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a  b  s  t  r  a  c  t

A  novel  approach  for  predicting  absolute  permeability  and  effective  Knudsen  diffusivity  values  in  gas-
diffusion-layers/microporous  layers  (GDLs/MPLs)  is  proposed.  A conventional  diffusion  bridge  setup  with
modifications  is used  to  obtain  the  pressure  drop  across  the GDL  at several  mass  flow  rates.  The  experi-
mental  results  are  then  fitted  to  both  the  Darcy’s  model  and  the  binary  friction  model  (BFM).  Experimental
eywords:
EM fuel cell
bsolute permeability
nudsen diffusivity
arcy’s law

data  obtained  using  different  working  gases,  e.g.  O2, N2, He  and  Ar, are  used  to  validate  the  two  model
predictions.  Experimental  results  show  that the  traditionally  used  Darcy’s  law  is  not  able  to  predict  the
pressure  drop  across  the  GDL,  especially  in a GDL  with  an MPL,  due  to Knudsen  effects.  The  BFM  accounts
for both  viscous  and  Knudsen  transport  and  it is  thereby  shown  to provide  more  accurate  predictions  for
any working  fluid  tested.  Permeability  and  effective  Knudsen  diffusivities  obtained  using  both  Darcy’s
model  and  BFM  for  a SGL  (Weisbaden,  Germany)  SIGRELET  34BA  and  34BC  are  reported.
. Introduction

Polymer electrolyte fuel cells (PEFCs) are promising energy
onversion devices for applications such as automobiles, forklifts
nd portable electronic devices due to their high efficiency, quick
tart-up and zero emissions when fuelled with hydrogen. Further
mprovements in PEFC technology are however still needed in order
o reduce cost and increase performance. Mass transport is a key
rocess in PEMFCs, since fuel and reactants are transported to
he reaction sites by convective-diffusive transport. For accurate

odelling of gas transport in the fuel cell porous media, i.e. gas
iffusion layers (GDLs), micro-porous layers (MPLs) and catalyst

ayers (CLs), a reliable set of transport properties is needed. Among
he necessary parameters are gas diffusivity and permeability. Gas
ermeability is necessary in order to predict convective-diffusive
ransport inside the membrane electrode assembly or across chan-
els [1].

Darcy’s law has traditionally been used to study convective flow
n porous media such as GDLs and MPLs. Darcy’s law is an approx-
mation of the Navier–Stokes equation for very low flow velocities

here the flow can be assumed as a Stokes flow [2–4]. The reduced

quation is volume averaged over a representative elementary vol-
me  of the porous media in order to obtain a net flow equation. The
orrections for non-Stokes flows include addition of the inertial

∗ Corresponding author. Tel.: +1 780 492 6961; fax: +1 780 492 2200.
E-mail address: secanell@ualberta.ca (M.  Secanell).
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forces, also known as the Forchheimer term, and other corrections
[4]. In fuel cell porous media, the convection velocities are low,
hence the Stokes flow assumption can be applied.

The basic Navier–Stokes equation for gas flows is based on a con-
tinuum assumption in the flow, which is only applicable if the mean
free path of the molecules is much smaller than the system length
scale. For rarefied gases or at very small length scales, the number
of molecules within the system length scale are not sufficient for
volume averaging, and the continuum assumption breaks down. To
asses the validity of the continuum approach in micro–nano pores
appearing in GDLs and MPLs of a PEFC, Knudsen numbers can be
used. The Knudsen number is defined as the ratio of mean free path
of gas molecules to the system length scale. The pore sizes in GDLs
and MPLs are within 1–150 �m [5,6] and 2–200 nm [5,7] respec-
tively. For calculation purposes, the average pore size of a GDL can
be taken as 60 �m and for an MPL  as 60 nm.  Table 1 shows the
Knudsen number for several gases in a GDL and MPL  where the
mean free path for the gases was calculated at 26 ◦C and atmo-
spheric pressure. The flow regime based on the Knudsen number
is given in Table 2. It can be observed from Table 1 that only in the
case of oxygen and nitrogen flow in the GDL, the Knudsen number
is around 0.001, thereby enabling the use of Darcy’s law. However,
for flow in MPLs, the transport will be in the transition region, hence
the use of Darcy’s law might not be accurate.
As mentioned, the use of Darcy’s law to estimate permeability
of PEMFC porous media may  be erroneous. Experimental measure-
ments with different working fluids could be used to estimate the
validity of Darcy’s law. So far, very limited literature is available

dx.doi.org/10.1016/j.jpowsour.2012.01.099
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:secanell@ualberta.ca
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Table 1
Knudsen number calculations for different gases in GDL and MPL [19].

Parameter PEMFC working fluids Validation cases

H2 O2 N2 He Ar

Mean free path, � (nm) 121.1 69.3 64.4 190.1 68.5
Kn  in GDL 0.002 0.001 0.001 0.003 0.001
Kn  in MPL  2.018 1.155 1.073 3.168 1.141

Table 2
Applicability of different flow models in different flow regimes based on Knudsen
number [20].

Knudsen number Flow model

Kn < 0.001 Continuum region; Navier–Stokes valid with no-slip
boundary condition

0.001 < Kn < 0.1 Continuum-transition region; Navier–Stokes valid only
with slip boundary condition

0.1  < Kn < 10 Transition region; Navier–Stokes not valid, moment
equations or Burnett equation with slip boundary
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erties pertinent to the MPL  only. For GDL experiments, four layers
condition
Kn > 10 Free molecule flow; no continuum model valid

n experimental measurements of absolute permeability in GDLs.
urther, among the available open literature, absolute permeability
xperiments on GDLs and MPL  coated GDLs have only been per-
ormed using a single working fluid, i.e. nitrogen, air or oxygen
6,8–13]. In the presented results in the literature, permeability val-
es obtained with different working fluids have never been either
ompared or used to validate predictions from Darcy’s law. This is
he first goal of this article.

In order to incorporate Knudsen effects to the convective trans-
ort in GDLs and MPLs, Kast and Hohenthanner [14] proposed to
ombine the viscous and Knudsen effects in parallel [14] to obtain a
ombined resistance. The net transport is then given as the summa-
ion of viscous and Knudsen transport. A similar approach has also
een proposed by Kerkhof [15] in the binary friction model (BFM)
o account for the two modes of transport. The second goal of this
rticle is to experimentally assess the validity of combining viscous
nd Knudsen effects in parallel, and to develop a methodology to
stimate these two parameters.

In this article therefore, the validity of Darcy’s model and BFM
s studied in detail by developing an experimental setup to mea-
ure the pressure drop across a porous media for different mass

ow rates and different working fluids. Results show that while
he binary friction model (BFM) can reproduce the mass trans-
ort losses for all working fluids studied, Darcy’s model deviates

Fig. 1. Schematics of the permeability measurement experimental setup, FM:  mass fl
ources 206 (2012) 153– 160

from the experimental data for gases approaching the transitional
regime. Using the BFM model, the article also provides a method-
ology to estimate both permeability and Knudsen diffusivity of the
porous media using the experimental data.

In the following, Section 2 presents the details of the exper-
imental setup and the specifications of the porous media used
in this study. Section 3 provides an overview of Darcy’s law and
BFM, and it explains the data post-processing methods used to
extract permeability and Knudsen diffusivities from the experi-
mental data. Finally, Section 4 presents the results obtained using
both approaches and their comparison.

2. Experimental setup

To measure the permeability of the porous media, a modified
diffusion bridge technique is used [16,17]. The schematics of the
permeability measurement experimental setup is shown in Fig. 1.
Two flow channels were fabricated in acrylic blocks and meshed
together. Silicon gaskets were used in between to separate the
channels, except for the place where the GDL connects the flow
channels. The porous media is laminated and sealed except for a
small aperture made in between where the porous media connects
the two  flow channels and provides a way  for though plane trans-
port in porous media. The inlet of one flow channel and the outlet of
the other channel were blocked. This forces the flow to go through
the porous media. To control the flow rate across the porous
media, a mass flow controller from Cole-Parmer (Quebec, Canada),
model: RK-32907-57 with a flow range of 0.5–50 scm3 min−1 was
used. The flow across the porous media produces a pressure
drop. The pressure drop was  measured by a differential pres-
sure transducer from Omega (Quebec, Canada), customized model:
MMDDB10WBIV10H2A0T1A2 of range 0–25 mBar. By varying the
flow rate across the porous media, the pressure drop can also be
varied. Finally a pressure drop vs flow rate profile can be obtained
for the porous media. This profile can be fitted to the porous media
flow model to obtain the transport properties.

For experimentation, gas diffusion layers (GDLs) and micro
porous layers (MPLs) from the SGL Group were used. Table 3 shows
the specifications of the porous media used for experimentation.
The MPL  coated GDL makes it difficult to analyze the properties
of each layer separately. Hence experiments on only GDL were
also done to separate the effects of GDL and find transport prop-
of SIGRACET 34BA GDL were stacked together and for GDL–MPL
experiments, two SIGRACET 34BC were assembled in a mirror
image formation, i.e. with the two  MPLs facing each other in the

ow controller; PT: differential pressure transducer; DAQ: data acquisition card.
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Table 3
Specifications of porous media samples used in experiments.

GDL only GDL–MPL

Sample 1 Sample 2 Sample 1 Sample 2

Model SIGRACET 34BA SIGRACET 34BC
GDL thickness (�m) 255 251 253 253
MPL  thickness (�m) – – 64 61
Porosity 83% 83% 75% 75%
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the equation can be given as follows:
PTFE content 5% 5% 5% 5%

nterior of the sandwich. The reason for using multiple layers was
wo fold: (a) to have sufficient pressure drop across porous media,
hich could be accurately measured by the pressure transducer;

nd, (b) to ensure that a representative elementary volume of GDL
xists [2] since the GDL pore size is of a similar order of magni-
ude to its thickness (i.e. GDLs contain 60 �m diameter pores in a
50 �m thick layer). The SIGRACET 34 BC has a MPL  coated on top
f a normal SIGRACET 34 BA GDL. To find the thickness of the MPL
n 34BC, the GDL thickness was subtracted from the total thickness.
he GDL thickness for the 34 BC was taken as the average thickness
rom 34 BA measurements. The thickness of the GDLs was  measured
y a micrometer from Mitutoyo (Japan), Model: CLM1-.6′′QM with

 constant and adjustable fine-loading device.
To find the repeatability and uncertainty of the experimental

ata, multiple experiments were done on a GDL–MPL assembly
SGL SIGRACET 34 BC) using oxygen as the working fluid. The maxi-

um margin of error in pressure measurement for a 95% confidence
nterval was found to be around ±4.5 Pa, for a mean pressure of
104.7 Pa and a flow rate of 12 scm3 min−1. The maximum differ-
nce between permeability values obtained from these data sets is
ound to be ±1.7%.

A theoretical error analysis was also done based on the accuracy
f different equipments in the experimental setup. The theoreti-
ally calculated maximum margin of error is around ±2.5%. This
alue is within the uncertainty range obtained experimentally.

. Data estimation methodologies

The permeability measurement setup described in Section 2 is
sed to obtain the pressure drop across the porous media at dif-
erent flow rates for different working fluids, e.g. oxygen, nitrogen,
elium and argon. The gas flow rate across the porous media is
aried by means of a mass flow controller and the corresponding
ressure drop is recorded. From experiments, a pressure drop vs
ow rate profile is obtained. The velocity across the porous media

s obtained by dividing the flow rate with mass transport aperture
ross section as follows:

 = Q̇

�D2/4
(1)

here Q̇ is the volumetric flow rate of gas across porous media. D is
iameter of the porous media aperture, approximately 2 ± 0.1 mm,
hich is made in the porous media assembly to facilitate mass

ransport. The diameter is measured using a profilometer (AMBIOS,
odel: XP-300) for accuracy. Several experiments were performed

o guarantee that the size of the aperture did not affect the results.
To estimate the transport properties of the porous media, the

xperimentally observed pressure vs velocity profiles are fitted
o theoretical model predictions. The following section describes

wo porous media transport models viz. Darcy’s model and binary
riction model (BFM) for transport property estimation in porous

edia.
Fig. 2. A schematics of multiple layer assembly in permeability measurement.

3.1. Conventional permeability estimation

Conventionally the pressure gradient vs velocity data is fitted to
Darcy’s equation given as follows [8]:

dp

dx
= − �

Bv
v (2)

To account for inertial effects at higher velocities, the Darcy’s equa-
tions is modified and the Forchheimer term is added to give the
Darcy–Forchheimer equation as follows: [9]

dp

dx
= − �

Bv
v − �

B1
v2 (3)

where Bv and B1 are the viscous and inertial permeabilities respec-
tively; � is the density of the fluid, which is found by using ideal gas
law and � is the viscosity of fluid which is estimated from the hand-
book of Green and Perry [18]. As per the assumptions of Darcy’s law
in 1-D, the pore average velocity across the porous media can be
assumed to be constant [2].  Hence the total pressure variation will
be linear. The following equation can be obtained for a single layer
of porous media to replace Eq. (3) [9]:

p1 − p2

L
= �p

L
= �

Bv
v + �

B1
v2 (4)

where p1 and p2 are the pressure values on each side of the porous
media. For multiple layers of porous media with varying perme-
ability, the experimental measurement can only obtain effective
values of permeability. To know the permeability of each layer
exclusively, the effective permeability needs to be separated into
its components [9].

Fig. 2 shows an assembly of various porous media with varying
permeability values. Neglecting interfacial effects, the total pres-
sure drop across the porous media can be given as follows:

�p

L
= �

Beff
v

v + �

Beff
1

v2 ⇒ �p  = �

Beff
v

Lv + �

Beff
1

Lv2 (5)

where Beff
v and Beff

1 are the effective viscous and inertial permeabil-
ity values and L is total thickness. For a single layer of porous media,
�pi

Li
= �

Bi
v

v + �

Bi
1

v2 ⇒ �pi = �

Bi
v

Liv + �

Bi
1

Liv2 (6)
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here �pi is the pressure drop across the ith layer of the porous
edia, and Bi

v and Bi
1 are the viscous and inertial permeability val-

es of the ith layer. Assuming a constant velocity across porous
edia, the pressure drop across all layers can be summed up as

ollows [9]:

p =
n∑

i=1

�pi = �v
n∑

i=1

Li

Bi
v

+ �v2
n∑

i=1

Li

Bi
i

(7)

here �p  is the total pressure drop across the entire porous media
ssembly. Comparing Eq. (7) with Eq. (5),  the following expressions
an be obtained for effective permeability of porous media [9]:

L

Beff
v

=
n∑

i=1

Li

Bi
v

(8)

L

Beff
1

=
n∑

i=1

Li

Bi
1

(9)

he effective permeability values can be measured by experimen-
ation on GDL–MPL assemblies. To know the permeability of nth
ayer, the permeability of other n − 1 layers must be known. There-
ore in case of a GDL–MPL assembly, the GDL permeability has to
e estimated in order to obtain the MPL  permeability. The param-
ter of interest in this case is the viscous permeability of the micro
orous layer. To find the values of MPL  permeability, Eqs. (8) and
9) are used with values of the GDL permeability and the overall
ermeability. The MPL  permeability can be given by the following
quation:

MPL
v = LMPL

(
L

Beff
v

− LGDL

BGDL
v

)−1

(10)

.2. Permeability and Knudsen diffusivity estimation using BFM

To account for viscous and Knudsen effects together, both trans-
orts mechanisms are assumed to be in parallel as previously
roposed by Kast and Hohenthanner [14]. The net transport is given
s summation of viscous and Knudsen transport as follows:

 = −Bv

�

dp

dx

p

RT
− Deff

K

1
RT

dp

dx
(11)

dp

dx
= −RT

(
Deff

K + Bv

�/p

)−1
N (12)

he above equation can also be obtained by simplifying the binary
riction model (BFM) presented by Kerkhof [15]. The BFM is also
ased on accounting of both viscous as well as wall friction in par-
llel. For a single species, the interspecies interaction term in BFM
anishes and Eq. (12) is obtained.

While deriving Eq. (11), the effects of inertial permeability are
ot taken into account explicitly and all non-linear behaviour is
ttributed to the Knudsen diffusivity. As the non-linear nature can
e due to both Knudsen effects as well as inertial effects, the Knud-
en diffusivity will behave as a lumped parameter. However in
EMFCs, the Knudsen diffusivity will be the dominant parameter,
.e. the inertial effects are negligible, due to low fluid velocities and
mall porous media pore radii. As it is shown later in this article, the
nertial permeability is not able to account for the non-linear effects
or different gases while the Knudsen diffusivity takes into account
he non-linearity quite accurately for different gases, highlighting
he fact that Knudsen diffusivity is the dominant factor that con-

ributes to the non-linear nature of the pressure vs velocity profiles.
ote that for gases like oxygen and nitrogen which have a smaller
ean free path, i.e. larger Knudsen number, and thus are in less

nfluence of Knudsen effect in GDL, Darcy–Forchheimer equation
ources 206 (2012) 153– 160

should still be used at very high velocities. Micro porous layers will
always have higher Knudsen effects than inertial effects unless very
high fluid velocities are encountered. As the through-plane veloci-
ties in the fuel cell electrodes are usually not very high, neglecting
inertial permeability in the BFM approach is a reasonable approach
in both GDLs and MPLs.

In the case of a gas diffusion layer, Eq. (12) can be integrated
over the length of porous media and the following expression is
obtained using the definition of molar fluxes:

N = cv = p

RT
v (13)

v = Deff
K

L
ln

(
p1

p2

)
+ Bv

�L
(p1 − p2) (14)

where p1 and p2 are the pressure values at the entrance and exit
side of the porous media respectively, and L is the total thickness
of the GDL assembly.

For the current permeability measurement setup, the gas is
always exhausted to ambient pressure (p2 = 1 atm). Hence the
velocity is only dependent on p1. The equation above can be fitted
to experimental data for obtaining Deff

K and Bv. The pressure drop
is very low in the GDL, therefore the Knudsen term will be almost
negligible. Due to the non-linearity of Knudsen term, its sensitivity
will be quite high and using both variables as fitting parameter may
lead to large errors in estimation of Knudsen diffusivity. As Knud-
sen diffusion coefficient is inversely proportional to the molecular
mass, DK will be much higher for He. Also as seen in Table 1, the oxy-
gen transport is in the continuum region. Hence for oxygen profile
fit, Knudsen diffusivity can be neglected and the Darcy’s equation
is recovered as follows:

v = Bv

�L
(p1 − p2) (15)

Once the permeability is obtained from oxygen experimentation,
the Knudsen diffusivity can be used as the only fitting parameter
with helium experiments.

To measure permeability and Knudsen diffusivity in the MPL,
again Eq. (12) can be used. However, fitting data is not as straight-
forward in MPL, as the experimentation is done for a GDL–MPL
assembly. Due to non-linearity of the pressure expression in Eq.
(12), separating MPL  pressure drop is challenging. Hence in this case
numerical modelling is used. The velocity is dependent on perme-
ability and Knudsen diffusivity. To obtain the values of these two
parameters the experimentally observed velocity is fitted to the
numerical predictions and the following function is minimized:

fmin =
n∑

i=1

(vexp − vnum(DK , Bv))2 (16)

where n is the number of data points available for fitting, vexp is the
experimentally observed velocity and vnum(DK , Bv) is the estimated
velocity as a function of DK and Bv. To estimate the velocity, Eq.
(14) is solved across the GDL and across the MPL  by constraining
the velocity to be same in both the layers. The system of equa-
tions is solved using MATLAB’s fsolve function and velocity is
obtained. The estimated velocity is a function of DK and Bv. Using
MATLAB’s lsqcurvefit function the experimental data is fitted to
the estimation and the values of permeability and Knudsen dif-
fusivity are obtained for best fit. The properties of the GDL are

already known and the MPL  properties are estimated by fitting the
numerical solution to experimental results. As there are two fit-
ting variables (permeability and Knudsen diffusivity), two  sets of
experimental data are used for simultaneous data fitting.
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Fig. 3. Pressure gradient vs velocity profiles for two  samples of 34BA. Lines represent
the data fit and symbols represent the experimental data.

Table 4
Permeability values for a SGL SIGRACET 34BA GDL using Darcy–Forchheimer
equation.

Parameter Sample 1 Sample 2 Literature value
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T
P

Viscous permeability (m2) 2.74 × 10−11 2.50 × 10−11 1.63× 10−11 ± 5.505 %
Inertial permeability (m)  3.61 × 10−6 6.22 × 10−6 �1.21 × 10−5

. Results

.1. Permeability results from Darcy’s approach

This section describes permeability measurement is SIGRACET
DL and MPL  coated GDLs using Darcy–Forchheimer equation for
arameter estimation.

.1.1. Permeability measurements in gas diffusion layers
The pressure gradient vs velocity profile for two SIGRACET 34BA

ssemblies is shown in Fig. 3 using oxygen as the working fluid. The
rofile was fitted to Darcy–Forchheimer equation for single layer
iven by Eq. (4).  It can be seen that the Darcy–Forchheimer equation
s in good agreement with the experimental data. The maximum
rror between the datafit and the experimental data is around ±3%.
o confirm the reliability of the experimental data, each experiment
as repeated 2–6 times. The margin of error in measurements is
egligible, so it has not been shown in the figure. To ensure reliabil-

ty of the results, experiments were also conducted with a second
ample of 34BA, and similar results were observed as shown in
he same figure. The difference between the two  profiles can be
ttributed to the slight difference in thickness and cross sections of
he two samples. In the current experiment, the difference between
wo different samples is around �10%, even though the two  sam-
les are from the same sheet of GDL.

Table 4 shows the permeability values for both the samples and
heir comparison with the earlier results presented by Gostick et al.
8] for SGL SIGRACET 34BA. Comparing with the literature values of
ostick et al. [8],  it can be seen that the obtained values have sim-
lar order of magnitude but values are quite different. In an other
et of experiments, the permeability of two SGL SIGRACET 24BC
orous media from different batches was measured. The perme-
bility values are 1.462 × 10−13 m2 and 5.96 × 10−14 m2. This shows

able 5
ermeability values for a SGL SIGRACET 34BC GDL–MPL assembly using Darcy–Forchheim

Parameter Sample 1 

Viscous permeability (m2) 6.73 × 10−13

Inertial permeability (m)  1.57 × 10−7
Fig. 4. Net pressure drop vs velocity profile for SGL SIGRACET 34BC assembly. Lines
represent the data fit and symbols the experimental data.

that there is significant variability between different batches, which
can be due to the fabrication uncertainties. The samples used by
Gostick et al. [8] were from a different batch than the one used
in the current experiment, hence difference in results of similar
magnitude to batch variability is observed.

The variation in inertial permeability between samples is much
higher. The reason for this is the second order dependence on veloc-
ity across porous media. For low velocities, the inertial term will be
almost negligible and the associated error will be much higher. The
inertial permeability is not used in most mass transport models,
so it is not reported in the rest of the article. Also it can be seen
from the almost linear nature that the inertial effects are not so
significant in GDLs.

4.1.2. Permeability measurements in micro porous layers
A SGL SIGRACET porous media (model: 34BC) was used for

experimentation, where the micro porous layer is coated on top of
the gas diffusion layer (SIGRACET 34BA). As the permeability values
of GDL and MPL  are different, the multi layer approach given by Eq.
(5) is adopted for estimating MPL  permeability. Fig. 4 shows the net
pressure gradient vs velocity for the two  samples of 34BC assembly
using oxygen as the working fluid. The experimental data was fitted
to Eq. (5) to get effective permeability values. The maximum error
between the Darcy–Forchheimer data fit and experimental values
is around ±2.8%. The experiments on two samples also confirm
the reliability of the data. Table 5 shows the permeability values
for both samples and their comparison with results presented by
Gurau et al. [9]. The viscous and inertial permeability values for
both samples are close to each other, confirming the reliability of
the experiment.

It should be noted that Gurau et al. [9] in their permeability mea-
surements on GDL–MPL assemblies have used a different porous
media which had 30% PTFE coating compared to 5% PTFE coating in
SIGRACET 34BC. Their experimental data have been only used as a
reference and to confirm that the permeability values obtained in
current experiment are of similar order of magnitude.

Table 6 shows the permeability values for different layers

obtained from experiments. The MPL  permeability values calcu-
lated by Eq. (10) are also shown in the table. To find the MPL
only permeability values in 34BC, average properties of both 34BA
experiments were used for GDL. It can be seen that the MPL

er equation.

Sample 2 Literature value

6.61 × 10−13 4.4 × 10−13 − 7.9 × 10−13

1.59 × 10−7 0.63 × 10−7 − 3.4 × 10−7
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Table 6
Permeability calculations for a SGL SIGRACET 34BC GDL–MPL assembly using
Darcy–Forchheimer equation.

Parameter Sample 1 Sample 2

GDL permeability (m2) 2.62 × 10−11 2.62 × 10−11
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DL permeability. Due to such low permeability, the MPL  becomes

he convective transport limiting layer in this assembly. The layer
pecific permeability values can be used for better modelling of
onvective transport in GDL–MPL assemblies.

.1.3. Darcy’s law validation
Using the Darcy–Forchheimer equation, it has been shown that

he estimated permeability values are similar to the values obtained
arlier by other researchers. However the continuum assumption
n which the Darcy’s law is based, breaks down at small pore sizes.
o verify the deviation from Darcy’s law at high Knudsen num-
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he difference between permeability values in both experiments
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In the MPL, the error will be even larger as the molecule wall
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nd nitrogen flow. The maximum difference between the exper-
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itrogen. The difference between slopes of the curves is higher
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o experimental data. It can be seen that the Darcy–Forchheimer
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Fig. 6. Experimental results vs Darcy’s datafit for O2 in a SGL SIGRACET 34BA GDL.

equation is not able to take into account the varying effects between
different gases when Knudsen effects are important.

4.2. Permeability and Knudsen diffusivity results using BFM

As shown in Section 4.1.3, Darcy’s law is not able to predict con-
vective transport for different gases. This section presents viscous
permeability and effective Knudsen diffusivity estimation in GDLs
and MPL  coated GDLs using the binary friction model for parameter
estimation.

4.2.1. Permeability and Knudsen diffusivity estimation in GDL
As discussed in Section 3.2,  the oxygen flow in GDL flow is

assumed to be in continuum region and Darcy’s law is used for
permeability estimation using Eq. (15). Fig. 6 shows the compar-
ison of experimental observations with Darcy’s model datafit for
two samples of SIGRACET 34BA. The viscous permeability values of
the two  samples of SIGRACET 34BA GDL is around 2.51 × 10−11 m2

and 2.37 × 10−11 m2, with maximum error in data fit being around
±6%. As the Darcy’s law is unable to incorporate the nonlinearity
of the transport, the fitting errors are slightly high compared to a
non-linear model. However the linear fit is only used to predict the
viscous permeability, which is the dominant and linear parameter
for oxygen transport. The non-linear behaviour is attributed to the
Knudsen effects which are found as follows.

The average viscous permeability of SIGRACET 34 BA GDL is
used in the next stage of data processing. Using this value of

permeability, Eq. (14) is fitted to the data obtained with helium
experimentation. Fig. 7 shows the comparison of experimental
results with BFM datafit. As p1 is the independent variable, it is
used as the x-axis parameter. The permeability is already known
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Table 7
Transport properties of SIGRACET 34 BC PEM fuel cell porous media using binary
friction model.

Parameter GDL MPL

Viscous permeability, Bv (m2) 2.44 × 10−11 1.247 × 10−13

Knudsen diffusivity (He), Deff
K,He (m2 s−1) 4.632 × 10−3 9.35 × 10−5
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Knudsen diffusivity (O2), Deff
K,O2

(m2 s−1) 1.638 × 10−3 3.3 × 10−5

rom oxygen analysis and Knudsen diffusivity is used as a fit-
ing parameter. The Knudsen diffusivity for helium in the GDL is
round 7.654 × 10−3 m2 s−1 and 1.612 × 10−3 m2 s−1 for the two
amples. The experimental results show excellent agreement with
he trend of theoretical model. For verification, the effective pore
adius reff

p can be obtained from the effective Knudsen diffusivity as
ollows:

eff
K = 0.89 × 2

3
reff
p

(
8RT

�M

)1/2
(17)

he average effective pore radius for SIGRACET 34BA is found to
e around 6.2 �m.  This value is within the range of pore size
istribution (1–150 �m)  for gas diffusion layers [5,6]. This pro-
ides a partial validation to the idea of using binary friction model
or estimating flow in porous media. Further validation can be
one by using other gases of different molecular weights (see
ection 4.2.3).

.2.2. Permeability and Knudsen diffusivity estimation in MPL
The experimental data on SIGRACET 34BC GDL–MPL assembly

as fitted to the numerical solution of Eq. (12) for the per-
eability and Knudsen diffusivity of the MPL. By using a least

quare parameter estimation permeability and effective Knudsen
iffusivity of the MPL  were obtained. Table 7 shows the average
ermeability and effective Knudsen diffusivity in GDL and MPL  of

 SIGRACET 34BC porous media obtained using the BFM approach.
he permeability values are slightly smaller than the ones obtained
y Darcy–Forchheimer equation (see Table 6), due to account-

ng for Knudsen flow. The Knudsen diffusivity values in MPL  are
round two orders of magnitude less than in GDL, which is in the
cceptable range. The use of BFM helped in accounting for the
nudsen transport through nano pores of the porous media and

n turn helped in reducing the error in transport properties estima-

ion.

For partial validation of Knudsen diffusivity in MPL, the effective
ore radius can be calculated using Eq. (17). For the SIGRACET 34BC
PL  the average effective pore radius is found to be 125 nm.  The
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calculated value is within the range of pore size distribution in MPL
[5,7].

4.2.3. Binary friction model validation
To validate the applicability of binary friction model (BFM), two

validation experiments were carried out with nitrogen and argon
on a sample of SIGRACET 34BC. The theoretical estimate of velocity
across the GDL–MPL assembly is obtained by numerical solution
of Eq. (12). The parameters provided in Table 7 were used for the-
oretical estimation. Fig. 8 shows the comparison of experimental
and theoretical predictions of velocity across the porous assembly.
The difference between the experimental and theoretical results
for nitrogen is around ±3.5% and for argon is around ±2.5%. It
can be seen that the BFM predicts the flow in porous media with
better accuracy than the Darcy–Forchheimer equation. This anal-
ysis shows that the Knudsen transport is significant in fuel cell
porous media, and must be taken into account for accurate pre-
dictions.

5. Conclusion

The absolute gas permeability, inertial permeability and effec-
tive Knudsen diffusivity of SGL SIGRACET 34BA and 34BC gas
diffusion layers and micro porous layers were measured experi-
mentally using a permeability setup inspired on a diffusion bridge
setup. The experimental results show that Darcy’s law is not capa-
ble of accurately predicting the transport, especially in MPLs due
to Knudsen effects. A new approach based on the binary friction
model was presented to account for viscous and Knudsen trans-
port simultaneously. The use of BFM provides a way to estimate
viscous permeability as well as effective Knudsen diffusivity of
the porous media. In the continuum region, Darcy–Forchheimer
equation should be used at high velocities, e.g. oxygen and nitro-
gen flow in GDL. However in the transitional regime; e.g. flow in
MPLs and hydrogen or helium flow in GDLs, experimental vali-
dation of the models show that the BFM is capable of predicting
transport with much higher accuracy than the conventional Darcy’s
model.
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