
(

Fig. 1. Experimental apparatus for in-plane permeability measurement. (a) Assemb
Sources 162 (2006) 228–238

oss could be attributed to the sample alone. The sides of the
ell were sealed by clamping a face plate on each side. A rubber
asket between the face plates and the body of the cell provided
he gas seal. Seals along the back edge of the header slots were
reated using silicone putty. This malleable material yielded as
he spacing between the plates was reduced and provided a reli-
ble seal. The seal was tested before each run by closing the
utlet and pressurizing the system to 400 kPa. The set-up could
old pressure indefinitely after the air supply was stopped.

The flow rate was measured on the outlet side using a dig-
tal flow meter (Omega FVL-1604-A, ±0.5% FS). A pressure
auge (Setra 209, ±0.25% FS) monitored the inlet pressure and
he outlet was taken as atmospheric pressure since the pres-
nce of the flow meter in the line presented negligible pressure
rop. Measurements for at least 10 flow rates were obtained at
ach GDL thickness. The local barometric pressure was recorded
ince absolute pressure is required in the data analysis (Section
.3).

.2. Through-plane gas permeability

Through-plane permeability was measured using the set-up
hown in Fig. 2. In this arrangement, gas was fed through the
ample at a fixed flow rate and the resultant pressure drop was
easured. The sample was circular with a diameter of 25.4 mm.

he GDL was secured between the two plates and a gas-tight
eal was easily obtained given the low gas pressures used dur-
ng the experiment (<15 Pa). The differential pressure sensor
Omega PX653, accuracy ±0.1% FS) spanned a range of −0.05

led view, (b) exploded view, (c) sectioned view to show internal components.
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ig. 2. Experimental apparatus for through-plane permeability measurement. (a)

o 0.05 in. of water column (∼15–15 Pa). The flow rate was
easured at the outlet using a digital flow meter (Omega FVL-

604-A, ±0.5% FS). The pressure drop was obtained for at least
0 flow rates for each sample. The local barometric pressure was
lso recorded.

.3. Data analysis

Solution of Darcy’s law for the one-dimensional flow of a
ompressible fluid results in the following equation [16]:

P2
IN − P2

OUT

2LRT/MWAIR
= μ

K
m′ (3)

here PIN is the inlet pressure, POUT the outlet pressure, L the
ength of the sample, R the universal gas constant, T the tem-
erature, MWAIR the molecular weight of air and m′ is the mass
ux through the sample. Eq. (3) is valid when the gas velocity

s small and viscous drag is the dominant cause of pressure loss.
t high velocity, inertial pressure losses become significant and
arcy’s law must be modified to account for this effect. For a

ompressible fluid, solution of modified Darcy’s law, or Forch-
eimer equation, leads to [16]:

2 2
PIN − POUT

2LRT/MWAIR
= μ

K
(m′) + β(m′)2 (4)

At low velocities, the second term on the right hand side van-
shes and Darcy’s law is recovered. The permeability and inertial

t

ε

mbled view, (b) exploded view, (c) sectioned view to show internal components.

oefficient can be obtained by fitting Eq. (4) to experimental data
nd extracting the linear and quadratic coefficients, respectively.
he viscosity of air was taken to be 1.85 × 10−5 Pa s for all runs
nd assumed to be independent of gas pressure [17].

.3.1. GDL compression and porosity conversion
During this work, the permeability was measured as a func-

ion of GDL compressed thickness. In order to compare experi-
ental results with permeability models, it is necessary to con-

ert the change in GDL thickness to a change in porosity. To this
nd, it is assumed that the fibers of the GDL are incompressible
nd all the reduction in bulk volume during compression arises
rom the reduction of pore volume. If it is additionally assumed
hat the sample deforms only in the direction of compression,
hen the porosity of the compressed sample may be determined
rom its compressed thickness as follows:

p,C = Vb,C − Vs = Vb,C − (1 − εo)Vb,o (5)

here Vp,C is the pore volume of the compressed sample, Vb,C
he bulk volume of the compressed sample and Vs is the solids
olume, which is assumed to remain constant as the sample is
ompressed. Vb,o and εo are the bulk volume and porosity of the
ncompressed sample, respectively. Eq. (5) can be rearranged

o give the porosity of the compressed sample as:

C = Vp,C

Vb,C
= 1 − 1 − εo

Vb,C/Vb,o
(6)
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Table 1
GDL materials and measured properties used in this study

Material Porosity
(–)

Thickness
(�m)

Fiber
diameter
(�m)

PTFE
loading
(wt.%)

SGL SIGRACET® 10BA 0.88 400 9.2 5
SGL SIGRACET® 24BA 0.81 195 8.0 5
SGL SIGRACET® 34BA 0.84 285 7.6 5
Ballard AvCarb® P75 0.85 210 7.4 0
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oray 090 0.80 290 9.2 0
-Tek Cloth ‘A’ 0.78 360 9.9 0

.4. Materials

Specific information for each of the GDL materials tested is
isted in Table 1. A micrometer was used to verify thickness.
orosity values were taken from mercury intrusion porosimetry
MIP) measurements (Poremaster, Quantachrome Instruments,
oynton Beach, FL). Thickness and porosity values so measured
ere found to agree with available manufacturer specifications.
iber diameter was estimated from SEM micrographs. Through-
lane permeability was measured for three separate samples of
ach material. In-plane measurements were repeated at least
wice (except in the case of Toray 090, due to limited materi-
ls). The in-plane permeability was tested in two perpendicular
irections to determine if any anisotropy existed due to fiber
rientation. All samples for both tests were taken from the same
aster sheet of material.

. Results

.1. In-plane permeability
The in-plane permeability measurements showed a non-
inearity due to the Forchheimer effect. Fig. 3 shows typical
ata obtained from these experiments. The permeability can

4
a
f
n

ig. 4. Variation of (a) permeability with sample compressed volume fraction and (b)
ample oriented in the 0◦ direction.
ig. 3. Experimental data of in-plane pressure drop as a function of air flux for
GL 34BA material oriented in the 0◦ direction and compressed to different

hicknesses.

e determined for each sample compression by fitting Eq. (4)
o the data, yielding the results shown in Fig. 4a. The coeffi-
ient of correlation (R2) was 0.99 or higher for all runs. The
ompressed sample thickness is related to porosity εC using
q. (6) to yield the results shown in Fig. 4b. As expected,

he permeability decreases significantly as the GDL is com-
ressed.

The dependence of permeability on porosity obtained for all
amples tested are shown together in Fig. 5. The in-plane per-
eability of two samples (10BA and P75) differed distinctly
hen measured in two perpendicular directions. Other samples

howed some tendency toward anisotropic behavior, but not to
significant extent (24BA and 34BA). The cloth material was
nly tested in the 0◦ orientation due to the symmetry of the mate-
ial when rotated 90◦. Tests were performed on this material at

5◦ and yielded results indistinguishable from those obtained
t 0◦. Only one experiment on the Toray 090 sample was per-
ormed due to limited material availability. Based on the random
ature of this material, minimal anisotropy is expected. The per-

permeability with sample porosity converted using Eq. (6) for SGL 34BA GDL
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ig. 5. Variation of in-plane permeability with porosity for all samples tested. S
egend. Sample names are given in the legend as ‘material’–‘direction’–‘replica

eability values for SGL 10BA are in the same range as those
btained by Ihonen et al. [12], although direct comparison is
ot possible since the thickness was not reported in this earlier
tudy. Mathias et al. [3] reported the permeability of Toray 060
o be in the range of 5–10 × 10−12 m2 when compressed to 75%
f its original thickness which is in agreement with the value
btained for the structurally similar Toray 090 tested here. The
olid and dashed lines in Fig. 5 correspond to the predictions of
he Carman–Kozeny model with the constants given in the leg-
nd. A detailed analysis of this and other permeability models
s given in Section 4.1 below.

The micrographs of the various materials in Fig. 6 show the
ariability of their pore structures. The SGL samples (10BA,
4BA and 34BA) all contained 5 wt% PTFE sintered into the

ore structure, while the others contained no PTFE. The two
amples that showed the most anisotropy in permeability (10BA
nd P75) also appear to have the most aligned fibers. The 10BA
ample showed the most marked anisotropy in permeability with

d
f

β

nd dashed lines show the Carman–Kozeny model with the constant given in the

he higher value coinciding with the distinct “machine direc-
ion” shown in Fig. 6a. The 24BA and 34BA samples consisted
f fibers randomly oriented in two dimensions and accordingly
o not exhibit significant anisotropy in the plane. The Cloth ‘A’
aterial consists of woven bundles of fibers called ‘tows’. The

ightly bundled tows would presumably have a lower permeabil-
ty than the overall assembled woven structure.

.2. Inertial coefficient

Eq. (4) can be fit to the data for the variation of in-plane air
ux with pressure drop to yield the inertial coefficient β. This
oefficient is known to vary with permeability [16]. Liu et al. [18]

eveloped the following correlation between β and permeability
rom data collected from the literature:

= 2.88 × 10−6 τ

εK
(7)
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ig. 6. Micrographs of the materials used in this study. (a) SGL 10BA, (b) Bal
a) and (b) show an area of 350 �m × 240 �m and the remaining images show a

Fig. 7 shows the variation of inertial coefficient with perme-

bility obtained experimentally for all materials and directions
ested in the current study along with the correlation given in Eq.
7). For this analysis, the tortuosity of each sample was estimated

ig. 7. Variation of inertial coefficient with permeability for all materials tested.
olid line represents the correlation of Liu et al. [18].
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75, (c) SGL 24BA, (d) SGL 34BA, (e) Toray 090, (f) E-Tek Cloth ‘A’. Images
a of 300 �m × 200 �m.

sing the Bruggeman equation [19]:

= 1

ε1/2 (8)

With the exception of Toray 090 and E-Tek Cloth ‘A’, these
esults follow a similar trend and are well described by the cor-
elation of Liu et al. [18]. The deviation of Cloth ‘A’ from this
rend may be expected due to its woven structure. The variation
n the behaviour of Toray 090 is somewhat surprising given that
ts structure is similar to that of the other paper samples; how-
ver, this may be due to the fact that Toray 090 has a much more
istinctly fiber-like web structure with no PTFE, binder or filler
ontained between the fibers. An analysis of the importance of
nertial pressure losses occurring in the GDL during PEMFC
peration is given in Section 4.3 below.

.3. Through-plane permeability

The through-plane permeability of each material was also
ested. Typical experimental results are given in Fig. 8 for two

aterials. Permeability was determined from the dependence of

he air flux on pressure drop using Eq. (3) since the Forchheimer
ffect was not evident at the flow rates used in these experi-
ents. The values of the through-plane permeability obtained



J.T. Gostick et al. / Journal of Power Sources 162 (2006) 228–238 235

Fig. 8. Experimental data of through-plane pressure drop as a function of air flux
for SGL 34BA (triangles) and SGL 10BA (circles). Replicates were performed
on three separate samples, each taken from the same sheet of material.

Table 2
Through-plane permeability values of each sample

Material Kz (m2) Average deviation (%)

SGL 10BA 37.4 × 10−12 3.76
SGL 24BA 14.5 × 10−12 7.02
SGL 34BA 16.3 × 10−12 5.05
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Table 3
Carman–Kozeny constants determined for each material and direction

Material kCK,x Average error (%) kCK,y Average error (%)

SGL 10BA 4.28 15.2 8.10 25.0
SGL 24BA 4.54 17.5 4.2 15.1
SGL 34BA 4.06 16.1 5.6 21.1
Ballard P75 26.5 16.7 43.5 14.0
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data for Cloth ‘A’ were omitted from the comparison due to its
woven structure. The data for the P75 sample were also excluded
since it contains a considerable amount of non-fibrous solids
(i.e. filler or binder) and so has a substantially lower perme-

Table 4
Constants used in the TS model, Eq. (10)

Structure Flow direction εp α

1D Parallel 0 0
Normal 0.33 0.707
allard P75 5.70 × 10 5.96
oray 090 8.99 × 10−12 1.01
-Tek Cloth ‘A’ 69.4 × 10−12 5.26

n this way for all samples are presented in Table 2. The val-
es reported are the average of three replicates. The average
eviation of each replicate from the mean is also reported in
able 2. Comparison of these results with available literature
alues shows good agreement. Williams et al. [11] found the
hrough-plane permeability for SGL 10BA and Toray 120 to be
1.0 × 10−12 and 8.69 × 10−12 m2, respectively. Toray 120 is
lightly thicker than the Toray 090 material used in the present
tudy, but the permeability of the material should be similar
iven the similar structure. Ihonen et al. [12] reported a value
f 18 × 10−12 m2 for SGL 10BA in the through-plane direction.
honen et al. [12] found the in-plane permeability to be twice
s high as the through-plane value which is in agreement with
he present findings. Mathias et al. [3] tested the through-plane
ermeability of Toray 060 and obtained a range between 5 and
0 × 10−12 m2. This is similar to the value they report for in-
lane permeability of a compressed sample, indicating that the
hrough-plane permeability is lower.

. Discussion

.1. Permeability

The dependence of the permeability of a porous material on
ts porosity is often described by the Carman–Kozeny equation

20]:

= d2
f ε3

16kCK(1 − ε)2 (9)

2

3

oray 090 4.07 6.3 – –
-Tek Cloth ‘A’ 1.446 17.3 – –

here df is the fiber diameter, ε the porosity and kCK is the
arman–Kozeny constant which depends on the type of media
nd is used as a fitting parameter. One of the goals of the present
ork is to provide an estimate of kCK for the GDL materials

ested.
As can be seen from the data in Fig. 5, the GDL permeability

s well described by the Carman–Kozeny model with values of
he Carman–Kozeny constants given in Table 3. The difference
n the values of the constants is expected given the consider-
ble differences in the fiber alignment and arrangement among
he samples. Despite their structural differences, however, these

aterials still exhibit permeabilities with a common dependence
n porosity that is well described by the Carman–Kozeny model.

A more comprehensive model for the permeability of porous
brous materials has been developed by Tomadakis and Sotir-
hos [21–23]. A summary of this model and a comparison
o a large volume of literature data has been compiled by
omadakis and Robertson [20]. The Tomadakis–Sotirchos (TS)
odel enables the prediction of anisotropic permeability through

D, 2D and 3D random fiber beds without employing any fitting
arameters. The model requires only fiber diameter and porosity
s input parameters. The TS model for absolute permeability is
s follows:

= ε

8(ln ε)2

(ε − εp)(α+2)d2
f

(1 − εp)α[(α + 1)ε − εp]2 (10)

here α and εp are constants that depend on the fiber arrange-
ent (aligned, random in 2D or 3D) and on the direction of
ow relative to the planes of the fibers. The values of α and
p for the various possible scenarios are given in Table 4. This
odel is compared with the experimental results in Fig. 9. The
D Parallel 0.11 0.521
Normal 0.11 0.785

D All directions 0.037 0.661
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ig. 9. Comparison of experimental results to the predictions of the TS model,
ashed line was calculated using parameters for 2D normal flow.

bility than the other materials. All samples are considered to
ave a 2D random fiber structure for the purposes of selecting
arameters from Table 4. The apparent fiber alignment in the
0BA sample suggests that the parameters for a 1D structure be
ppropriate (Fig. 6a). This approach predicted the permeability
o flow normal to the fibers very well; however, the permeability
o parallel flow was substantially overpredicted. On the other
and, the model could predict both directions reasonably well
f a 2D structure was assumed and the parameters for parallel
ow were applied to permeability in the direction of the fiber
lignment (the 0◦ direction) and parameters for normal flow to
he permeability in the 90◦ and through-plane directions. For the
emaining samples, the parameters for normal flow were used
o determine the through-plane permeability only and parallel
ow parameters used for both in-plane directions. The results

n Fig. 9 show excellent agreement between the experimen-
al in-plane permeability and those predicted by the TS model.
omparison of the through-plane permeability also shows quite

avorable agreement. For instance, the through-plane perme-
bility of Toray 090 is estimated by Eq. (10) using parameters
orresponding to flow normal to the fibers to be 9.75 × 10−12 m2,
hich compares well with the experimental value of
.99 × 10−12 m2.

.2. Tortuosity

In addition to predicting the permeability as a function of
orosity, the TS model provides a means of estimating tortuosity
hich is used to calculate the effective diffusivity as follows:

eff = ε
DAB (11)
τ

here DAB is the molecular diffusivity. The ability to predict the
hange in effective diffusivity in a compressed GDL would be
seful since many recent fuel cell models include the under-

[
p
q
b

0). The solid lines were calculated using parameters for 2D parallel flow. The

and area in the modeling domain [24,25]. Even a fuel cell
odel that does not consider convection in the GDL requires

his information. The TS model expression for tortuosity is as
ollows:

=
(

1 − εp

ε − εp

)α

(12)

here α and εp are the same constants used for estimating the
ermeability. Tortuosity is more commonly predicted using the
ruggeman equation [26] given in Eq. (8). A possible bene-
t of using Eq. (12) rather than the Bruggeman equation is

hat the effect of anisotropy can be included in estimating the
ffective diffusivity. Using the 2D parameters from Table 4, the
alues determined from Eq. (12) agree within 20% of those
btained using Eq. (8) for porosities expected in a fuel cell
ε > 0.6). More interestingly, Eq. (12) predicts that the tortu-
sity will vary by as much as 15% between the in-plane and
hrough-plane directions. Unfortunately, no experimental evi-
ence is available to validate these predictions for GDL mate-
ials. Nam and Kaviany [27] have investigated these and other
ortuosity estimates using a pore network model of a GDL struc-
ure and found the TS model to best describe their numerical
esults.

.3. Importance of inertial losses in GDLs

The Darcy equation (Eq. (3)) is a special case of the more
eneral Forchheimer equation (Eq. (4)) and is only applicable
or creeping flow rates through porous media. When the flow
ate is higher, inertial losses become significant and Darcy’s law
oes not accurately describe pressure drops. Zeng and Grigg

28] have recently discussed the problem of determining the
oint at which inertial effects become significant. To assess this
uantitatively, they defined a dimensionless Forchheimer num-
er (Fo) as the ratio of the inertial pressure loss contribution to
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he viscous pressure drop contributions:

o = Kβρv

μ
(13)

This definition of Fo is equivalent to the Reynolds number
here Kβ is the characteristic length [16]. A higher value of Fo

ignifies that inertial effects are more important and that the use
f Darcy’s law to calculate pressure drops becomes increasingly
naccurate. The amount of error incurred by neglecting inertial
ffects can be calculated as follows:

= Fo

1 + Fo
(14)

In their work, Zeng and Grigg suggested that an error of
0% is tolerable for most engineering calculations, which sets
he critical Fo number at 0.11. An error tolerance of 10% is
rbitrary, and some applications may require higher accuracy.
t is worthwhile to determine Fo values for conditions typi-
ally prevailing during PEMFC operation to determine whether
nertial effects need to be considered. The data of Williams et
l. [4] provide an excellent test case for this calculation since
hese showed that convection through the GDL was significant
n their work. In their experiments, Williams et al. varied the
nlet flow rate of air to the cathode between 0.050 and 0.500
LPM. Based on the description of the experimental conditions,

he mass flow rate of heated and humidified air into the cell is
stimated to vary between 1.5 and 15 × 10−6 kg s−1, which cor-
esponds to a mass flux along the single serpentine flow channel
f 2.2–22 kg m−2 s−1 and a channel Reynolds number ranging
rom 110 to 1100. It is impossible to know precisely how much
f this flow bypassed the channel and flowed through the GDL.
onetheless, the modeling of Pharaoh [5] suggests that about
0% of the flow bypasses through the GDL when the channel
e is 100 for a similar geometry and GDL permeability. Using

his estimate with the Williams et al. [4] data for an inlet flow
f 0.05 SLPM (i.e. ReChannel = 110), the mass flux through the
DL is about 0.025 kg m−2 s−1, where the flow area is based on
channel length of 0.025 m and a GDL thickness of 250 �m.

n order to calculate Fo, an estimate of the transport properties
xisting in the experiments of Williams et al. [4] is required.
o do this, parameters of Toray 090 given in Tables 1 and 3
ere used (i.e. df, to, εo and kCK). Compressed porosity was

stimated by inserting a compressed thickness of 250 �m into
q. (6). Compressed porosity was used to calculate both perme-
bility using Eq. (9) and tortuosity using Eq. (8). The inertial
oefficient was not calculated using Eq. (7) since Toray 090
eviated significantly from the correlation. Instead, the exper-
mentally measured β of 8.22 × 104 m2 for tC = 250 �m was
sed. The resulting Fo value corresponding to this mass flux
s only 0.0013. However, if instead it is assumed that 50% of
he gas bypasses through the GDL with the highest flow rate
sed by Williams et al. [4] (0.5 SLPM, ReChannel = 1100) the Fo

umber becomes 0.055, indicating an error of 5.2% is incurred
y use of Darcy’s law. This error is not negligible and the Fo
umber could increase to even higher values under different
ircumstances, such as the use of a larger cell or higher inlet
umidity.
Sources 162 (2006) 228–238 237

. Conclusions

The gas permeability of several common GDL materials was
easured in three perpendicular directions. In-plane measure-
ents were made as a function of compressed GDL thickness.
ot only does the demonstrated method enable the simulation
f in situ cell conditions where considerable GDL compression
xists, but it also provided a means of varying the porosity of the
ample. The data were well described by the Carman–Kozeny
odel which predicts permeability as a function of porosity.
arman–Kozeny constants were determined for each material

or both in-plane directions. The data were also compared to the
ermeability model of Tomadakis and Sotirchos [20] and found
o agree well. This predictive model requires no fitting parame-
ers and can be applied to anisotropic materials. Through-plane
nd in-plane permeabilities were both well predicted. An added
enefit of this model is that it also allows estimates of the tor-
uosity and effective diffusivity to be made that account for the
nisotropy of the material.

An analysis of the non-Darcy effect in GDLs was also under-
aken. The inertial coefficients for all materials tested were found
o be inversely proportional to the permeability and were well
escribed by the correlation of Liu et al. [18]. Based on these
ndings, the importance of inertial effects in the flow through

he GDL in an operating fuel cell was investigated. For typical
uel cell conditions, the in-plane flow through the GDL is low
nough that Darcy’s law is accurate to better than 5%. Although
his error is low, it is not negligible and could increase to a sig-
ificant amount if flow conditions change. Therefore, it would
e prudent to check the validity of Darcy’s law on a case-by-case
asis.

This work should prove useful to future modeling studies that
im to describe 3D effects in PEMFCs since the determination of
ermeabilities in the three directions described here will allow
he formulation of a permeability tensor. Also, an estimate for the
ffective diffusivity tensor can be made based on these findings.
he detailed investigation of the effect of GDL compression
n permeability in this study will also be valuable for further
mproving the assembly of PEMFC stacks.
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