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Abstract

An experimental set up based on a diffusion bridge is developed to accurately deter-

mine the in-plane and through-plane permeability, Knudsen diffusivity and effective

molecular diffusivity of gas diffusion layers used in PEFC. The parameters are esti-

mated under various compression levels in in-plane direction. The effect of PTFE

on transport parameters is studied in both directions while effect of MPL is studied

only in through plane direction. In order to estimate permeability, nitrogen is intro-

duced in one channel, passed through the porous sample, and the pressure drop is

measured. Knudsen diffusivity is measured by conducting the permeability experi-

ments with gases of different mean paths i.e. nitrogen and helium. The difference in

permeability results was attributed to Knudsen slip.

To measure diffusivity, nitrogen and oxygen are introduced in two channels sepa-

rated by the porous media. By applying a pressure differential between the channels,

ratio of convection and diffusion is modified, and the oxygen concentration is mea-

sured in the nitrogen channel. Permeability and effective molecular diffusivity are

estimated from pressure drop and oxygen concentration measurements using a one-

dimensional mass transport model.

In this study, a steady state Fick’s and Darcy’s law model is used for gas diffu-

sion layers while Modified Binary Friction Model is used for GDL+MPL assembly

for through plane direction. Permeability and effective diffusivity are measured for

SIGRACET SGL and several Toray samples with different PTFE loading. Results
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show that in-plane permeability reduces with compression and amount of PTFE in

porous media. In-plane diffusivity decreases with compression, due to decreasing

porosity, and with increasing PTFE content. Through plane permeability, Knudsen

diffusivity and effective diffusivity also decreases with PTFE content. Coating of

an MPL on GDL samples introduces significant Knudsen slip, increasing amount of

PTFE in the presense of MPL also reduces permeability, Knudsen diffusivity and

effective diffusivity of porous media.

Keywords: mass transport, gas diffusion layer, micro porous layer, permeability,

effective diffusivity, Knudsen diffusivity, anisotropy
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Chapter 1

Introduction

Energy consumption is increasing as population worldwide continues to increase. En-

vironmental degradation from harmful gases and particulates emitted by conventional

fossil fuel-based sources of energy stress the need for more sustainable energy produc-

tion technologies. Over the past century, new technologies have emerged as promising

alternatives to fossil fuel based energy sources such as nuclear, solar thermal energy,

photo-voltaic cells, geothermal energy, wind energy, and ocean energy. Diversifying

energy sources is crucial in order to meet today’s energy demands while ensuring en-

ergy security and minimizing environment impact [1, 2]. Most renewable technologies

such as solar energy however are variable. Therefore, it is difficult to match energy

production with energy demand. Storage technologies to store large quantities of

energy are needed. Chemical storage in the form of hydrogen or other non-carbon

based fuels is a possible method to store large quantities of energy from intermittent

energy technologies.

The transportation sector in Canada is the largest source of greenhouse gas emis-

sions, accounting for 27% of the total [3, 4]. To reduce the environmental impact,

battery or fuel cell operated vehicles can be used, replacing the conventional inter-

nal combustion engines. During recent years, polymer electrolyte fuel cells (PEFC)

have proved to be efficient, minimal total emission, energy conversion devices which

convert chemical energy to electricity and heat. Hydrogen is used as fuel in a PEFC

which, if produced from either nuclear or renewable sources like solar, could result in

a zero-emission transportation sector. In addition to the transportation sector, fuel

cell are currently being used in many other applications such as backup power, forklift

engines, portable electronics, power plants, and replacement of internal combustion

engine [5].
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1.1 Motivation

In order to make PEFCs competitive in commercial markets, fuel cells need to operate

at higher energy efficiency and be produced at lower manufacturing costs. Tsuchiyaa

and Kobayashib [6] analyzed the cost of fuel cell components in 2020 by using ’learn-

ing effects’ where they estimated the cost of a fuel cell considering the development of

technology in future. The overall cost is estimated at $38/kW under the assumption

of 5 million fuel cell vehicles being used by 2020. Electrode and bipolar plates sum

up much of the fuel cell cost. Platinum uses 9.8% of the total cost of manufacturing.

The US department of energy estimated the cost of an operating fuel cell at

$124/kW in 2006, which reduced to $55/kW in 2013. The target cost for mass pro-

duction in 2020 is set at $40/kW. The reduction in cost over the past years was

associated to the development of durable membrane electrode assemblies, low plat-

inum group metal content, enhanced durability, advanced manufacturing methods

and materials that decreased the manufacturing of gas diffusion layers by 50% since

2008.

To reduce fuel cell cost, two options are available:

1. Increase the amount of power produced for the same cell

2. Reduce amount of platinum per cell

Fuel cell performance with the same amount of catalyst or less can be achieved by

improving the mass transport properties of different PEFC layers so that the cell can

run at higher current densities. Figure 1.1 shows the polarization curve for a PEFC.

The three major losses that are observed in PEFC are kinetics, ohmic and mass trans-

port losses. At high current density, the rate of reactant consumption becomes higher

than supply. This is known as the limiting current density. In order to increase the

limiting current density, transport in each layer must be analyzed.

The PEFC layers, through which gas transportation takes place, are the gas diffu-

sion layer (GDL), micro porous layer (MPL) and catalyst layer (CL) at both cathode

and anode side. The gas diffusion layers are known to be ansotropic in nature, hence

it is important to measure gas transport in different directions.

The motivation of this thesis is to analyze and experimentally determine the effec-

tive transport properties, viz. permeability, effective diffusivity and Knudsen diffu-
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Figure 1.1 – Polarisation curve of PEFC

sivity of PEFC layers. These values can then be used in mass transport mathematical

models for modelling and optimization of fuel cells [7, 8]. The models used in the

literature to estimate the transport properties are inadequate in certain cases. In

this thesis, correct models are implemented to measure the more accurate transport

parameter.

1.2 PEFC Basics

A PEFC is an electrochemical device that convert the chemical energy of a fuel,

commonly hydrogen, and oxygen, into electricity and heat. During the process, it

emits zero particulates, SOx, NOx and other greenhouse gases. A fuel cell is made

up of cathode and anode electrodes. The cathode is where the reduction reaction

(electron consuming) takes place. The anode is where the oxidation reaction (electron

producing) takes place. Hydrogen is supplied at the anode. It is then transported

through GDL and MPL and gets oxidized at the catalyst layer (CL). The oxygen is

introduced at the cathode. At the cathode catalyst layer (CCL), it combines with

3



Figure 1.2 – Diagram of a PEM Fuel Cell

protons and electrons, and water is produced . The electrochemical reactions at anode

and cathode are:

H2 → 2H+ + 2e− (1.1)

1

2
O2 + 2H+ + 2e− → H2O + heat (1.2)

To get the overall chemical reaction, equations (1.1) and (1.2) are added:

H2 +
1

2
O2 → H2O + heat (1.3)

Therefore, in an overall reaction, hydrogen and oxygen reacts to produce water and

heat.

Figure 1.2 shows the diagram of a fuel cell with its different layers. Each compo-

nent of the fuel cell has different functions. The following subsections discuss each of

them.

1.2.1 Bipolar plates

The bipolar plates, also known as current collectors, are installed at the ends of the

cell with gas flow channels machined into them. Figure 1.3 shows a picture of the

bipolar plate with serpentine, and parallel flow channels machined into it. The plates

are made up of conduction materials like graphite or metals to conduct the electrons

and heat. The bipolar plates have many essential functions in a fuel cell stack such as

reactant supply to the cell active area, current collection, mechanical support to the

4



Figure 1.3 – Bipolar plate with (A) Serpentine flow channel, (B) Parallel flow channel

MEA, water management and heat management [9]. The electrons that are produced

at the anode catalyst layer (ACL) are passed from catalyst layer, through GDL, to

the bipolar plate. The electrons flow from the bipolar plate through an applied load,

doing electrical work before arriving at the cathode.

Many channel geometries are available in the literature. Depending on the ap-

plication, a specific channel geometry is selected. Some available channel geometries

are pin-type flow field, series-parallel flow field, serpentine flow field, integrated flow

fields, and interdigitated flow field [9]. The major gas flow direction at cathode and

anode is parallel to its corresponding electrode surface [10]. Most commonly, either

serpentine or parallel flow fields are employed in PEFC applications.

1.2.2 Gas diffusion layer

Gas diffusion layers (GDLs) are attached adjacent to bipolar plates at both cathode

and anode side. The GDLs are made porous to allow the reactants to reach to the

reaction sites. Figure 1.4 shows a SEM image of a Toray090 (untreated) sample. The

porosity, εo, of a GDL is defined as the ratio of the volume of available pores to the

total volume of the sample. Mathematically,

εo =
Vpore
Vtotal

(1.4)

GDLs are assumed to have a random distribution of pores of different radius,

known as pore size distribution. The pore size distribution of a sample is often mea-

sured using a Mercury Intrusion Porosimeter (MIP). MIP uses mercury to intrude

into the pores, depending upon the pressure required for intrusion, radius of the pore

is estimated using Washburn equation. Pore size distribution relates the change in
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Figure 1.4 – SEM image of a paper based GDL sample

cumulative volume of mercury with an effective pore radius. Figure 1.5 shows a pore

size distribution for a GDL (Toray090 (untreated)) sample measured using a MIP.
DX

D(ln(r))
is plotted with respect to pore radius to produce the pore size distribution

curve, where X is the cumulative pore volume fraction, and r is the radius of the pore.

The peak in the figure represents that most of the pores are about 15-20 µm in size. A

more detailed discussion on MIP measurements in shown in Chapter 2, section 2.2.1.1.

The GDL is best described as a carbon-carbon composite since after heat treat-

ment it consists of carbon fibers of around 7µm diameter held together by a carbon

matrix [11]. The carbon matrix, which holds the fibers together, is usually referred

to as binder and it makes up to 5-15% of the total weight of the final product. The

manufacturing process of carbon paper consists of various stages of heat treatment

(carbonization and graphitization). While the fibers possess graphite like quantities,

the resin-based portion (mostly the binder) of the composite does not graphitize and

remains as amorphous carbon [11]. The structure of carbon paper is highly anisotropic

since carbonization and graphitization are typically achieved by stacking many sheets

or layers of carbon fibers in a horizontal or vertical batch furnace [10]. The GDLs

are often treated with a hydrophobic agent called polytetrafluorethylene (PTFE) to

facilitate the liquid water management and avoid water accumulation in the pores,

i.e. flooding.

Common available GDLs are carbon cloth and carbon paper. Even though carbon

cloth type GDLs provide better permeability and diffusivity properties, its difficult to
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Figure 1.5 – Pore size distribution of a Toray090 (untreated) sample

spary an MPL on them, hence, paper based layers are more widely used in PEFCs [12].

The thickness of different type of GDLs have been reported in the range of 192 - 415

µm [13–16].

1.2.3 Microporous layer

The microporous layer (MPL) is often sprayed on a GDL to facilitate the liquid water

transport through GDL, an issue important especially for cathode side. The MPLs

are made of carbon black powder and PTFE. An ink made of carbon black, PTFE

and solvents is either painted or sprayed onto the GDL and sintered so that the PTFE

binds the carbon powder together. Figure 1.6 shows a SEM image of an MPL. The

MPL thickness has been reported in the range of 38.4 - 66.4µm [16].

The MPLs have a high PTFE content, i.e., around 30% by weight [17]. The MPL

consists of carbon agglomerates, and has a pore size distribution around nm in size.

Hence, the capillary pressure increases compared to the GDL. This results in im-

proved water removal which increases the PEM fuel cell performance [18].

The MPL reduces ohmic losses by enhancing the hydration of electrolyte mem-

brane, and improving the electrical contact between GDL and CL. The MPL also

enhances the chemical and mechanical stability of the CL and membrane since with-

out MPL, the GDL might intrude in the CL and block reaction sites [19].
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Figure 1.6 – SEM image of an MPL

1.2.4 Catalyst layer

Catalyst layers (CLs) are generally either painted or sprayed on the electrolyte mem-

brane at both cathode and anode side. The catalyst layer consists of ionomer (usually

nafion), Pt catalyzed carbon agglomerates, and void region with the reaction occur-

ing at the surface of the Pt particles [20]. The structure of the CL is believed to

have catalyzed carbon agglomerates binded by ionomer, where the platinum particles

are supported on carbon particles [21]. Figure 1.7 shows a side view of the catalyst

layer printed on a membrane. The pore size distribution of catalyst layers have been

reported in the range of 10 to 200 nm [22]. The peak pore size was reported at about

50 nm. The thickness of the catalyst layer is in between 10 [23] and 60 [22] µm,

however ultra-thin electrodes have recently been studied [24].

The carbon enhance the transport of electrons from the reaction site to the bipolar

plates while the void region helps to transport the water and reactants.

1.2.5 Polymer electrolyte membrane

The electrolyte membrane is situated between the catalyst layers. The membrane

is made up of nafion, which is a sulfonated tetrafluoroethylene polymer [25]. The

membrane acts as a proton conductor and electron insulator, helps to transport the

protons to the cathode side and hinders the electrons, forcing them to go through an

external circuit. The membrane must be able to act as a barrier for reactant cross
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Figure 1.7 – SEM image of a catalyst layer

over from anode to cathode or vice versa, suggesting a low diffusion coefficient is

required for membrane [10].

The fuel cell components discussed above have a direct influence on transport

of reactants, products, electrons, and protons. Hence, it is important to study the

transport parameters of each one of them. This thesis focuses only on the transport of

gases, hence the gas transport parameters, i.e. permeability, Knudsen diffusivity and

effective diffusivity, are the only significant parameters to study. The next section

discusses about the existing experimental and modelling studies of gas transport

parameters in literature.

1.3 Literature Review

1.3.1 Permeability

In the past decade, many researchers have studied the role of permeability in fuel

cell gas transport. Many studies are available for GDLs in literature. As discussed

in section 1.2.2, the GDLs are known to be anisotropic in nature. Hence, the GDLs

should be tested in different directions. GDLs are generally tested in two perpendicu-

lar directions, known as through, and in plane direction. The through plane direction

align with the thickness of a GDL while in plane direction is perpendicular to the

through plane direction. Figure 1.8 shows the two directions of porous media. Even
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Figure 1.8 – Through and in-plane direction of porous media

though the MPL and CL play a significant role in gas transport, the permeability has

yet not been reported for them because, due to their thin nature, it is challenging to

fabricate and test them individually. Only the effect of an MPL on GDL is studied

by testing or modelling them together.

Diffusion is considered to be the primary mode of transport in the through plane

direction. Depending on bipolar plate geometry both diffusion and convection mass

transport occurs in the in-plane direction [15]. In-plane convective transport is partic-

ularly important for serpentine channels due to the significant pressure drop between

neighbouring channels. Pharoah [26] studied the anistropic nature of diffusion layers

computationally. Results showed that more than 80% of the flow remained in the

channels if the GDL isotropic permeability was less than 10−11 m2, and almost im-

permeable for permeability less than 10−12 m2. At a fix Reynolds number and channel

length, pressure drop required to drive the flow reduced by almost 40% if in-plane

permeability increased from 10−11 to 10−10 m2. Therefore, the in-plane permeability

plays a significant role for pressure driven flows.

Pharoah et al. [27] used Bruggeman, and, isotropic and anistropic percolation

models to study the current distribution at the membrane-catalyst interface for two

different load conditions. The current distribution under the channels is virtually

unchanged while current distribution varied significantly under the land at both load

conditions. The maximum difference under land was found at 8% and 16% at lower

and higher load, respectively. Results showed that onset of limiting current occurs

sooner for the isotropic case than the anisotropic case since through plane conductiv-

ity is higher than in plane conductivity, hence overall conductivity is underestimated

in isotropic case.
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The above discussion show that GDLs are anisotropic in nature, hence the trans-

port properties should be measured in both in-plane and through-plane directions.

However, most reported values in literature are in through-plane direction due to

the incorrect perception that permeability of GDLs are isotropic [28]. Another rea-

son behind this perception is the ease in measuring the parameters in through-plane

direction [26].

1.3.1.1 Mathematical prediction of permeability

In the creeping flow regime, viscous interactions between the flow and the porous

media contributes to the pressure drop of the flow. Permeability is the measurement

of geometric nature of the porous media that directly affects the pressure loss. For

sufficiently low velocities, Darcy’s law is commonly used to estimate permeability:

∇p = − η

Bv

v, (1.5)

where ∇p is the pressure gradient across porous media, v is the velocity, η is the

dynamic viscosity and Bv is the porous media permeability.

At higher velocities, additional pressure loss is incurred as flow travels through

the tortuos path of the porous media [14]. This is known as Forcheimer effect. In

such cases, Darcy’s law is modified to include the Forcheimer effect [14]:

∇p = − η

Bv

v − ρ

Bl

v2, (1.6)

where Bl is known as the inertial permeability.

The accurate prediction of permeability has always been a subject of interest for

researchers in the area of mathematical modelling. Many attempts have been made

to predict the permeability of GDLs. The widely accepted model for permeability is

the Carman - Kozeny relation [29]:

Bv =
ε

KCK

(
Vp
Sp

)2

=
εr̄2

4KCK

=
εr̄2

8τ
(1.7)

where ε, Vp, and Sp are the porosity, total volume, and surface area of the pore space,
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respectively, KCK is the Carman - Kozeny constant, r̄ is the mean intercept half -

length of the porous structure, a measure of the average of pore radius, and τ is the

tortuosity factor, related with Carman - Kozeny constant as KCK = 2τ . The mean

intercept length of randomly overlapping fiber structures is given as [30]:

r̄ =
−r

ln(ε)
(1.8)

where r is the fiber radius. After substituting in equation (1.7), the permeability is

given as:

Bv =
εr2

4KCK [ln(ε)]2
(1.9)

For random non-overlapping fibers, the mean intercept length is given as [31]:

r̄ =
εr

1− ε
(1.10)

Again substituting in equation (1.7), the permeability becomes:

Bv =
ε3r2

4KCK (1− ε)2
(1.11)

Johnson et al. [32] proposed a transport parameter, Λ, to link to the permeability.

The equation is based on an analogy of the electrical conduction principles. The

permeability is then,

Bv =
Λ2

8F
(1.12)

where Λ is defined as,

Λ

2
=

∫ ∣∣∣E(r)
∣∣∣2 dVp.∫ ∣∣∣E(r)
∣∣∣2 dSp. (1.13)

where E(r) is the local electric field, integrated over pore volume and surface area,

and F is the formation factor, defined as the ratio of bulk to effective molecular
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diffusivity of porous media. Johnson et al. [32] modified equation (1.13) by including

the formation factor as:

2

Λ
= −Sp

Vp

dlogF

dlogε
(1.14)

Substituting
Vp
Sp

=
r̄

2
, equation (1.14) results in:

Λ = −r̄
(

dlogF

dlogε

)−1

(1.15)

Tomadakis and Sotirchos [33] used random walk simulation results to relate the tor-

tuosity with the percolation threshold εp of randomly overlapping fiber structures

as:

τ =

(
1− εp
ε− εp

)α
(1.16)

The tortuosity, porosity and formation factor are related as [34]:

F =
τ

ε
(1.17)

Equations (1.16) and (1.17) are substituted in equation (1.15) to find the final per-

meability function as [29]:

Bv =
ε

8(logε)2
r2(ε− εp)α+2

(1− εp)α [(1 + α)ε− εp]2
(1.18)

The estimated parameters α and εp for different flow directions and fiber structures

are given in Table 1.1 [29].

Equations (1.11) and (1.18) are the widely accepted models to predict the per-

meability of the porous media. Feser et al. [15] performed in-plane permeability

experiments for SGL 31BA and TGP-60-H samples at different compression levels or

porosity levels, and used results to fit equation (1.11) to extract the Carman-Kozeny

constant. A similar study was done by Gostick et al. [14] for various carbon cloth

and fiber based samples. The fitting is done for samples cut in two perpendicular

directions in the plane of the paper. The Carman-Kozeny parameter, KCK was esti-

mated in the range of 1.446 - 43.5.
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Table 1.1 – The parameters α and εp for different flow directions and fiber structures

Structure Flow εp α

1-d Parallel to fibers 0 0
1-d Perpendicular to fibers 0.33 0.707
2-d Parallel to fibers 0.11 0.521
2-d Perpendicular to fibers 0.11 0.785
3-d All directions 0.037 0.661

Tamayol et al. [35] proposed a blending approach to predict the in-plane perme-

ability. First, models were developed assuming flow being parallel and perpendicular

to the fiber alignment. Then, different blending techniques were used to find the best

model fit in the experimental data.

For unidirectional fibers, a parabolic velocity profile is assumed within square ar-

rangement of equally sized fibers. Continuity and momentum equations are integrated

to form the analytical solution for parallel and normal permeability as [35]:

Knorm =


12
(√

ϕ′ − 1)
)

ϕ′
√
ϕ′

(
2 − g(ε)

2

)
+

18 + 12(ϕ
′
− 1)√

ϕ′(1 − ϕ′)2
+

18
√
ϕ′
(
tan−1

(
1√
ϕ′ − 1

)
+
π

2

)
(ϕ′ − 1)

5/2


−1

d2

(1.19)

where ϕ
′

=
π

4(1− ε)
, g(ε) = 1.274ε-0.274

Kpar =
d2

16ϕ

[
−1.479− logϕ+ 2ϕ− ϕ2

2
− 0.0186ϕ4

]
(1.20)

where ϕ is the fiber volume fraction and ε is the porosity of the porous media.

The fiber volume fraction and porosity are related as, ϕ = 1 - ε. The fiber volume

fraction of parallel and normal fibers are assumed to be equal and half of the total

fiber volume fraction, i.e., ϕpar = ϕnorm = ϕtot/2. The porosity of the media is defined

as [35]:

ε = 1− π

4

d

Sd
(1.21)
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where d is the fiber diameter and Sd is the space between two consecutive fibers.

A number of blending techniques are proposed to blend the normal and parallel

permeabilities calculated using equations (1.19) and (1.20) to find the overall effective

permeability of the porous media. Table 1.2 shows the proposed techniques [35].

Table 1.2 – Blending techniques to estimate the effective in-plane permeability

Blending Model Relationship

Volume-weighted resistivity
1

Keq(ϕ)
=
ϕpar
ϕ

1

Kpar(ϕ)
+
ϕnorm
ϕ

1

Knorm(ϕ)

Unweighted resistivity
1

Keq(ϕ)
=

1

Kpar(ϕpar)
+

1

Knorm(ϕnorm)

Volume-weighted permeability Keq(ϕ) =
ϕpar
ϕ

Kpar(ϕ) +
ϕnorm
ϕ

Knorm(ϕ)

Geometric mean Keq(ϕ) = (Kpar(ϕ))ϕpar/ϕ + (Knorm(ϕ))ϕnorm/ϕ

The blending techniques showed in Table 1.2 were fit in the experimental data

available in literature, analysis showed that volume weighted permeability model best

agreed with the data. The volume weighted permeability model is used to find the

overall permeability, and in simplified form, given as [35]:

Bv = exp

(
−12.95 + 13.9ε

1 + 1.57ε− 2.22ε2

)
d2 (1.22)

The same analysis was done for 3-D fibrous structures with fibers having random

distribution and orientation. In the 3-D case, 1/3 of fibers were assumed in parallel

and 2/3 perpendicular to the flow, i.e., ϕpar = ϕtot/3 and ϕnorm = 2ϕtot/3. The

volume-weighted resistivity blending technique showed the best agreement with the

data, the equation in simplest form is given as [35]:

Bv = exp

(
−43.25 + 46.6ε

1 + 10.56ε− 10.5ε2

)
d2 (1.23)

1.3.1.2 Experimental studies of permeability

Apart from the simulations and modelling studies discussed above, many researchers

have studied the anisotropic permeability of the porous media experimentally. Differ-

ent experimental setups have been proposed to measure the permeability in different
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directions. Gostick et al. [14] measured the permeability for fiber and cloth type

samples in 3 orthogonal directions, where two perpendicular directions were chosen

in in-plane direction of the paper while the third was the through plane direction. To

measure in-plane permeability, air was flowed in an inlet header, passed through the

sample, and exhausted to the ambient via an outlet header. The pressure drop was

measured across the sample, and the flow rate at the outlet header was measured us-

ing a volumetric flow meter. Through plane permeability was measured by installing

a circular GDL sample in between two plates. Air is introduced at different flow

rates and pressure drop is measured across the sample. In-plane permeability was

measured at different compressions and found to decrease as compression increases.

Permeability was measured in the range of 4× 10−13 to 4× 10−11 m2, and 5.7× 10−12

to 69.4×10−12 m2 for in plane and through plane direction, respectively. Permeability

for cloth type GDL was estimated an order higher than fiber based samples

Hussaini et al. [36] measured the in-plane and through-plane permeability for fi-

brous and cloth type carbon papers. A test rig was implemented for measurement

in both directions. During in plane measurements, a circular sample was cut of 12.7

mm diameter. The sample was secured in a donut shaped Teflon gasket and flanked

between two identical upstream and downstream cups made of polycarbonate. Cylin-

drical pieces of porous plastic were inserted into those cups to provide support to

the GDL samples. Pressure probes were inserted into the porous plastic to measure

pressure drop across the sample at various velocities. To measure the through plane

permeability, the same methodology was used except the flow was made to travel in

the in-plane direction of the sample by blocking the inlet channel from the other end.

Results showed permeability for cloth type to be higher than fibrous in both direc-

tions, and measured in the range of 11.5× 10−12 to 37.2× 10−12 m2, and 12.4× 10−12

to 64.6× 10−12 m2 for in plane and through plane direction, respectively.

As discussed in sections 1.2.2 and 1.2.3, the GDL is often treated with PTFE and

coated with an MPL to facilitate liquid water transport. Lobato et al. [37] studied the

effect of PTFE on through plane permeability in Toray graphite paper (TGP-H-120)

with 0, 10, 20 and 40% PTFE. To measure the permeability, air was flowed through

the sample and pressure drop was measured with a water column. The permeabil-

ity was measured to decrease from 9.21 × 10−12 at 0% PTFE to 3.46 × 10−12 m2 at

40% PTFE. Lobato et al. [37] also studied the polarization curves at different PTFE

loadings and found that performance was similar in the kinetics region. In ohmic re-

gion, performance was slighly poor as PTFE content increased due to the additional
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ohmic resistance offered by PTFE particles. At high current densities, i.e., in the

mass transport region, the differences became more notable as high PTFE content

decreased the permeability and diffusivity hence creating an early onset of liming

current. Lobato et al. [37] suggests 10% PTFE as the optimized Teflon content since

it does not significantly affect the transport properties compared to 0% but inclusion

of this level of Teflon gives better mechanical support.

Prasanna et al. [38] studied the polarization curves with GDLs loaded with dif-

ferent PTFE content. They found the optimized performance at 20% Teflon content,

and suggested the inefficient water removal for low PTFE, and, low permeability and

diffusivity at high PTFE content. Prasanna et al. [38] also studied the effect of GDL

thickness on the cell performace with PTFE content fixed at 20%. Thickness of the

GDL was tested at 108, 175, 290, and 386 µm. The thickness of 175 µm showed the

optimum performance. Thinner GDL was found more vulnerable to water flooding.

As thickness increases, effect of water condensation becomes profound thereby hin-

ders the transport of reactants.

Tamayol et al. [39] studied the effect of PTFE on through plane permeability

using an air permeability test bed. The high pressure air was supplied from an air

tank, and controlled using a digital air pressure regulator. The output pressure of

the regulator was fixed at 6 psi. The sample was fixed in between two aluminium

plates, machined and drilled with a 25 mm diameter hole. The pressure drop across

the sample was measured using a pressure transducer, and flow rate was measured

downstream using a flow meter. The PTFE content was varied in Toray-H-120 carbon

paper. The permeability was found to decrease with PTFE.

Ismail et al. [40] also studied the effect of PTFE on through plane permeability by

fixing a GDL sample in between upstream and downstream fixtures. Air was flowed

through the sample at a fixed rate and the resulting pressure drop was measured. The

PTFE content was varied from 0 to 30% in SGL 10 series samples. The permeability

was measured to vary from 2.72× 10−11 m2 at 5% PTFE to 2.19× 10−11 m2 at 20%

PTFE. The results made no particular trend with PTFE content.

Gurau et al. [41] studied the effect of PTFE and MPL on through plane permeabil-

ity with a cloth type carbon substrate. A sample was clamped between an upstream

and downstream fixture, each of them containing a cylindrical and an annular com-

partment. Nitrogen was introduced in the annular compartment of upstream fixture,
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and forced through the GDL sample into the compartments of the downstream fix-

ture. Pressure differential gages were used to measure the pressure drop across the

sample, and a rotameter was used to measure the flow rate downstream. The PTFE

content was kept at 30 and 70% in GDL + MPL sample. The permeability was

measured in the range of 0.44× 10−12 to 8.5× 10−12 m2 for GDL-MPL entity, while

permeability for substrate alone was measured as 13 × 10−12 m2. The permeability

was found to increase by one order with high PTFE content. The permeability for

substrate alone was also an order of magnitude higher than a GDL + MPL assembly.

Similar results were also found by Ismail et al. [13, 28]. Through plane permeabil-

ity was measured using the same technique adopted by Ismail et al. [40]. To measure

in plane permeability, the sample was secured between two steel plates. High pressure

air was first made available to a mass flow controller, and then entered in the inlet

chamber. The inlet and outlet chambers are seperated by a GDL sample. As the

air passed from inlet to outlet chamber via GDL, pressure drop across the sample is

measured using a differential pressure sensor. The thickness of the sample was con-

trolled using a feeler gauge placed at the edges of the steel plates. The experiments

were done on SGL 10 series samples. The in-plane permeability was measured in the

order of 10−12 - 10−11 m2, and through plane permeability was measured in the order

of 10−13 m2. They measured higher through plane [13] and in-plane permeability [28]

at higher PTFE content in the presence of an MPL. The results were explained us-

ing the findings of Uchida et al. [42] that carbon powder - PTFE mixture consists

of carbon grains which in turn form larger agglomerates. The primary pores of size

20-40 nm existed in between carbon grains, and secondary pores of size 40-1000 nm

existed in between carbon agglomerates. As PTFE increases, it mostly blocked the

large secondary pores which effectively increased the agglomerates size, and in turn

increased the size of the secondary pores. Therefore, increasing PTFE increased the

porosity in a GDL-MPL sample.

Park et al. [43] studied the effect of PTFE and MPL on cell performance by analyz-

ing the polarization curves. The performance of the cell became stable and enhanced

in the presence of an MPL. The driving force of water removal from catalyst layer to

GDL was found to be the capillary force but within the GDL the driving force was

shown to be either, shear force or evaporation.

Williams et al. [44] measured the through-plane permeability of bare carbon pa-

per, with and without an MPL. Nitrogen was made available to an inlet flow channel,
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forced through the sample, and passed to an outlet channel. The outlet channel is

connected to a flow meter to measure the flow rate before the gas is exhausted to

ambient. The pressure difference between the channels is measured by a differential

pressure gauge. The through plane permeability decreased from 8.7 × 10−12 for a

TGP-H-120 carbon paper to 0.7 × 10−13 m2 with an MPL. Similarly, permeability

decreased from 3.1× 10−11 to 5.8× 10−13 m2 as the sample changed from SGL 10BA

(bare paper) to SGL 10BB (with an MPL).

Ihonen et al. [45] measured through and in-plane permeability for carbon paper

(SGL 10BA) with and without MPL. To measure permeability, annulus shaped GDL

sample was compressed between current collector. Air was fed to a cell at a con-

trolled rate, and the pressure loss between gas inlet and outlet was measured with a

manometer. The in-plane permeability decreased from 3.3× 10−11 to 2.2× 10−11 m2,

while through-plane permeability decreased from 1.8× 10−11 to 3.3× 10−13 m2 in the

presence of an MPL.

None of the studies discussed above for an GDL+MPL assembly considered Knud-

sen slip. However, Carrigy et al. [46] noted that Knudsen slip is significant in the

presence of an MPL. Due to the small pore size of an MPL (10 - 100 nm), the flow

no longer belongs to the continuum regime. Knudsen number is used to know the

validity of continuum approach. Depending on the Knudsen number, the flow can be

defined in different regimes. Mathematically, Knudsen number is defined as:

Kn =
λ

dp
(1.24)

where λ is the mean free path of the gas and dp is the average pore diameter of porous

media. Mean free path for a gas is mathematically defined as [47]:

λ =
M

πρσ2
√

2
(1.25)

where M is the molecular mass of the gas, ρ is the density and σ is the collision

diameter. The flow regime in which a gas belongs is decided by its Knudsen number.

Table 1.3 [48] shows the different flow regimes and the range of corresponding Knudsen

number.

Recently Carrigy et al. [46] studied the effect of PTFE in a GDL+MPL assembly

on through plane permeability considering Knudsen slip. Contrary to the results dis-
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Table 1.3 – Flow regimes and the corresponding Knudsen number

Knudsen number Flow regime

Kn < 0.001 The continuum regime where molecule - molecule collisions predominate
0.001 < Kn < 0.1 Slip flow exists, fluid velocity on the wall differs from wall velocity
0.1 < Kn < 10 The transition regime where both diffusion types occur simultaneously
Kn > 10 The Knudsen regime where molecule - wall collisions predominate

cussed above, permeability was measured to decrease with high PTFE as the average

pore diameter also decreased. Pant et al. [49] also measured the Knudsen slip to be

significant for a GDL+MPL assembly.

1.3.2 Diffusivity

Diffusion is the primary gas transport mode in the porous media of fuel cells [15]. In-

plane diffusion is responsible for providing a uniform reactant distribution under the

land area of the bipolar plate and through plane diffusion is responsible for providing

enough reactant to the reaction side. It is important to study the diffusion of gases

in both directions.

1.3.2.1 Mathematical modelling of diffusivity

Many attempts have been made to develop models to predict the effective diffusion

coefficient (Deff ) of porous media. The effective diffusion coefficient is considered to

be a product of the bulk diffusion coefficient between a pair of gases and functions to

link with the geometry and liquid water saturation of porous media, i.e.,

Deff = Dbulka(ε)b(S) (1.26)

where a(ε) and b(S) are the unknown functions which define the impact of the porous

and tortuos geometry, and the impact of liquid water saturation on diffusion, S is the

saturation in the porous media, ε is the porosity, and Dbulk is the bulk diffusivity of

a pair of gases.

Many correlations are available in literature to define a(ε) and b(S). Bruggeman

correlation [50] is a widely used model in PEM fuel cells diffusion media. The corre-

lation was derived using the effective medium approximation. Bruggeman correlation

20



was derived for electrical conductivity and dielectric constant of a medium composed

of uniformly distributed spheres [10]. Mathematically, the model is defined as

Deff = Dbulk(ε)
1.5(1− S)1.5 (1.27)

Though, equation (1.27) is widely used for porous media, recently, it has been exper-

imentally proved that the correlation overpredicts the diffusivity by a factor of 3-4 in

the through plane direction.

The effective medium approximation is also implemented by Neale and Nadar [51]

to develop an analytical expression for an isotropic porous media composed of spher-

ical particles. Mathematically, the effective diffusivity is estimated as:

Deff = Dbulk
2ε

3− ε
(1.28)

Das et al [52] used effective medium approximation and included the functions to

consider liquid water saturation:

Deff = Dbulk −
3(1− fg)Dbulk

3Dbulk

Dbulk −Dl −
3(1− fl)Dl

fl − 3(1− fg)

− fg
(1.29)

where fg and fl are the volume fractions of the gas and liquid phase, respectively,

and Dl is the diffusion coefficient of the gas in liquid water.

Percolation theory has also been employed to predict the effective diffusion coef-

ficient in porous media. Tomadakis and Sotirchos [33] used random walk simulation

results to predict the exponent, α, and the percolation threshold, εp, of randomly

overlapping fiber structures. They proposed the following equation to compute the

effective diffusion coefficient:

Deff = Dbulkε

(
ε− εp
1− εp

)α
(1.30)

where parameters εp and α are given in Table 1.1.
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Percolation theory is also implemented by Nam and Kaviany [53] to estimate

the effective diffusion coefficient. They assumed the porous media as 2 dimensional

carbon fiber mats which have a solid structure of a stack of continuously overlapping

fiber screens. After inclusion of liquid water, the final mathematical expression is

given as:

Deff = Dbulk

(
ε− 0.11

1− 0.11

)0.785

(1− S)2 (1.31)

The correlations for effective diffusivity defined above are known to overpredict the

diffusion coefficient [54]. Zamel et al. [54] compared the diffusivity obtained from ex-

periments and estimated from the models discussed above. The models overpredicted

the effective diffusivity by a factor of 2 - 4. This over-prediction is mostly attributed

to the significant differences in the structure of the GDL which has cylindrical car-

bon fibers and to the spherical particles that are assumed in the derivation of these

correlations.

The effective diffusion coefficient of porous media can also be estimated numeri-

cally by modelling an accurate pore size distribution. The methods that are commonly

employed to reconstruct the pore size distribution are: a) 3D volume imaging, and b)

digitally stochastic models. In 3D volume imaging, the porous media is repeatedly

sectioned and imagined automatically using X-ray or magnetic resonance. For digi-

tally stochastic models, a pore distribution and pore structure is usually first obtained

from mercury porosimetry.

A digital stochastic model was implemented by Zamel et al. [55] to estimate

the effective in-plane and through-plane diffusivity. The tortuosity for in-plane and

through-plane was estimated as 1.67 and 1.83 respectively, and the correlations are

given as:

Deff

Dbulk

=


1− 2.76εcosh(3ε− 1.92)

[
3(1− ε)

3− ε

]
(For through-plane)

1− 1.72εcosh(2.07ε− 2.11)

[
3(1− ε)

3− ε

]
(For in-plane)

Zamel et al. [56] modified the above correlations to include the effect of liquid

water. The porosity of the porous media was assumed to be reduced in the presence

of liquid water. Hence, to estimate the effective diffusion coefficient, the porosity in
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equation (1.3.2.1) is modified as:

εwet = εdry(1− S) (1.32)

where εwet and εdry are the porosities of porous media in wet and dry state, respec-

tively.

1.3.2.2 Experimental studies of diffusivity

Several experimental techniques have been developed to study gas diffusivity. Mar-

rero and Mason [57] compiled the available experimental techniques proposed in last

decades based on their reliability, accuracy and use in literature. A compilation of

the recent mass transport setups is also presented in Landolt Bornstein Series [58].

Nay and Armistead developed the two bulb method in 1947 [57]. The setup consists

of two bulbs seperated by a narrow tube or porous media as shown in Figure 1.9. The

bulbs are filled with two different gases of interest. The tube is kept empty if bulk

diffusivity is estimated or filled with a porous media to estimate the effective diffu-

sion coefficient. The setup is flexible to run the experiment at various temperatures.

The assumptions in the experiments are quasi-steady state, constant temperature and

pressure. Fick’s second law is used for data processing. The sources of error in the

setup are the assumptions used for data analysis. To assume quasi steady-state, bulbs

sizes need to be large compared to the connecting tube. The composition gradient

need to remain nearly constant during the experiment at tube ends hence an end cor-

rection length is implemented. The accuracy of diffusion coefficients in this setup has

been estimated in the range of 0.1-0.2%. The setup has been used for temperatures

range from 350-1300K [58].

The closed tube method, also known as Loschmidt cell method, was developed by

Loschmidt in 1870 [57]. The setup has two chambers, containing two different gases,

connected by a tube and/or porous media (see Figure 1.10). The chambers are iso-

lated by a valve initially. Then, the valve is opened, and gases are allowed to diffuse.

Gas concentration in one chamber is measured using sensors. Fick’s transient law is

used to estimate the effective diffusion coefficient. The measured parameters in the

setup are concentration, time, pressure, temperature, and geometry. The source of

error in this setup is the convective flow due to buoyancy effects. The convection due

to buoyancy is minimized by using the lighter gas in the upper chamber. Using this

setup, the diffusion coefficients have been estimated with accuracy in the range of 1 to
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Figure 1.9 – Two bulb setup

Figure 1.10 – Closed tube setup

3% while some studies have been able to estimate diffusion coefficents with accuracy

of ±0.7% [58]. This setup has been used recently by many laboratories [16, 54, 59, 60]

The diffusion bridge setup (refer Figure 1.11), developed by Bendt [61], consists

of two flow channels for two gases. The channels are seperated by a porous media

or capillary to allow gases to diffuse. The diffused gas is measured in the channel

of the other gas using a concentration sensor. The driving force can be concentra-

tion or pressure gradient or both. The sources of error in this setup are the flow

rate fluctuations and gas pressure in the channel. The setup has been used by var-

ious groups [61–67]. Evans III et al. [65] found that measurements are inaccurate

at high pressure gradients using this setup. This however was due to the absense of
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Figure 1.11 – Diffusion bridge setup

pressure gradient term in the mathematical model to account for the viscous effects.

Henry et al. [66] introduced nitrogen and helium in the channels and diffused through

porous alumina. The thermal conductivity of the output streams was measured and

compared with the conductivities of pure nitrogen and helium. The accuracy of the

results were within the range of 5 to 30%. At higher pressures, the errors reduced to

6.29%. Reist [67] in his experiments found results within an accuracy of 10%. The

advantage of this method is that both permeability and diffusivity can be obtained

simultaneously.

The point source method to measure mass transport, shown in Figure 1.12, was

developed by Westenberg and Walker [68]. The porous media is installed in a tube

and a carrier gas entrains a tracer gas, supplied seperately by an injector, through

porous media. The mixture concentration is measured by a probe at various distances

downstream. The assumptions in the setup is the axially symmetric concentration

profile, infinitely dilute mixture, steady flow and uniform velocity. The sources of

error are the difference in density of carrier and tracer gas, flow rate fluctuations and

wake caused by the injector. The measurements have been done using this setup

within an accuracy of 4% [57].

The evaporation tube method, also known as Stefan Tube Method was developed

by Stefan (refer Figure 1.13). A liquid and carrier gas are seperated by a porous

media or a capillary. The rate of evaporation of liquid is controlled by diffusion. The

carrier gas entrains the liquid vapours and swipe it away. The liquid level in the tube

is measured for long durations. The setup is highly sensitive to temperature and

pressure, small fluctuations result in large error. The temperature range is limited

by the volatility of the liquid used. The results need to be end corrected for the

tube length. This method is known to have high uncertainties in the measurement.
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Figure 1.12 – Point source setup

Figure 1.13 – Evaporation tube setup

Whitaker [69] showed that assumptions of stagnant gas layer is invalid in the Stefan

tube. Due to the momentum transfer across the tube, a velocity profile develops and

causes circulations in the gas layer.

Through plane molecular diffusivity in fuel cell materials has been estimated using

different methods by various groups. LaManna et al. [70] studied the effect of MPL,

GDL thickness and PTFE experimentally in through-plane direction for 3 different

GDL types, i.e., Grafil U-105, SGL (10, 25, 35), and Toray 120. A diffusion test

cell was used to develop a water vapor concentration gradient in air streams across

the porous media. The flow rates of the air streams were controlled by mass flow

controllers. A dual stream humidifier controlled the relative humidity of each stream.

Channel differential pressure measurements ensured zero differential pressure and no
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bulk flow influences on diffusion. The effective diffusion coefficient decreased linearly

with increasing PTFE content from 0.089 to 0.026 cm2/s while the introduction of

an MPL reduced the coefficient by 26 - 38%. Thickness had no effect on GDL’s but

lower thickness resulted in low diffusion coefficients for MPL coated GDLs.

Hwang et al. [71] utilized a electrochemical limiting-current method to measure

the effective diffusivity in the through-plane direction for uncompressed, partially

saturated and unsaturated samples. Hydrogen was used as reactant. The limiting

current for hydrogen supply was about 5 mA. The measured current was checked

to ensure that diffusion-controlled limiting current was measured and not limited by

hydrogen supply. Three different types of GDLs were studied, i.e. Toray-H-120, SGL

10 series, and Freudenberg H2315 with various PTFE loadings from 0-20 wt%. Dif-

fusibility (defined as the ratio of effective to molecular diffusivity) was measured in

the range of 0.247-0.584, and found to decrease with PTFE for unsaturated GDLs.

Zamel et al. [54] used a modified Loschmidt cell to estimate the through-plane

diffusion coefficient for various Toray samples with different PTFE loadings, ranging

from 0-40 wt%. Diffusibility was measured in the range of 0.13-0.33. Results showed

a linear decreasing trend with PTFE loadings.

Chan et al. [16] also utilized a Loschmidt cell and studied the effect of PTFE, MPL

and thickness on the through-plane diffusion coefficient. GDLs effective diffusivities

were found in the order of 10−6 m2/s while MPL reduced the diffusibility by around

42%.

The direct measurements of in-plane GDL molecular diffusivity with and with-

out compression have not yet been reported in the literature. Kramer et al. [72] used

electrochemical diffusimetry to measure the effective ionic conductivity of Toray - 060

at various porosities. In electrochemical diffusimetry, at high frequencies, the charge

is transfered to the highly conductive carbon fibers. At low frequencies, the charge

is transported through electrolyte filled pores in the sample. The pure electrolyte

conductivity is modified by the geometric influence of the sample, i.e., porosity and

tortuosity. The ratio of porosity to tortuosity was estimated for porosities in the

range of 0.5 to 0.8 to be in the range of 0.2 to 0.6, and 0.1 to 0.3 for in-plane and

through-plane directions respectively.

Fluckiger et al. [73] extended the study done by Kramer et al. [72], by studying
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the effect of PTFE. The diffusivity was found to decrease with increasing PTFE con-

tent in both in-plane and through-plane directions. The experiments were further

analyzed by implementing a unit cell model and conformal mapping.

Becker et al. [74] also measured conductivity in both in-plane and through-plane

direction at various compression levels for Toray-H-060. A clamping force on GDL

was applied, and voltage and current were measured across the GDL. Diffusibility

was estimated in the range of 0.3 to 0.6 for in-plane, and 0.2 to 0.35 for through-

plane respectively, for porosities in the range of 0.6 to 0.78. Further, 3D images were

built using X-ray tomography under three compression levels, and used to validate

the experiments.

Zamel et al. [75] used stochastic models to estimate in-plane and through-plane

effective diffusion coefficients for GDL coated with MPL and calculated values in the

range of 10−6 to 10−5 m2/s where in-plane values were higher by a factor of approxi-

mately 1.5 to 4 depending on the porosity.

1.4 Contributions

This research focuses on experimental measurement of mass transport properties in

different directions of porous media. A diffusion bridge based setup is proposed to

measure the transport properties. Due to the flexibility of diffusion bridge technique,

it was chosen to use for the experiments. The setup is built flexible to subsequently

test for permeability, Knudsen diffusivity and effective diffusivity in any direction of

porous media. Using diffusion bridge, diffusion and advection can be studied simul-

taneously. Due to the steady state models, data analysis is easier. The setup can also

be used to test with any pair of gases.

The contribution of this work is:

1. Development of a diffusion bridge based experimental setup to measure trans-

port properties of porous media

2. Measurement of transport properties in through and in plane direction of porous

media. The diffusion bridge is modified to make the flow direction appropriate
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1.5 Thesis Outline

The thesis is divided into four chapters:

1. Chapter 1 focuses on motivation of research and literature review.

2. Chapter 2 focuses on measurement of mass transport properties of gas diffu-

sion layers in in-plane direction. The measurements are done at four different

compression levels and the effect of PTFE on transport parameters is studied.

3. Chapter 3 focuses on measurement of transport properties of gas diffusion layers

and micro porous layer coated gas diffusion layers in through-plane direction.

The effect of PTFE on transport properties is studied in GDL and GDL+MPL

assembly.

4. Chapter 4 focuses on conclusions and future work
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Chapter 2

Experimental study of in-plane
mass transport properties of PEM
fuel cell porous media

2.1 Introduction

Mass transport is one of the key factors limiting polymer electrolyte membrane fuel

cell (PEMFC) performance, especially at high current densities. Mass transport in

the gas diffusion layers of PEMFCs occurs mainly by molecular diffusion. However,

both convection and Knudsen diffusion might become important under some circum-

stances. For example, in fuel cells with interdigitated channels, convection can be the

dominant mode of mass transport. Pharoah [26] showed that, in serpentine fuel cells,

convection might be important at the channel bends. Knudsen diffusion might also

have a small role in gas transport for cases where, due to high PTFE loading and

high compression, the average pore size in the GDL is reduced.

Permeability and effective molecular diffusivity are usually measured separately.

An experimental method to concurrently measure permeability and diffusivity has not

yet been proposed in the literature. Furthermore, even though there are many stud-

ies in the literature that have measured in-plane permeability, experimental studies

measuring in-plane effective gas diffusivity of compressed and uncompressed GDLs by

direct gas transport measurements are not available. The assessment of GDL effective

diffusivity under compression is a critical parameter because the GDL is always un-

der compression under the land area of the fuel cell. Reduced diffusivity in this area

might lead to non-uniform reactant distribution in the catalyst layer in the in-plane

direction and, at high current densities, severe reactant starvation.
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In this chapter, a technique is proposed to measure in-plane permeability and

effective molecular diffusivity concurrently thereby reducing the level of uncertainty

when estimating these parameters because the setup is only assembled once and the

same GDL sample is used for both measurements. The setup is based on a diffusion

bridge previously proposed by Pant et al. [49]. The setup has been extensively modi-

fied by developing new testing hardware that allows for compression of the sample and

by using a different arrangement of pressure controllers. Using the newly proposed

setup, in-plane permeability and effective molecular diffusivity values are obtained

for the same sample without having to open/close the hardware, thereby providing

more reliable data.

Section 2.2 describes the experimental setup for both in-plane permeability and

effective molecular diffusivity. The experimental conditions used in the experiment

are also discussed. Section 2.3 provides the theory and mathematical models used to

estimate the transport properties. In Section 2.4, the methodology used in this study

is validated and transport parameters obtained for various commercialized samples

are discussed.

2.2 Materials and Methods

This section describes the experimental setup for both in-plane permeability and

effective molecular diffusivity.

2.2.1 Experimental Setup

The porosity of the samples in uncompressed state was measured by mercury intrusion

porosimeter. Hence, the porosimeter is discussed before the mass transport setup.

The experimental setup proposed in this article is based on a diffusion bridge setup.

Therefore, the diffusion bridge is described followed by a description of the piping

network and sensors used to control and measure mass flow rates, pressure difference,

and oxygen concentration.

2.2.1.1 Mercury Intrusion Porosimeter

Porosimetry tests were performed using a PoreMaster 33 Mercury Porosimeter man-

ufactured by Quantachrome Instruments, 20 cm2 of GDL was used for each test, cut
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into strips measuring 2.24 cm by 0.56 cm.

To perform the intrusion test, the sample is placed inside the bulb of a glass pen-

etrometer cell with 0.5 cc stem volume. The penetrometer cell is evacuated to an

absolute pressure of 26.91 Pa (0.0039 psi) and then further evacuated for 30 minutes.

The cell is filled with mercury and the mercury is then pressurized, up to a maximum

pressure of 2.277×108 Pa (33000 psi). The change in volume of mercury is measured

as the pressure is raised.

Porosity of each sample is calculated using the following equation:

εo =
Vpore
Vtotal

(2.1)

where εo is porosity, Vpore is the intruded pore volume and Vtotal is the total volume of

the sample (both solid and void-space), Vpore is measured directly from the mercury

intrusion test. Total volume of the sample is calculated by measuring the outer

dimensions of the sample using a digital micrometer (Mitutoyo, Japan). The pressure

at which intrusion occurs can be related to the presence of pores within the sample

using the Washburn equation:

P ×D = −4γcos(θ) (2.2)

where P is the applied pressure, D is the pore diameter, γ is the surface tension of

mercury and θ is the contact angle between the mercury and the sample material.

For the tests of the GDL samples γ was taken as 480 dyne/cm−1 and θ as 140°.

The logarithmic pore size distribution, DX
D(ln(r))

, for a given pressure Pi normalized

with respect to total sample volume, is calculated using the following equation:

DX

D(ln(r))
=

(Vi − Vi−1)/Vpore
ln(Pi)− ln(Pi−1)

(2.3)

where X is the cumulative pore volume fraction, Vi is the absolute intruded volume

measured up to pressure Pi, and Vpore is the total measured intruded volume, DX
D(ln(r))

is plotted with respect to pore radius to produce the pore size distribution curve

for each sample. Figure 2.1 show the pore size distribution for Toray090 samples

with different PTFE content. The higher PTFE content reduces the porosity and

the effective pore diameter due to the penetration of PTFE in the available pores as

shown in Table 2.1.
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Figure 2.1 – Pore size distribution of Toray 090 samples with different PTFE content

Table 2.1 – Thickness and Porosity (MIP) data of GDL samples

Sample Thickness (µm) Porosity

SGL 34BA 267 ± 5 0.77 ± 0.03
Toray090 (untreated) 273 ± 6 0.76 ± 0.02
Toray090 (10% PTFE) 290 ± 4 0.76 ± 0.01
Toray090 (20% PTFE) 283 ± 5 0.69 ± 0.01
Toray090 (40% PTFE) 282 ± 4 0.54 ± 0.01

2.2.1.2 Diffusion bridge

A diffusion bridge is created by combining two stainless steel plates with two circular

channels and a porous media between them. Figure 2.2 shows the exploded view of

the diffusion bridge. The two circular channels of dimensions 8.8 mm diameter and

50 mm in length, are machined into the plate. The dimensions of the channels are

selected such that high flow rates can be used without entering the transition or tur-

bulent flow regimes. High flow rates are required to minimize any diffusion boundary

layer effects.

In order to test a GDL, the diffusion bridge is assembled as follows. First, a sam-

ple of dimension 10 x 50 mm2 is cut from the master sheet using an X-Acto knife

and placed in between the channels. Then, a 10 mil (0.01 inch) thick silicon gasket

is placed on the channel plates to prevent any gas leakage. The interface between

the two side plates and channel plates (top and bottom) are connected through a 5
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Figure 2.2 – Exploded view of in-plane diffusion bridge

mm thick silicon gasket. Pressure films are used at both interfaces to ensure uniform

pressure and a good seal. In order to test for leaks, the assembled diffusion bridge

was pressurized at 50 psig for 12 hours, and no leakage was detected.

The top and bottom plates in the diffusion bridge were secured using bolts that

are tightened in a cross cyclic manner to create a uniform compression. The bolts

were tightened using a torque wrench. The effect of the applied torque was studied

for the range of 5 to 15 Nm. A torque of 15 Nm provided repeatable results and

ensured that the bolts did not enter the non-elastic deformation region. Therefore, a

torque of 15 Nm is used for assembling the diffusion bridge in all experiments shown

in the article.

The effect of PTFE loading and compression on in-plane permeability and ef-

fective diffusivity are studied. In order to study the effect of PTFE loading, GDL

samples with different PTFE loading are analyzed, namely Toray 090 samples with

0, 10, 20 and 40% wtPTFE. In order to analyze compression, all samples are tested

at 4 different compression levels. In order to control compression, the samples are

compressed to a known thickness of 262±3, 249±7, 228±5 and 204±3 µm. To con-

trol the GDL thickness, shims (ARTUS) of the desired thickness are placed at the

edge of the diffusion bridge plates. The shims thickness were measured using a mi-

crometer (Mitutoyo, Japan). The standard deviation in the thickness was obtained

by measuring three samples of each shim. The same GDL sample is analyzed from

lowest to highest compression. Conversion of thickness to porosity is performed by

assuming that compression only reduces the volume of the pores. Then, the porosity
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is calculated as a function of thickness with

ε = 1− (1− εo)
to
t
, (2.4)

where εo and to are the porosity and thickness of the uncompressed sample respectively

and, t is the GDL thickness in its compressed state. The latter value is assumed to be

equal to the thickness of the shims. Also, based on MIP data, the porosity in uncom-

pressed state and PTFE content is linearly fitted as, εo = 0.835−0.0074×(PTFE%).

This expression is valid only for PTFE content between 10 - 40%.

The thickness of the samples in uncompressed state was measured using a mi-

crometer. Table 2.1 show the data for the GDL samples used in this study. The

average readings for both thickness and porosity are used to analyze the results.

The error in the porosity of the samples in compressed state is estimated by taking

logarithm and differentiating both sides of equation (2.4). The final expression for

the maximum error in the porosity is given by∣∣∣ dε

1− ε

∣∣∣ ≤ ∣∣∣ dεo
1− εo

∣∣∣+
∣∣∣dto
to

∣∣∣+
∣∣∣dt
t

∣∣∣ (2.5)

where dε and dεo are the error in the porosity, and dt and dto are the error in the

thickness of the samples in compressed and uncompressed states respectively, dεo

corresponds to the error estimated by mercury intrusion porosimeter, dt corresponds

to the error in the shims thickness, and dto corresponds to the error in the thickness

of the GDL samples in uncompressed state, both were measured by a micrometer.

The maximum error for porosity is estimated as 5% for sample SGL 34BA at 204 µm

thickness.

2.2.1.3 In-plane permeability setup

The diffusion bridge contains two channels. During in-plane permeability test, one

channel, i.e., the low pressure channel, is open to atmosphere at both ends. One end

of the high pressure channel, is connected to a mass flow controller (MFC). The other

end is closed, thereby forcing the flow from the high pressure channel, through the

porous media, to the low pressure channel, and to ambient (see Figure 2.3).

Compressed nitrogen (Praxair, UHP 5.0) is decompressed using a pressure regu-

lator. Nitrogen at 4.46×105 Pa (50 psig) is then made available to the MFC. The

MFC (Cole-Parmer, model: RK-32907-69, range: 0-5 lpm) is used to control the

35



Nitrogen Gas

Gas Valves Mass Flow

Controller

Exhaust to

Ambient

Porous Media

Gas Channel

Pressure

Transducer

DAQ

Data Acquisition

Computer

Gas Flow Line

Closed end

Data Cables

Figure 2.3 – Experimental set-up to measure in-plane permeability

flow rates. The MFC is connected to a computer via an RS-232 communication

port. The gas experiences certain pressure drop as it travels through the porous

media. The channels are connected to a pressure transducer (OMEGA, Model: -

MMDDB050BIV10B2C0T3A6) to measure the real time static pressure gradient at

various flow rates. Data from the pressure transducer and mass flow controller is read

via a data acquisition card (National Instruments USB 6221). LabWindows/CVI is

used to communicate with the mass flow controller and log data from the mass flow

controller and pressure transducer. The data is logged for 5 minutes (60 readings) for

all flow rates to ensure steady state. Steady state is confirmed by ensuring that the

standard deviation for pressure and mass flow rate is less than 3.0%.

2.2.1.4 In-plane diffusivity setup

For in-plane diffusivity experiments, the inlet of each channel in the diffusion bridge

is connected to a different gas cylinder, i.e., one containing oxygen and an other nitro-

gen. The two compressed gases, i.e., oxygen and nitrogen, are decompressed before

passing through the mass flow controllers. Two mass flow controllers (Cole-Parmer,

model: RK-32907-69, range: 0 - 5 lpm) are used to control the flow rate of gas in

each channel. The outlet of the nitrogen channel is connected to a back pressure

controller (Cole-Parmer, model: RK-00307OX, range: 0 - 100 psig) that is used to

control the static pressure of the system. The oxygen channel outlet is connected

to a differential pressure controller (Cole-Parmer, model: RK-00307TX, range: 0 -

500 Pa) which controls the static pressure difference between the two gas channels
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using a differential pressure gauge connected to each channel (see Figure 2.4). The

differential pressure controller can be used to control convection. Even though the

differential pressure controller is rated to a higher resolution, experiments showed that

the controller was capable of controlling the pressure difference within 7 Pa where

oscillations are observed.

Figure 2.4 – Experimental set-up to measure in-plane diffusivity

Oxygen levels are measured at the outlet of the nitrogen channel downstream of

the back pressure controller using a NEOFOX oxygen sensor (Ocean Optics, Model:

FOSPOR-600-32MM, range: 0 - 10% in gas). The sensor is factory calibrated for

a range of 0-10 % O2 and temperature 0-80 °C. The range of temperature covered

for calibration ensures consistent readings during day to day temperature fluctua-

tions. The calibration file is uploaded in the NEOFOX software before experiments

are started. One point calibration is performed in-house, after the multi-point cali-

bration file is uploaded. Pure nitrogen gas (UHP 5.0) is exposed to the sensor and

the reading is recorded as zero. One point calibration is done every time before the

experiments are started. Figure 2.5 shows the physical picture of the setup.

The convection to diffusion transport is controlled by controlling the pressure dif-

ference between nitrogen and oxygen channels with the differential pressure controller.

The oxygen channel is set at higher pressure than the nitrogen channel in order to

enhance oxygen mass transport through the porous media via convective transport.

The absolute pressure in the setup is also controlled using a backpressure controller

in the nitrogen channel.
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Figure 2.5 – Experimental setup picture

Mass flow controllers and pressure controllers are connected to a computer via RS-

232 communication port. The data from pressure and mass flow controllers is read via

a data acquisition card. LabWindows/CVI is used for data logging, storing the data in

a Excel file. Data for every set-point is logged, at a rate of one reading every 5 seconds,

for 5 minutes to ensure steady state. The software provided by the NEOFOX sensors

also stores the detected oxygen mole fraction with time, temperature and pressure in

a CVS file every 2 seconds. Therefore, for every differential pressure, 150 readings

for oxygen mole fraction are logged approximately. The average of the last twenty

readings is used further. The data from Excel and CVS files are merged manually

and used for further analysis.

2.2.2 Experimental Conditions

For in-plane permeability experiments, the volume flow rate of nitrogen gas was var-

ied from 0-1 liters per minute (lpm) in 10 even intervals. The ‘zeroth interval’, which

corresponds to zero flow rate, is run for 5 minutes to estimate the offset of the pres-

sure transducer. The offset was eliminated from the average readings at non zero

flow rates. The set-points were used for the mass flow rates, and the average of all
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the pressure gradient data (60 readings) was used for further analysis. The average

standard deviation for the selected flow rates from the MFC and pressure transducer

is observed to be less than 3.0%.

For in-plane diffusivity experiments, the volume flow rate of both gases is set at 1

liters per minute (lpm). High flow rates are used to ensure the oxygen flux is quickly

swept away in the nitrogen channel and the effects of diffusive boundary layers are

minimized. The back pressure of the system is maintained at a gauge pressure 10

psig unless otherwise stated. The pressure difference between the two channels is

varied from 20 - 100 Pa in 5 even intervals. The noise in the differential pressure

controller is measured to be approximately ±7 Pa. The noise in the differential

pressure controller is the standard deviation of the last 40 readings at each setpoint.

Oxygen mole fraction is recorded at every pressure differential. The temperature of

the system in both cases is ambient.

2.2.3 Testing Protocol

Unless otherwise stated, in order to obtain permeability and diffusibility, permeability

and diffusivity experiments are performed three times using three different samples cut

randomly from the same master sheet, i.e., the samples were cut in random directions

as it will be shown that fibers have no preferential orientation. For each sample, the

diffusion bridge is opened and a new sample is installed. Permeability and diffusibility

experiments are performed in each sample sequentially without opening/closing the

diffusion bridge. The values reported are the average and standard deviation from

the three samples tested. Therefore, the standard deviations account for sample-to-

sample variability and setup variability. An analysis of the experimental error from

various sources, i.e. experimental setup, sample-to-sample and directionality, is also

provided in section 3.4.

2.3 Theory and Data Analysis

2.3.1 Mathematical models

2.3.1.1 Governing equation for in-plane permeability

Darcy’s law is commonly used to estimate the permeability of a porous media. Math-

ematically it is defined as

∇p = − η

Bv

~v, (2.6)
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where ∇p is the pressure gradient across porous media, ~v is the velocity, η is the

dynamic viscosity and Bv is the porous media permeability.

The fluid is assumed to flow only in the longitudinal direction of the porous me-

dia. A minimum of 22 fibers are calculated to be present between the top and bottom

plates of the diffusion bridge for the chosen range of compression levels of the tested

samples, hence the wall effects are neglected.

Darcy’s law accurately quantifies porous media permeability for Stokes flow, also

known as creep flow. At high flow rates, the fluid experiences various accelerations

and deaccelerations as it flows through the porous media. This effect, known as

Forcheimer effect, is considered to be negligible for sufficiently low velocities but can

play a significant role when the velocities are high. In such cases, Darcy’s law can be

extended in order to obtain the Forcheimer equation, which in one dimension is given

by

dp

dx
= − η

Bv

v − ρ

Bl

v2, (2.7)

where x is the direction following the flow direction and Bl is known as the inertial

permeability. Assuming the fluid is an ideal gas and replacing velocity with molar

flux, equation (2.7) can be written as:

dp

dx
= −RT

p

(
η

Bv

N +
M

Bl

N2

)
. (2.8)

In the absence of a chemical reaction, the molar flux is constant. Then, integrating

equation (2.8) for 0 to L and p1 to p2. The compressible form of the Darcy-Forcheimer

equation becomes

p21 − p22
2RTL

=
η

Bv

N +
M

Bl

N2, (2.9)

where p1 and p2 are the pressures of the gas across the porous media, T is the

temperature, R is the gas constant, L is the width of the sample, M is the molecular

weight and N is the molar flux of the gas. In terms of mass flux, n, the Darcy-

Forcheimer equation can be written as,

p21 − p22
2RTL/M

=
η

Bv

n+
1

Bl

n2. (2.10)
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2.3.1.2 Governing equations for in-plane diffusivity

Fick’s first law is commonly used for analyzing the transport of a solute in an infinitely

dilute mixture. Mathematically, it is defined as,

~nDi = −Dij∇ρi, (2.11)

where ~nDi is the mass flux of the species i with respect to a frame of reference moving

with mixture velocity ~v. Equation (2.11) can also be written as

ρi(~vi − ~v) = −Dij∇ρi, (2.12)

where ~v is the average mass velocity, defined as

~v =
Σρi~vi
Σρi

=
Σρi~vi
ρt

= Σωi~vi. (2.13)

Equation (2.12) can be simplified to

~ni = ρi~vi = ρi~v −Dij∇ρi, (2.14)

where ~ni is the mass flux of species i. In the absence of a chemical reaction, the mass

flux of any species i is constant, and the divergence of equation (2.14) should be zero,

i.e.

∇ · ~ni = ∇ · (ρi~v)−Dij∇2ρi = 0⇒ ρi∇ · ~v + ~v · ∇ρi −Dij∇2ρi = 0. (2.15)

Applying mass conservation on the mixture of gases, and assuming the density of the

mixture is constant across porous media, the term ρi∇ · ~v is zero. Since the pressure

difference between the two channels is less than 100 Pa during diffusion experiments,

the assumption is valid.

Then, equation (2.15) can be simplified as:

~v · ∇ρi = Dij∇2ρi, (2.16)

Assuming one dimensional flow, equation (2.16) can be written as:

v
dρi
dx

= Dij
d2ρi
dx2

, (2.17)

Integrating Equation (2.17) twice gives,

ρi = C1
Dij

v
e

v

Dij

x

+ C2, (2.18)
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where C1 and C2 are the integration constants introduced. Applying ideal gas law

and assuming the partial pressure of gas i is pAi in channel A (x=0) and pBi in channel

B (x=L), equation (2.18) yields

ρi =
Mi

RT

pAi − (pAi − pBi )
1− e

v

Dij

L

−1

+
(
pAi − pBi

)1− e

v

Dij

L

−1

e

v

Dij

x

 .
(2.19)

The density profile from equation (2.19) can be used in equation (2.14) for mass flux

such that

ni

∣∣∣
x=0

=
Mi

RT

pAi v − (pAi − pBi ) v
1− e

v

Dij

L

−1
 . (2.20)

where v is the velocity of the mixture which is constant. Similarly the molar flux is

calculated as:

Ni

∣∣∣
x=0

=
1

RT

pAi v − (pAi − pBi ) v
1− e

v

Dij

L

−1
 . (2.21)

The flux calculated from equation (2.21) is the local pore flux, i.e., it is not avereged

over the entire porous media. The tortuosity and porosity of the porous media are

used to calculate the effective flux, equation (2.21) is then modified to:

N eff
i

∣∣∣
x=0

=
1

RT

pAi v̄ − (pAi − pBi ) v̄
1− e

v̄

Deff
ij

L


−1 , (2.22)

where v̄ = εv, N eff
i = εNi and Deff

ij =
ε

τ
Dij. The ratio of effective diffusivity to

molecular diffusivity is defined as diffusibility. The mixture mass averaged velocity v̄

is calculated using Darcy’s law,

v̄ = −Bv

η

dp

dx
≈ Bv

η

∆P

L
(2.23)

where Bv is the viscous permeability of the porous media and η is the dynamic

viscosity of the gas mixture. The mixture viscosity, η, is used as the average of

the viscosity of oxygen and nitrogen, η =
ηO2 + ηN2

2
. Since the velocity through the

porous media is small for the diffusion experiments, the Forcheimer term is neglected.
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2.3.2 Model implementation

In the permeability experiments, the inlet velocity and pressure drop are obtained ex-

perimentally. The molar flux is obtained using N =
pv

RT
, where v is the inlet velocity

and p is the inlet pressure. Then, the experimental data is fit to equation (3.5) using

MATLAB to extract transport parameters, i.e., Bv and Bl. The function fittype is

used for fitting. fittype uses a least squares regression technique to minimize the

residual. The coefficient of regression for all the fittings is found to be greater or

equal to 0.99.

In the effective diffusivity experiments, the oxygen molar fraction, xoutO2
, and the

pressure difference between channels are recorded directly. In order to estimate the

oxygen flux across the porous media, NO2 , the molar flux in the nitrogen gas channel

and the molar flux across the porous media are calculated. The molar flux in the

nitrogen gas channel is given by

NCh =
ρN2V̇

MN2

(2.24)

where ρN2 is the density of nitrogen at 10 psig and V̇ is the volume flow rate set by

mass flow controller. The molar flux through the porous media are calculated as

Np =
p

RT
Av, (2.25)

where p is the pressure in the oxygen channel, i.e. pO2 , A is the cross-sectional area

of the GDL sample, and v is the superficial gas velocity in porous media

v =
Bv

ηO2

∆p

L
. (2.26)

where ∆p is the pressure difference between channels and Bv is the GDL permeability.

Then, NO2 is estimated as,

NO2 = xoutO2
× Np +NCh

A
. (2.27)

Equations (2.22) and (2.23) are used to fit the experimental data to extract the

effective diffusion coefficient, i.e. Deff
ij . The permeability value, Bv, is obtained

from the previous in-plane permeability experiments. The function lsqcurvefit

in MATLAB is used for fitting. lsqcurvefit also uses a least squares regression

technique to minimize the residual. The mathematical model requires four boundary

conditions, which are the densities of gases in the channels, i.e., ρO2 =
pO2MO2

RT
,

ρN2 = 0 in the oxygen channel, and ρN2 =
pN2MN2

RT
, ρO2 = 0 in the nitrogen channel.
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2.4 Results and discussion

2.4.1 In-plane permeability

Various commercial GDLs are tested, i.e., SGL 34BA, Toray 090 (untreated) and

Toray 090 samples treated with 10, 20 and 40% PTFE.

2.4.1.1 Error analysis

2.4.1.1.1 Sensor error The error in the permeability results is determined based

on the sensors error data published by the manufacturers. To maximum the error in

the viscous permeability results, the inertial permeability is neglected in the compress-

ible form of Darcy - Forcheimer equation (equation (2.9)). The equation is reduced

to,
p21 − p22
2RTL

=
η

Bv

N, (2.28)

The molar flux of the gas is calculated as,

N =
pv

RT
, (2.29)

where v is the velocity of the gas. Velocity of the gas at the inlet of the sample is

calculated as,

v =
V

wt
, (2.30)

where V is the volume flow rate, w and t is the width and thickness of the GDL

sample, respectively.

Taking the logarithm and differentiating both sides of equation (2.28), and terms

are rearranged with the assumption, p21 − p22 ' p21. Equation (2.28) reduces to,

2
∣∣∣dp1
p1

∣∣∣ =
∣∣∣dN
N

+
dL

L
− dBv

Bv

∣∣∣ ≤ ∣∣∣dN
N

∣∣∣+
∣∣∣dL
L

∣∣∣+
∣∣∣dBv

Bv

∣∣∣ (2.31)

To find the error in the molar flux, equation (2.29) and (2.30) are rearranged and dif-

ferentiated both sides. The expression for error in molar flux is substituted in equation

(2.31). The final expression for the maximum error in the viscous permeability is∣∣∣dBv

Bv

∣∣∣ ≤ 3
∣∣∣dp1
p1

∣∣∣+
∣∣∣dV
V

∣∣∣+
∣∣∣dw
w

∣∣∣+
∣∣∣dt
t

∣∣∣+
∣∣∣dL
L

∣∣∣ (2.32)

The error in the GDL dimensions is assumed as 10 microns. The error in the inlet

pressure p1, and volume flow rate V correspond to the error in the readings by pressure
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transducer and mass flow controller, respectively. The error in pressure tranducer

and mass flow controller from their manufacturers are given as ±0.05% and ±0.8%,

respectively. The width and length of the GDL sample are 50 and 10mm, respectively,

The minimum thickness of the sample is considered i.e. 204.33 microns. Subsutituting

the errors in equation (2.32),

∣∣∣dBv

Bv

∣∣∣ ≤ 3× 0.0005 + 0.008 +
10

50000
+

10

204.33
+

10

10000
⇒
∣∣∣dBv

Bv

∣∣∣ ≤ 0.05964 (2.33)

The maximum error from the experimental setup in the viscous permeability results

is calculated as 5.964%.

2.4.1.1.2 Test variability The reliability of the setup is determined by assem-

bling a diffusion bridge with a SGL 34BA sample. The thickness was set at 262µm.

The experiments were run for three times without opening/closing the diffusion

bridge. The pressure gradient versus velocity data is obtained from the setup for

three sets of readings. The standard deviation in the viscous permeability results is

estimated as 0.84%. Figure 2.6 shows the actual and average flow rate, and pressure

gradient readings measured by MFC and pressure transducer, respectively. Clearly,

steady state is observed at each setpoint, and fluctuations are small compared to the

changes observed due to the selected setpoints.

0 500 1000 1500 2000 2500 3000
0

0.2

0.4

0.6

0.8

1

1.2

1.4

F
lo

w
 R

a
te

 (
lp

m
)

Time (seconds)

 

 

0 500 1000 1500 2000 2500 3000
0

0.5

1

1.5

2

2.5

3

3.5
x 10

6

P
re

s
s
u

re
 G

ra
d

ie
n

t 
(P

a
/m

)

0 500 1000 1500 2000 2500 3000
0

0.5

1

1.5

2

2.5

3

3.5
x 10

6

Flow Rate

Average Pressure Gradient

Average Flow Rate

Pressure Gradient

Figure 2.6 – Oscillatory and average volume flow rate, and pressure gradient readings
for a Toray 090 (untreated) sample at 262±3 thickness

2.4.1.1.3 Variation within sample of the same master sheet GDLs are

spatially anisotropic hence samples are cut off the master sheet at 0°with reference
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to the edge of the sheet chosen randomly. Three replicates of sample SGL 34BA

are cut and tested. The samples are tested for permeability at four compression

levels. The standard deviation in the viscous permeability results for samples cut in

the same direction is estimated as 39.44%, 42.86%, 15.58% and 13.21% for thickness

corresponding to 262, 249, 228 and 204µm respectively.

2.4.1.1.4 Variation within the sample in different direction To study the

spatial anistropic nature of the sample SGL 34BA, samples are cut in four different

angles from 0°to 90°, with respect to an edge of the sheet chosen randomly. Thickness

of the samples is set at 262 µm. Results are shown in Table 2.2.

Table 2.2 – In-plane permeability for sample SGL 34BA at various angles

Angle Bv × 10−11(m2)

0° 2.06
30° 1.89
60° 1.63
90° 2.48

The standard deviation in the viscous permeability results for sample-to-sample

variation cut in different direction from the same master sheet is estimated at 17.6%

assuming thickness of 262 µm.

GDL spatial anisotropy was observed in paper based samples in previous work

[14, 28] . Results show a variation in permeability of a factor of 1.3-2 in two in-plane

orthogonal directions. Results in Table 2.2 show no trend due to non preferential

fiber alignment in sample SGL 34BA. The standard deviation in the permeability

results for samples cut in different directions is estimated to be similar to that of

the samples cut in the same direction. Therefore, it is concluded that direction has

no effect on mass transport parameters, and the spatial anisotropy of the chosen

samples is considered uniform in the plane of the paper. The SEM images of Toray

090 samples are also shown to have non-preferential alignment of fibers [14] (also see

Figure 2.10), therefore they are cut in the random directions of the same master sheet

for the results in this article.
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2.4.1.2 Effect of compression on in-plane permeability and validation

The effect of compression on permeability is studied by controlling the thickness of

the GDL samples using shims. Pressure vs molar flux curves are drawn for each

compression. The mass transport parameters are estimated using the compressible

form of the Darcy-Forcheimer equation (equation (2.9)). The inlet pressure vs molar

flux curves for sample Toray 090 (untreated) are shown in Figure 2.7 at different flow

rates and at four different compression levels. The error bars in Figure 2.7 represent

the standard deviation for inlet pressure from the pressure transducer. The higher

inlet pressure at higher compression is due to the reduction of average pore diameter.
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Figure 2.7 – Inlet pressure versus molar flux curves for a Toray090 (untreated) sample
at various compression levels

Viscous and inertial permeability results for Toray 090 (untreated) are shown in

Table 2.3, and compared with literature. Results are found in good agreement with

literature thereby supporting the validity of the experimental apparatus. The slight

difference in the results are due to the samples being from different master sheets,

errors influenced by the thickness of the shims used, and the measurement of the

porosity of the samples in uncompressed state from MIP. Results show that the vis-

cous and inertial permeability decreases with compression. The pore diameter reduces

with compression thereby increasing the flow resistance of the porous media.

The dependence of permeability on porosity in porous media is often described

by the Carman-Kozeny equation [14]

47



Table 2.3 – In-plane permeability for sample Toray090 (untreated)

Porosity Bv × 10−11(m2) Bl × 10−5(m) Literature (Bv × 10−11(m2))

0.75±0.029 0.95 ± 0.03 0.80 ± 0.04 (1.46± 0.2) [36], 0.89 [14]
0.74±0.035 0.68 ± 0.11 0.49 ± 0.14 0.72 [14]
0.71±0.037 0.50 ± 0.03 0.33 ± 0.03 -
0.68±0.039 0.44 ± 0.04 0.30 ± 0.04 0.43 [14]

K =
d2fε

3

16KCK(1− ε)2
, (2.34)

where df is the fiber diameter, ε is the porosity and KCK is known as the Carman-

Kozeny constant which is considered a fitting parameter for a particular sample. A

more compehensive model to predict permeability is proposed by Tomadakis and

Sotirchos (TS). The Tomadakis - Sotirchos model [76] predicts the anistropic perme-

ability through 1D, 2D and 3D fiber beds for flow being parallel or perpendicular to

fiber alignment. Using the model, the in-plane permeability can be estimated as:

K =
ε

8(logε)2
(ε− εp)α+2r2f

(1− εp)α [(1 + α)ε− εp]2
(2.35)

where α and εp are the model parameters depending on fiber alignment and flow

direction. This model is shown to overpredict the permeability at high porosities [35].

The parameters α and εp in TS model for 3D fiber alignment in all directions is given

as 0.661 and 0.037 respectively.

The Carman-Kozeny constant KCK is fitted with the permeability values at four

Table 2.4 – Data fit for Carman-Kozeny Parameter

Sample KCK Literature [14]

SGL 34BA 3.90 ± 1.12 4.06 ± 16.1% , 5.6 ± 21.1%
Toray090 (untreated) 4.10 ± 0.22 4.07 ± 6.3%
Toray090 (10% PTFE) 3.9 ± 0.64 -
Toray090 (20% PTFE) 2.26 ± 0.09 -
Toray090 (40% PTFE) 0.67 ± 0.09 -

compression levels. The fiber diameter is used as 7.5 and 9.2 µm for sample SGL

34BA and Toray090 (0, 10, 20 and 40% PTFE) respectively. Table 2.4 shows the
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Carman-Kozeny parameter for various tested samples as well as the values obtained by

Gostick et al. [14]. The parameter values are in good agreement for sample Toray090

(untreated) and SGL 34BA. Figure 2.8 and 2.9 show the comparison of Carman-

Kozeny and TS model with permeability for SGL 34BA and Toray090 (untreated)

samples.
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Figure 2.8 – Comparison of permeability results with Carman-Kozeny and T-S Model
for SGL 34BA sample
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Figure 2.9 – Comparison of permeability results with Carman-Kozeny and T-S Model
for Toray090 (untreated) sample

2.4.1.3 Effect of PTFE on in-plane permeability

The effect of PTFE is studied by testing Toray 090 samples with 0, 10, 20 and 40%

PTFE. All the samples are tested at four different compression levels. Top views of
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the GDLs are obtained via SEM imaging (JEOL 6301F, Field Emission SEM). Figure

2.10 shows the SEM images for Toray090 samples loaded with different PTFE content.

Figure 2.10 – SEM image for Toray090 samples with (A) 0, (B) 10, (C) 20 and (D)
40% PTFE loadings
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Figure 2.11 – Permeability results for different PTFE loadings at various thickness

The Carman-Kozeny constant is estimated for Toray 090 samples with high PTFE

content (10, 20 and 40% PTFE). Table 2.4 shows the constant for the samples. Figure

2.11 and 2.12 shows the viscous permeability results for different PTFE loadings at

different thickness and porosity, respectively. The error bars in the results represent
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Figure 2.12 – Permeability results for different PTFE loadings at various porosities

the standard deviation estimated by testing three replicates of each sample (see section

2.2.3). The permeability is observed to decrease with PTFE content. SEM images

show the PTFE binders spread over the intersection of fibers thereby reducing pore

size. Figure 2.12 shows that compression and PTFE loading have a similar effect on

permeability.

2.4.1.4 Knudsen effects

Flow in porous media are classified in different regimes based on Knudsen number.

The Knudsen number is mathematically defined as [46],

Kn =
λ

dp
(2.36)

where λ is the mean free path length of the gas and dp is the average pore diameter

of porous media. As discussed in section 2.3.1.1, Darcy’s law is able to predict the

permeability for Stokes flow with no-slip boundary condition, and is valid only in the

continuum regime, when Knudsen number is less than 0.001. A slip boundary con-

dition is required between continuum and free molecular flow, i.e. 0.001 ≤ Kn ≤10

[46]. Carrigy et al [46] studied the Knudsen effect for GDLs, with and without MPLs,

in the through-plane direction, by measuring gas permeability with two gases of very

different mean free paths. Deviations in permeability predictions with different gases

were attributed to Knudsen effects. Results showed that Knudsen effects are negligible

for carbon substrates but become significant with MPLs due to their pore diameters

around nm in size. Since PTFE reduces the pore diamaters in GDLs, 40% PTFE by
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weight showed different permeability results for helium and nitrogen. Based on the

results obtained by Carrigy et al [46], which showed no Knudsen effects for Toray

samples with 0 - 20% PTFE, only the sample with 40% PTFE is investigated in this

study. The sample is tested with helium and nitrogen gases without opening/closing

the diffusion bridge. Table 2.5 shows the viscous and inertial permeability for helium

and nitrogen gases estimated using equation (3.5).

Table 2.5 – In-plane permeability for sample Toray 090 with 40 % PTFE

Thickness Bv × 10−11(m2) (N2) Bv × 10−11(m2)(He) Bl × 10−5(m) (N2) Bl × 10−5(m) (He) Bv(He)/Bv(N2)

262 0.75±0.08 0.78±0.09 0.23±0.05 0.20±0.11 1.04±0.02

249 0.41±0.06 0.43±0.04 0.11±0.02 0.09±0.03 1.06±0.08

228 0.27±0.02 0.29±0.02 0.06±0.01 0.05±0.01 1.04±0.02

204 0.23±0.03 0.25±0.03 0.05±0.01 0.04±0.01 1.06±0.02

For 95% confidence interval, a Student’s t-test was performed on the results shown

in Table 2.5. The t-test was done by comparing the ratio of the viscous permeability

data for helium and nitrogen to 1. The t-tests showed that the viscous permeability for

helium and nitrogen are not significantly different from each other except at 204µm

thickness. The p-value for 204µm thickness was calculated as 0.0156. Therefore,

the Knudsen slip might become significant at high compression (27.65% or more).

Given that Knudsen effects only appear to be significant for high PTFE and high

compression, Knudsen diffusivity effects are neglected for all GDLs.

2.4.2 In-plane effective molecular diffusivity

A diffusion bridge is created between the pair of oxygen and nitrogen gas. Various

commercial GDL samples are tested including sample SGL 34BA and Toray 090 with

0, 10, 20 and 40% PTFE loadings.

2.4.2.1 Error analysis

2.4.2.1.1 Test variability The reliability of the setup is determined by assem-

bling a diffusion bridge with a Toray 090 (untreated) sample. The thickness was set at

262 µm. The experiments were run three times without opening/closing the diffusion

bridge. The oxygen molar flux versus differential pressure data is obtained from the

setup for all three sets of readings. Figure 2.13 shows the three set of readings, and fit

with Fick’s and Darcy’s model. The standard deviation for diffusibility is estimated

as 3.84%.
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Figure 2.13 – Test repeatability for a Toray 090 (untreated) sample at 262±3 thickness

Figure 2.14 shows the actual, and average differential pressure and oxygen mole

fraction measurements from the differential pressure controller, and oxygen sensor,

respectively. The fluctuations from the differential pressure controller led fluctuations

in oxygen sensor measurements. However, the fluctuations from both the sensors are

small compared to the changes observed due to the selected setpoints. Even with the

fluctuations, the results were found repeatable.
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Figure 2.14 – Oscillatory and average differential pressure, and oxygen concentration
readings for a Toray 090 (untreated) sample at 262±3 thickness

2.4.2.1.2 Variation between samples As already shown in the results section

of permeability, GDLs used in this study are spatially anisotropic but do not have

a preferential orientation of fibers. Hence, for diffusion experiments, samples are
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cutoff from a master sheet in random directions to take into account the effect of

directionality. Three Toray 090 (untreated) samples are cut from the same master

sheet at random directions. The standard deviation for diffusibility for sample-to-

sample variation is estimated as 12.5%, 9.3%, 32.26% and 19.23% for thickness is

corresponding to 262, 249, 228 and 204 µm respectively.

2.4.2.1.3 Variation with channel flow rate Diffusion experiments were per-

formed at three different flow rates, i.e. 0.5, 1.0 and 1.5 lpm, for a Toray090 (20%

PTFE) sample at 204 µm thickness to ensure the results are consitent with the as-

sumption that diffusive boundary layer effects in the nitrogen channel are negligible.

Higher flow rates are not considered to avoid any turbulent flow in the channels. The

standard deviation for diffusibility for the selected range of flow rates is estimated as

5.83%. For the selected range of differential and absolute pressures, the oxygen con-

centration and molar flux in the nitrogen channel were low enough for any boundary

layer effects, hence results were found consistent with different flow rates.

2.4.2.2 Validation studies

2.4.2.2.1 Effect of absolute pressure Kinetic theory of gases predicts that the

product of absolute pressure and molecular diffusivity is constant. Mathematically,

P ×Dbulk = constant. (2.37)

The experimental setup predictions are verified by changing the absolute pressure of

the diffusion bridge to 10, 15 and 20 psig using the back pressure controller for a

Toray 090 (untreated) sample at 249 µm thickness. The tests are run three times at

each absolute pressure. Table 2.6 shows the variation of diffusibility with absolute

pressure of the system. The molecular diffusivity at atmospheric pressure for N2−O2

is used as 2.065×10−5m2/s. The molecular diffusivity at higher pressure is calculated

using the equation from kinetic theory of gases (equation (2.37)). Since diffusibility

is a geometric property of porous media, it is not expected to vary with absolute

pressure. Results shown in Table 2.6 confirms that the results are consistent with

absolute pressure of the system. For 95% confidence interval, a Student’s t-test on

the measured data justifies that the results are not significantly different from each

other.

2.4.2.3 Effect of compression on in-plane diffusivity

The effect of compression on diffusivity is studied by controlling the thickness of sam-

ples using shims. At each compression, the molar flux of oxygen is estimated, based
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Table 2.6 – Effect of absolute pressure on diffusivity

Pressure (psig) Diffusibility

10 0.45±0.02
15 0.44±0.04
20 0.41±0.02

on the measured oxygen molar fraction, and plotted against the pressure difference set

across the porous media. The mathematical models depend on the effective diffusivity

and the porous media permeability. The permeability values for the mathematical

model are the values obtained in section 2.4.1. Then, the diffusibility is estimated

by minimizing the least squares error between the model and the experimental data.

The error bars in the diffusibility results show the standard deviation in the results

obtained by testing 3 replicates of the sample from same master sheet.

Figure 2.15 shows the estimated oxygen flux at different differential pressure for

Toray 090 (untreated) at four different levels of compression. The error bars for the

oxygen flux represent the standard deviation in the readings measured by the oxygen

sensor. The oxygen flux data is fitted into the Fick - Darcy model, i.e. equation

(2.22) and (2.23). The oxygen flux is found to decrease with increasing compression

at any differential pressure. As discussed in section 2.4.1, the reduction of average

pore diameter at higher compression reduces the permeability of the porous media

thereby reducing the oxygen flux. At zero differential pressure, the convective flux is

zero, hence all the oxygen flux corresponds to pure diffusion. Interpolating the lines

in Figure 2.15 to the y-axis shows the pure diffusive flux at four levels of compression.

The pure diffusive flux is also shown to decrease with increasing compression.

The diffusibility is estimated for Toray090 (untreated) using the Fick - Darcy

model and MBFM at different levels of compression, i.e., different porosities. Table

2.7 shows the numerical values of diffusibility. The diffusibility is found to decrease

with higher compression. The reduced porosity and increased tortuosity with higher

compression decrease diffusibility. The results are compared with the results obtained

by Becker et al. [74] and Kramer et al. [72] for Toray060 (untreated) sample. Toray090

(untreated) and Toray060 (untreated) samples are known to have equal porosities,

hence comparable transport properties. The samples differ only in physical proper-

ties, i.e., tensile strength and thickness. Results are found in good agreement with
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Figure 2.15 – Experimental data fit to Fick - Darcy model for a Toray090 (untreated)
sample

literature at low compression levels but differ as compression increases. The reasons

might be due to errors in the thickness and porosity measurements of the sample

in compressed and uncompressed state. The standard deviation in the diffusibility

results is obtained by testing three replicates of the same sample.

Table 2.7 – In-plane diffusibility for Toray 090 (untreated) at different compression

Porosity Diffusibility Literature (Toray 060)

0.75±0.029 0.48 ± 0.06 0.53 [74], 0.49 [72]
0.74±0.035 0.43 ± 0.04 0.51 [74], 0.48 [72]
0.71±0.037 0.31 ± 0.10 0.47 [74], 0.44 [72]
0.68±0.039 0.26 ± 0.05 0.43 [74], 0.39 [72]

2.4.2.4 Effect of PTFE on in-plane diffusivity

The effect of PTFE is studied by testing Toray 090 samples with 0, 10, 20 and 40%

PTFE. All the samples are tested at 4 different compression levels. Figures 2.16 and

2.17 show the results obtained from Fick - Darcy model at different porosities and

thickness, respectively. As already discussed, PTFE binders block the pores of the

porous media, thereby reducing the available pore space for gas transport. Figure

2.16 shows that increasing PTFE loading has a similar effect as reducing the poros-

ity of the sample, therefore, it can be concluded that PTFE does not substantially
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modify the gas transport pathways in the GDL.
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Figure 2.17 – Diffusibility results from Fick-Darcy Model for different PTFE loadings
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To predict the tortuosity of the porous media, diffusibility obtained from Fick -

Darcy model is fitted to two empirical equations: a) Bruggeman’s equation, and b)

Tomadakis and Sotirchos’ equation [33], i.e.

Deff/D =
ε

τ
= εγb (2.38)
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and

Deff/D =
ε

τ
= ε

(
ε− εp
1− εp

)γt
(2.39)

respectively, where ε is the porosity, and γb, γt and εp are fitting parameters. The

function fittype in MATLAB is used for fitting. For Bruggeman’s model, the fitted

parameter γb is 2.88. For Tomadakis and Sotirchos’ equation, the fitting parameters

γt and εp are 1.88 and 4.71× 10−13, respectively.

2.4.2.5 Mathematical model of Oxygen flux across porous media

In order to understand the effect of convection and diffusion during transport, oxy-

gen concentration curves are obtained for a Toray090 (untreated) sample at 262 µm

thickness using the Fick - Darcy model, and permeability and diffusivity values of

0.92 × 10−11m2 and 0.52 × 10−5m2/s, respectively. Figure 2.18 shows the oxygen

concentration curves across the GDL sample at various differential pressures. The

oxygen flux is measured to be less than 1% in the nitrogen channel for the selected

GDL samples and experimental conditions. Therefore, the oxygen concentration is

approximated as zero at the end of the porous media.
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Figure 2.18 – Estimated oxygen concentration across Toray 090 (untreated) at various
differential pressure

Figure 2.19 and 2.20 show the convective and diffusive oxygen molar flux at dif-

ferent differential pressures, respectively. For zero differential pressure, convective

flux is zero, and diffusive flux is constant across the porous media. The convective

58



flux dominates the diffusive flux significantly at the inlet of the porous media as dif-

ferential pressure increases. For the minimum non zero differential pressure, i.e., 20

Pa, the diffusive flux contribution is 16.09% at the inlet of the porous media. As

the differential pressure increases to 100 Pa, the diffusive flux contribution drops to

0.011%.
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Figure 2.19 – Oxygen convective flux across Toray 090 (untreated) at various differ-
ential pressure
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Figure 2.20 – Oxygen diffusive flux across Toray 090 (untreated) at various differential
pressure

As differential pressure increases, the oxygen concentration profiles are pushed to

the right. Therefore, the slope of oxygen concentration profile decreases at the inlet
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of the porous media. Hence, the diffusive flux decreases. The concentration of the

oxygen at the end of the porous media is approximated as zero, hence convective flux

is zero at any differential pressure, and the total flux corresponds to the diffusive flux.

At any location in porous media, the sum of convective and diffusive flux remains

constant. The total oxygen flux increases from 0.036 to 0.326 mol/sm2 as differential

pressure increases from zero to 100 Pa. Based on these results, the experimental

conditions of tests are appropriate since both convection and diffusion are relatively

modified.

2.5 Conclusion

A novel experimental setup is proposed based on a diffusion bridge to determine the

effective transport properties of gas diffusion layers. The proposed setup is flexi-

ble to subsequently test for permeability, Knudsen diffusivity and effective molecular

diffusivity of the layers. The permeability is estimated by measuring the pressure

drop across porous media at various flow rates set by a mass flow controller. The

experimental data is fit in the compressible form of Darcy - Forcheimer equation to

extract transport parameters, i.e., viscous and inertial permeability. The Knudsen

diffusivity is estimated by running the permeability experiments using different gases

with very different mean free paths, i.e., nitrogen and helium. The difference in the

permeability estimated for two gases, was attributed to Knudsen slip. The effective

molecular diffusivity was measured by running two gases in two channels separated

by the porous media. The flow rates, absolute pressure, and pressure difference be-

tween the channels was controlled by mass flow controllers, back pressure controller,

and differential pressure controller, respectively. The moles of oxygen in the nitrogen

channel were measured by an oxygen sensor at various differential pressures. Fick -

Darcy model was used to fit the experimental data, and effective molecular diffusivity

was computed.

The effect of PTFE over permeability was studied by testing Toray 090 samples

with 0, 10, 20 and 40% wt PTFE. Samples were also tested at four compression levels

corresponding to the thickness of 262, 248, 228, and 204 µm. The viscous perme-

ability was estimated in the range of 0.98− 0.13× 10−11m2. The Knudsen diffusivity

was estimated to be negligible for a Toray 090 (40% PTFE) sample except for high

compressions (27.65% or more). Hence, the Knudsen diffusivity was assumed to be

negligible in the samples with less PTFE content. The viscous permeability results

were fitted with Carman-Kozeny model. The Carman-Kozeny parameter was esti-
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mated for various GDL samples which could be used for 2D or 3D simulations.

The effect of PTFE and compression was also studied on diffusibility by testing

Toray 090 samples with 0, 10, 20 and 40% PTFE . The diffusibility was estimated

between 0.52-0.09, and found to make an inverse relationship with PTFE and com-

pression. An empirical equation was proposed for in-plane diffusibility by fitting the

experimental results. The proposed empirical equation for diffusibility should be use-

ful for simulations of gas transport in the gas diffusion layers.
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Chapter 3

Experimental study of
through-plane mass transport
properties of PEM fuel cell porous
media: Permeability, and Knudsen
and molecular diffusivity

3.1 Introduction

In this chapter, a diffusion bridge based experimental technique is proposed to mea-

sure the permeability, Knudsen diffusivity and effective molecular diffusivity in through

plane direction of the porous media. The setup was originally proposed by Pant et

al. [49] and Carrigy et al. [46]. However, the setup is extensively modified by in-

troducing a different set of pressure sensors, controllers to control convection and

oxygen sensors. The diffusion test is subsequently conducted after permeability or

permeability-Knudsen diffusivity tests without opening/closing the diffusion bridge,

thereby ensuring accurate results.

Section 3.2 discusses the samples tested, diffusion bridge, experimental setups to

measure permeability. Knudsen diffusivity and effective molecular diffusivity, and

experimental conditions. Section 3.3 focuses on the theoritical models, assumptions

and their implementation. Section 3.4 discuss the results for the tested samples and

their validation with the literature.
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3.2 Materials and Methods

This section explains the experimental setup for permeability, Knudsen diffusivity

and effective molecular diffusivity.

3.2.1 Experimental Setup

The experimental setup proposed in this article is based on a diffusion bridge setup.

Therefore, the diffusion bridge is described first followed by a description of the piping

network and sensors used to control and measure mass flow rates, pressure difference

and oxygen concentrations.

3.2.1.1 Diffusion bridge

A pair of acrylic plates are assembled to effectively create a diffusion bridge between

two gases. Figure 3.1 shows the exploded view of the bridge. Two rectangular

channels of dimensions 15×2 mm2 are machined in the plates. The length of the

channels is 150 mm. The channel lengths are designed to make sure the gases are

fully developed prior to their exposure to the porous media.

Figure 3.1 – Exploded view of through-plane diffusion bridge

In order to test a GDL, a sample of dimension 20 x 25 mm2 is prepared by cut-

ting from a master sheet using an X-Acto knife. Three layers of samples of equal

dimensions are stacked upon each other in all the experiments. The prepared sam-

ples are shown in Figure 3.2. A hole of diameter 9.5mm is punched in the center of
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the lamination sheet to allow the gas to pass through the porous media. The sample

is laminated (HeatSeal H220 laminator) in a 3mil lamination sheet. The thickness

of the layers are measured using a micrometer (Mitutoyo, Japan) at a load of 0.5N.

The layers are assumed to be compressed during the lamination. The amount of

compression is estimated by measuring the thickness of sample before and after lam-

ination, and calculated to be less than 5% for Toray 090 samples. The GDLs coated

with MPL were prepared by stacking two layers with MPLs facing each other. This

arrangement of the GDL-MPL layers is selected to ensure the ink of the MPL is not

damaged during the lamination.

Figure 3.2 – Laminated GDL samples

The top and bottom plates in the diffusion bridge were secured using bolts that

are tightened in cross cyclic manner to create a uniform compression. The bolts were

tightened using a torque wrench. A torque value of 10 N-m was found sufficient for

assembly without damaging or bending the acrylic plates. A 10 mil (0.01 inch) silicon

gasket is placed around all the edges of the diffusion bridge to prevent any leakage.

The bridge was pressurized at 40 psig for 12 hours to detect leakage. No leakage was

observed.
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3.2.1.2 Through-plane permeability and Knudsen diffusivity setup

The diffusion bridge contains two channels. Each channel is designed to have four

ports. One end of the high pressure channel, is connected to a mass flow controller.

The other ports are closed, thereby forcing the flow from the high pressure channel,

through the porous media, to the low pressure channel. The low pressure channel is

open to atmosphere at one port. A schematic of the setup is shown in Figure 3.3.

Figure 3.3 – Experimental set-up to measure through-plane permeability

Compressed nitrogen (Praxair, UHP 5.0) is decompressed using a pressure regu-

lator. Nitrogen at 50 psig is then made available to the mass flow controller. The

mass flow controller (Cole-Parmer, model: RK-32907-69, range: 0-5lpm) is used to

control the flow rates. The mass flow controller is connected to a computer via an

RS-232 communication port. The gas experience certain pressure drop as it trav-

els through the porous media. The channels are connected to a pressure transducer

(OMEGA, Model: - MMDDB001BIV10H2A0T1A2) to measure the real time static

pressure gradient at various flow rates. Data from the pressure transducer and mass

flow controller is read via a data acquisition card (National Instruments USB 6221).

LabWindows/CVI is used to communicate with the mass flow controller and log data

from the mass flow controller and pressure transducer. The data is logged for 5 min-

utes (60 readings) for all flow rates to ensure steady state. Steady state is confirmed

by ensuring that the standard deviation for pressure and mass flow rate is less than

3%.

Knudsen diffusivity is measured for GDL+MPL samples by conducting the perme-

ability experiments with gases of very different mean paths, i.e., nitrogen and helium.

65



The permeability experiments are conducted subsequently without opening/closing

the diffusion bridge. The pressure drop measured in both cases is different hence dif-

ferent permeability results. Since permeability is a geometric property of the porous

media, it does not depend on the gas. The difference in the permeability results was

attributed to Knudsen slip [46].

3.2.1.3 Through-plane diffusivity setup

For through-plane diffusivity experiments, the inlet of each channel in the diffusion

bridge is connected to a different gas cylinder, i.e., one containing oxygen and an

other nitrogen. The two compressed gases, i.e., oxygen and nitrogen, are decom-

pressed before passing through the mass flow controllers. Two mass flow controllers

(Cole-Parmer, model: RK-32907-69, range: 0 - 5 lpm) are used to control the flow

rate of gas in the channels. The outlet of the nitrogen channel is connected to a

back pressure controller (Cole-Parmer, model: RK-00307OX, range: 0 - 100 psig)

that is used to control the static pressure of the system. The oxygen channel outlet

is connected to a differential pressure controller (Cole-Parmer, model: RK-00307TX,

range: 0 - 500 pascals) which controls the static pressure difference between the two

gas channels using a differential pressure gauge connected to each channel (See Figure

3.4). The differential pressure controller can be used to control convection.

Oxygen levels are measured at the outlet of the nitrogen channel downstream of

the back pressure controller using a NEOFOX oxygen sensor (Ocean Optics, Model:

FOSPOR-600-32MM, range: 0 - 10% in gas). The sensor is factory calibrated for a

range of 0-10 % O2 and temperature 0 − 80◦ C. The range of temperature covered

for calibration ensures the consistent readings during day to day temperature fluctu-

ations. The calibration file is uploaded in the NEOFOX software before experiments

are started. One point calibration is performed in-house, after the multi-point cali-

bration file is uploaded. Pure nitrogen gas (UHP 5.0) is exposed to the sensor and

the reading is recorded as zero. One point calibration is done every time before the

experiments are started. Figure 3.5 shows the physical picture of the setup.

The convection to diffusion transport is controlled by controlling the oxygen gas

channel pressure. The oxygen channel is set at higher pressure than the nitrogen

channel in order to enhance oxygen mass transport through the porous media via

convective transport. To control the differential pressure between channels, a differ-

ential pressure controller is installed in the nitrogen channel. The absolute pressure
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Figure 3.4 – Experimental set-up to measure through-plane diffusivity

in the setup is controlled by a backpressure controller in the oxygen channel.

Mass flow controllers and pressure controllers are connected to a computer via RS-

232 communication port. The data from pressure and mass flow controllers is read

via a data acquisition card. LabWindows/CVI is used for data logging, storing the

data in a Excel file. Data for every set-point is logged, at a rate of one reading every 5

seconds, for 5 minutes to ensure steady state. The software provided by the NEOFOX

sensors also stores the detected oxygen mole fraction with time, temperature and

pressure in a CVS file every 2 seconds. For every differential pressure, 150 readings

for oxygen mole fraction are logged approximately. The average of the last eighty

readings is reported. The real time is also recorded simultaneously from both CVI

and NEOFOX software to map the data accurately for oxygen mole fraction to its

corresponding differential pressure. The data from Excel and CVS files are merged

manually and used for further analysis.
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Figure 3.5 – Experimental set-up

3.2.2 Experimental Conditions

For permeability and Knudsen diffusivity experiments, the mass flow rate of nitrogen

gas is varied from 0-2 liters per minute (lpm) in 10 even intervals for a GDL sample,

and 0.05-0.09 lpm in 5 even intervals for a GDL+MPL assembly. The low flow rates

are maintained for a GDL+MPL assembly to be able to neglect any inertial effects.

The ‘zeroth interval’, which corresponds to zero flow rate, is run for 5 minutes to esti-

mate the offset of the pressure transducer. The offset is eliminated from the average

readings at non zero flow rates. The average standard deviation for the selected flow

rates from the MFC and pressure transducer is observed to be less than 3.0%.

For through-plane diffusivity experiments, the mass flow rate of both gases is set

at 1 liters per minute (lpm). High flow rates are used to ensure the oxygen flux

is quickly swept away in the nitrogen channel and the effects of diffusive boundary

layers are minimized. The back pressure of the system is maintained at a gauge

pressure 10 psig unless otherwise stated. The pressure difference between the two

channels is varied from 2 - 10 Pa in 5 even intervals for a GDL sample and 20 - 100

Pa in 5 even intervals for a GDL+MPL sample. The low differential pressures are

selected for GDLs to ensure the oxygen concentrations are into the limiting range of

the oxygen sensor. The noise of differential pressure controller is estimated less than

2 Pa for GDLs, and less than 4 Pa for GDL+MPL assembly. The noise of differential

pressure controller is the standard deviation of the last 40 readings at each setpoint.
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Oxygen mole fraction is recorded at every pressure differential. The temperature of

the system in both cases is ambient.

3.2.3 Materials

The effect of PTFE loading on through-plane permeability, and effective molecular

and Knudsen diffusivities are studied. In order to study the effect of PTFE, GDL

samples with different PTFE loading are analyzed, namely Toray 090 samples with 0,

10, 20 and 40% PTFE. The effect of an MPL on GDLs with different PTFE content

is studied by testing Toray 090 samples with 10, 20 and 40% PTFE coated with the

same MPL ink.

The porosity and pore size distribution of the samples was measured using a

PoreMaster 33 Mercury Intrusion Porosimeter (Quantachrome Instruments). Figure

3.6 shows the pore size distribution of the samples. The average pore size of the

GDL samples coated with an MPL is reduced. However, a distinct peak for an MPL

in GDL-MPL samples is not clearly visible. The reason might be the significant

intrusion of an MPL into the carbon substrate. To study the intrusion, side view of

the GDL-MPL samples was obtained via SEM imaging (JOEL 6301F, Field Emission

SEM). Figure 3.7 shows the image of a Toray 090(20% PTFE)+MPL sample. Clearly,

the intrusion of MPL is through the whole GDL sample. Hence, an MPL cannot be

isolated from the GDL, and a GDL-MPL assembly is considered one entity. Table 3.1

show the data for the GDL and GDL+MPL samples used in this study. The average

readings for both thickness and porosity are used to analyze the results.
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Figure 3.7 – SEM of a Toray090 (20% PTFE)-MPL sample

Table 3.1 – Thickness and Porosity (MIP) data of GDL samples

Sample Thickness (µm) Thickness after lamination (µm) Porosity

SGL 34BA 267 ± 5 725±41 (3 layers) 0.77 ± 0.03

Toray090 (untreated) 273 ± 6 830±4 (3 layers) 0.76 ± 0.02

Toray090 (10% PTFE) 290 ± 4 874±19 (3 layers) 0.76 ± 0.01

Toray090 (20% PTFE) 283 ± 5 824±2 (3 layers) 0.69 ± 0.01

Toray090 (40% PTFE) 282 ± 4 814±16 (3 layers) 0.54 ± 0.01

Toray090 (10% PTFE)+MPL 266 ± 6 552±2 (2 layers) 0.75 ± 0.02

Toray090 (20% PTFE)+MPL 269 ± 7 549±10 (2 layers) 0.70 ± 0.02

Toray090 (40% PTFE)+MPL 259 ± 5 531±17 (2 layers) 0.58 ± 0.01

Unless otherwise specified, samples are tested with 3 layers stacked over each

other. The aperature diameter is fixed as 9.5µm. The results shown in section 3.4 are

the average of three specimens cut from the same master sheet in random directions.

The standard deviation corresponds to sample-to-sample variation in transport prop-

erties cut from same master sheet. Hence, results consist of errors from experimental

equipments, directionality of fibers, and sample-to-sample effects.

3.3 Theory and Data Analysis

3.3.1 Modified binary friction model

Pant et al. [77] recently proposed a modified version of the binary friction model

proposed by Kerkhof et al. [78]. In one dimension, under isothermal conditions, the

modified binary friction model is given as,
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dpi
dx

= RT

n∑
j=1

(
piN

eff
j − pjN eff

i

ptD
eff
ij

)
−RT

Deff
i,K +

(
χi
Bv

+
MiN

eff
i

piBl

)−1
−1

N eff
i ,

(3.1)

where pi is the partial pressure, Ni is the molar flux, Mi is the molecular mass,

T is the temperature, R is the gas constant, Deff
ij is the effective diffusion coefficient,

DK
i is the Knudsen diffusivity of species i, Bv is the viscous permeability, Bl is the

inertial permeability of porous media, and χi is used to account for viscous friction,

defined as,

χi = M
1/2
i

 1
n∑
j=1

pjM
1/2
j


 n∑
j=1

xjη
o
j

n∑
k=1

xkξjk

 , (3.2)

where ηoj is the viscosity, xj is the mole fraction of species j and ξjk is the Lennard-

Jones interaction parameter for the species j and k.

For the mixture or when only one species is present, the Maxwell Stefan term in

MBFM cancels out and equation (3.1) can be re-written as,

dp

dx
= −RT

(
Deff
K +

(
η

pBv

+
MN

pBl

)−1
)−1

N, (3.3)

Equation (3.3) is derived by adding the flux contribution due to Knudsen slip to

the flux contributed by the viscous and inertial friction. In the case of GDLs, the

Knudsen slip is assumed to be negligible, as also studied by Carrigy et al. [46]. Hence,

Deff
K ≈ 0, and equation (3.3) yields

p
dp

dx
= −RT

(
η

Bv

+
MN

Bl

)
N, (3.4)

The molar flux is assumed constant across the porous media, equation (3.4) is inte-

grated from p = p1 to p2, and x = 0 to L such that

p21 − p22
2RTL

=
η

Bv

N +
M

Bl

N2, (3.5)

where p1 and p2 are the mixture pressures across the porous media, and L is the

width of the sample. Equation (3.5), known as the compressible form of Darcy -

Forcheimer equation, is used to estimate the viscous and inertial permeability of the

porous media for species i.
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For a GDL + MPL sample, the average pore diameter is reduced considerably

due to the intrusion of MPL in the carbon substrate. Carrigy et al. [46] studied the

effect of PTFE on GDL+MPL assembly, and showed the effect of Knudsen slip to be

significant. For sufficiently low velocities, the inertial effect in the porous media can

be neglected. Equation (3.3) can then be written as,

dp

dx
= −RT

(
DK +

pBv

η

)−1

N ⇒
(
Deff
K +

pBv

η

)
dp = −NRTdx (3.6)

Integrating equation (3.6) for p = p1 to p2, and x = 0 to L, and substituting molar

flux, N =
p1v1
RT

, equation (3.6) is solved to:

v1 =
Bv

2ηL

(
p21 − p22
p1

)
+
Deff
K

L

(
p1 − p2
p1

)
, (3.7)

where v1 is the velocity of the gas at the inlet of the porous media. The Knudsen

diffusivity, Deff
K , is also mathematically defined as,

Deff
K =

ε

τ

0.89dp
3

√
8RT

πM
=

0.89deffp

3

√
8RT

πM
, (3.8)

where deffp is the average pore diameter of the porous media. Equation (3.7) and (3.8)

are used to estimate the viscous permeability and Knudsen diffusivity for a GDL +

MPL assembly.

In summary, equation (3.5) is used for a GDL sample, and, for sufficiently low

velocities, equations (3.7) and (3.8) are used for a GDL + MPL sample.

3.3.2 Model implementation

To estimate viscous and inertial permeability of a GDL sample, the inlet velocity

vs pressure drop data is obtained experimentally. The molar flux is obtained using

N =
p1v1
RT

, where v1 is the inlet velocity and p1 is the inlet pressure. The inlet velocity

is calculated as, v =
4V̇

πd2ap
. The volume flow rate, V̇ , is controlled by a mass flow

controller, and dap is the aperature diameter, fixed as 9.5 mm. The experimental data

is fit to equation (3.5) using MATLAB to extract transport parameters, i.e., Bv and

Bl. The function fittype is used for fitting. fittype uses a least squares regression

technique to minimize the residual. The coefficient of regression for all the fittings is

found to be greater or equal to 0.99.
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To estimate Knudsen diffusivity and viscous permeability for a GDL + MPL sam-

ple, inlet velocity vs pressure drop data is obtained experimentally for two different

gases with very different mean paths, i.e., nitrogen and helium. A loop is run for pore

diameter dp, and Knudsen diffusivity is calculated for both gases at each pore diame-

ter. For every pore diameter, viscous permeability Bv is fitted in equation (3.7) using

the combined experimental data measured for nitrogen and helium. The function

lsqcurvefit in MATLAB is used for fitting. lsqcurvefit also uses a least squares

regression technique to minimize the residual. The residual is minimized, and the

corresponding dp and Bv is accepted as a best fit.

For effective diffusivity, molar fraction vs ∆p data is obtained experimentally. In

order to estimate NO2 , first, the moles of oxygen in the nitrogen channel are calcu-

lated by adding the moles of gas entering the nitrogen channel due to convection,

and multiplying the summation with the molar fraction obtained from oxygen sensor.

The moles of gas from nitrogen channel is calculated as, n1 =
ρN2V̇

MN2

, where ρN2 is the

density of nitrogen at 10 psig and V̇ is the volume flow rate set by mass flow con-

troller. The moles of gas from porous media are calculated by, n2 =
p

RT
Av, where p

is the pressure in the oxygen channel, A is the area of the GDL, and v is the velocity

of the oxygen across porous media, calculated as, v =
Bv

η

∆p

L
in GDL samples, where

η ≈ ηO2 , and v =
Bv

2ηL

p21 − p22
p1

+
Deff
K

L

p1 − p2
p1

in GDL-MPL samples, where p1 and

p2 are the pressure of gas at inlet and outlet of the porous media. Then, NO2 is

estimated as, NO2 = x× n1 + n2

A
.

For the MBFM, equations (3.1) and (3.2) are implemented in solver bvp4c. The

ratio of effective to molecular diffusivity or diffusibility is considered a fitting param-

eter. A loop is run for a range of diffusibility, and residuals are plotted against each

diffusibility. The residuals are estimated as the sum of the squares of the difference

between the experimental and computed oxygen flux for each diffusibility. The resid-

ual is minimized and the corresponding diffusibility is accepted as a best fit. MBFM

requires four boundary conditions, which are the densities of gases in the channels,

i.e., ρO2 =
pO2MO2

RT
, ρN2 = 0 in the oxygen channel, and ρN2 =

pN2MN2

RT
, ρO2 = 0 in

the nitrogen channel.
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3.4 Results and discussion

3.4.1 Through-plane permeability

Various commercial GDLs are tested, i.e., SGL 34BA, Toray 090 samples treated with

0, 10, 20 and 40% PTFE, and Toray 090 samples coated with MPL with 10, 20 and

40% PTFE loadings.

3.4.1.0.1 Sensor error A similar methodology, used in section 2.4.1.1.1, is im-

plemented to estimate the error influenced by the different sensors used in experi-

ments. To maximize the error in the viscous permeability results, the inertial per-

meability is neglected in the governing equation (equation (3.5)). The equation is

reduced to,
p21 − p22
2RTL

=
η

Bv

N, (3.9)

The molar flux of the gas is estimated as,

N =
pv

RT
, (3.10)

where v is the velocity of the gas. Velocity of the gas at the inlet of the sample is

calculated as,

v =
4V

πd2ap
, (3.11)

where V is the volume flow rate, and dap is the aperature diameter punched in the

lamination sheet.

Equation (3.9) is differentiated both sides, and terms are rearranged with the

assumption, p21 − p22 ' p21, equation (3.9) reduces to,

2
∣∣∣dp1
p1

∣∣∣ =
∣∣∣dN
N

∣∣∣+
∣∣∣dL
L

∣∣∣+
∣∣∣dBv

Bv

∣∣∣ (3.12)

To find the error in the molar flux, equations (3.10) and (3.11) are differentiated

both sides, and terms are rearranged, the expression for error in molar flux is substi-

tuted in equation(3.12). The final expression for the maximum error in the viscous

permeability reduces to,∣∣∣dBv

Bv

∣∣∣ = 3
∣∣∣dp1
p1

∣∣∣+
∣∣∣dV
V

∣∣∣+ 2
∣∣∣ddap
dap

∣∣∣+
∣∣∣dL
L

∣∣∣ (3.13)

The error in the GDL thickness and aperature diameter is assumed as 10 microns.

The error in inlet pressure p1, and volume flow rate V are corresponds to the error in

the readings by pressure transducer and mass flow controller, respectively. The error
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in pressure tranducer and mass flow controller from their manufacturers are given as

±0.05% and ±0.8% of their readings, respectively. Subsutituting the errors in the

equation (3.13), the aperature diameter of the sample is 9.5mm, to maximize the

error, minimum thickness of the sample is considered i.e. 826 microns.∣∣∣dBv

Bv

∣∣∣ = 3× 0.0005 + 0.008 + 2
10

9500
+

10

826
⇒
∣∣∣dBv

Bv

∣∣∣ = 0.0237 (3.14)

The maximum error in the viscous permeability results is calculated as 2.37%.

3.4.1.0.2 Test variability The reliability of the setup is determined by assem-

bling a diffusion bridge with a SGL 34BA sample and running the same experiment

three times without opening/closing the diffusion bridge. The pressure gradient ver-

sus velocity data is obtained from the setup for all three sets of readings. Figure 3.8

shows the three set of readings, and fit compressible form of Darcy - Forcheimer equa-

tion. The standard deviation in the viscous permeability results is estimated as 1.35%.
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Figure 3.8 – Test repeatability for a 34BA sample

Figure 3.9 shows the actual and average flow rate, and pressure gradient readings

measured by MFC and pressure transducer, respectively. Clearly, steady state is ob-

served at each setpoint, and fluctuations are small compared to the changes observed

due to the selected setpoints.

3.4.1.0.3 Variation within aperture diameter The aperture diameter punched

in the lamination sheet is varied to study the effects on the permeability results. The

three layers of sample SGL 34BA were stacked over each other in each case, and
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Figure 3.9 – Oscillatory and average volume flow rate, and pressure gradient readings
for a 34BA sample

four different aperature diameters were punched in the lamination sheet. Table 3.2

shows the results. The standard deviation of the viscous permeability results for

diameters larger than 4mm is obtained as 14.46%. A similar standard deviation is

obtained for sample-to-sample variation of SGL 34BA (see Table 3.4). Therefore,

the difference from aperature diameters is within sample-to-sample variability. For

95% confidence interval, a Student’s t-test justifies that results obtained with dif-

ferent aperature diameter and sample-to-sample are not significantly different from

each other. Therefore, the aperature diameter effect is considered insignificant. The

aperature diameter was fixed as 9.5 mm for the results discussed in this article.

Table 3.2 – Through-plane permeability for sample SGL 34BA at various aperature
diameters

Diameter (mm) Bv × 10−11(m2)

4.69 2.0
6.80 1.42
7.80 1.62
9.50 1.59

3.4.1.0.4 Variation with number of layers The number of layers of a SGL

34BA were varied to study the effects on the permeability results. A SGL 34BA was

tested with single, two, three and four layers stacked over each other. Three repli-
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cates of each stack was tested. The aperature diameter was fixed as 9.5mm. Table

3.3 shows the results. The standard deviation for the replicates in the permeability

results were obtained as 29.91%, 18.46%, 11.01% and 32.12% for single, two, three

and four layers, respectively. A Student’s t-test is performed to compare the results

obtained for different number of layers. For 95% confidence interval, the results were

not found to be significantly different. The three layers showed the best repeatability,

hence three layers were stacked for all the GDL samples tested in this study.

Due to the unavailability of the same master sheet used to obtain results in Table

3.2 and 3.4 for SGL 34BA, different master sheet was used in this study. The difference

in the results corresponds to the anisotropic nature of the GDL samples which is

significant from one master sheet to another.

Table 3.3 – Through-plane permeability for sample SGL 34BA for various layers

No of layers Bv × 10−11(m2)

1 1.07±0.32
2 1.30±0.24
3 1.09±0.12
4 1.37±0.44

3.4.1.1 Effect of PTFE on through-plane permeability for GDL samples

The effect of PTFE was studied by testing Toray 090 samples with 0, 10, 20 and 40%

PTFE. Compressible form of Darcy - Forcheimer equation (equation (3.5)) is used to

estimate the permeability. Figure 3.10 shows the inlet pressure vs molar flux curves

for the Toray 090 samples. The inlet pressure increases with higher PTFE content

at the same velocity. Table 3.4 shows the permeability results for the tested samples.

The standard deviation was obtained by testing three replicates of the same sample

cut from the same master sheet. The results are compared with our previous results

and literature, and found in good agreement. The slight difference between the results

is due to sample variability, and errors influenced by chip preparation. Results show

that permeability decreases with increasing content of PTFE except for Toray 090

(10% PTFE) which showed higher permeability than untreated sample. The small

amount of PTFE does not seem to vary the geometric properties significantly. The

permeability decreases with high PTFE content due to the spread of PTFE binders

over the intersection of fibers thereby reducing pore size and porosity.
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Figure 3.10 – Inlet pressure vs molar flux for Toray 090 samples

Table 3.4 – Through-plane permeability for sample SGL 34BA and Toray 090 (0, 10,
20 and 40% PTFE)

Sample Bv × 10−11(m2) Bl × 10−5(m) Literature (Bv × 10−11)

SGL 34 BA 2.21 ± 0.55 0.27 ± 0.12 1.54 [46], 1.63 [14], 2.50 - 2.74 [49]
Toray 090 (0% PTFE) 0.80 ± 0.05 0.39 ± 0.11 1.10 [46], 0.90 [14]
Toray 090 (10% PTFE) 1.13 ± 0.12 0.51 ± 0.10 0.90 [46]
Toray 090 (20% PTFE) 0.66 ± 0.06 0.22 ± 0.04 0.73 [46]
Toray 090 (40% PTFE) 0.35 ± 0.12 0.05 ± 0.03 0.27 [46]

The permeability is often predicted by Carman-Kozeny equation [29], i.e.

K =
d2fε

3

16KCK(1− ε)2
, (3.15)

where df is the fiber diameter, ε is the porosity and KCK is known as the Carman-

Kozeny constant which is considered a fitting parameter for GDL samples. The

permeability results for Toray 090 (10, 20 and 40% PTFE) are fitted in equation

(3.15) to extract Carman-Kozeny constant, KCK . The fiber diameter for Toray 090

samples is used as 9.2µm. The constant is estimated as 3.35±0.31. Figure 3.11 shows

the comparison of Carman-Kozeny equation with the experimental data.
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Figure 3.11 – Carman-Kozeny fit to the experimental data

3.4.1.2 Effect of PTFE on through-plane permeability and Knudsen dif-
fusivity for GDL + MPL samples

Based on Knudsen number, flow in porous media are classified in different regimes.

The Knudsen number is mathematically defined as [46],

Kn =
λ

dp
(3.16)

where λ is the mean free path length of the gas and dp is the average pore diameter

of porous media.

No slip boundary condition is valid only in the continuum regime, when the Knud-

sen number is less than 0.001. A slip boundary condition is required between contin-

uum and free molecular flow, i.e. 0.001 ≤ Kn ≤10 [46]. The Knudsen slip in GDLs

was assumed to be negligible, as also shown by Carrigy et al. [46]. For GDLs coated

with an MPL, the average pore diameter is comparable to the mean free path of the

gas, and the Knudsen effects become important. The Knudsen slip in GDL+MPL

assemblies in the through-plane direction was studied by measuring gas permeability

with two gases of very different mean free paths, i.e. nitrogen and helium. Low flow

rates were maintained in the experiments to ensure the inertial permeability effects

were negligible. Maximum velocity used in the experiments is 0.02 m/s. For a Toray

090 (untreated) sample, the pressure drop contribution for nitrogen from Forcheimer

effect at 0.02 m/s is estimated to be less than 0.5%. Hence, the Forcheimer effect can

be neglected. Equations (3.7) and (3.8) are used to estimate the viscous permeability
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and Knudsen diffusivity of the samples.

The effect of PTFE was studied by testing Toray 090 (10, 20 and 40% PTFE)

coated with an MPL. Figure 3.12 shows the inlet velocity vs inlet pressure curves for

nitrogen and helium for a Toray 090 (10% PTFE) coated with an MPL, obtained using

experimental data fit with equation 3.7. Table 3.5 shows the viscous permeability

and pore diameter results obtained for the samples, and compared with our previous

results. The results are in good agreement. The slight difference in the results is

due to the samples used from different master sheets. Since PTFE reduces the pore

diamaters in GDLs, as also shown in Table 3.5, the viscous permeability was found

to decrease with PTFE.
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Figure 3.12 – Inlet velocity vs inlet pressure for nitrogen and helium for a Toray 090
(10% PTFE)+MPL assembly

Table 3.5 – Through-plane permeability and pore diameter for sample Toray 090 (10,
20 and 40 % PTFE) with MPL

Sample Bv × 10−13(m2) dp(µm) Literature (Bv × 10−13) Literature (dp)

Toray 090 (10% PTFE) 3.04 ± 1.27 2.15 ± 0.62 3.60 ± 0.80 [46] 1.80 ± 0.20 [46]

Toray 090 (20% PTFE) 1.98 ± 0.54 1.47 ± 0.22 1.10 ± 0.20 [46] 0.90 ± 0.10 [46]
Toray 090 (40% PTFE) 0.80 ± 0.58 0.50 ± 0.08 0.40 ± 0.10 [46] 0.38 ± 0.08 [46]

3.4.2 Through-plane effective diffusivity

A diffusion bridge is created between the pair of oxygen and nitrogen gas. Various

commercial GDL samples are tested viz SGL 34BA and Toray 090 with 0, 10, 20 and
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40% PTFE loadings, and Toray 090 with 10, 20 and 40% PTFE loadings coated with

a MPL.

3.4.2.1 Error analysis

3.4.2.1.1 Test variability The reliability of the setup is determined by assem-

bling a diffusion bridge with a Toray 090 (untreated) sample and running the same

experiment 3 times without opening/closing the diffusion bridge. The oxygen molar

flux versus differential pressure data is obtained from the setup for all three sets of

readings. Figure 3.13 shows the three set of readings, and fit with Fick’s and Darcy’s

model. The standard deviation for diffusibility is estimated as 2.71%.
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Figure 3.13 – Test repeatability for a Toray 090 (10 % PTFE) sample

Figure 3.14 and 3.15 show the average and actual differential pressure, and oxygen

concentration readings for a Toray 090 (10% PTFE) and Toray 090 (10% PTFE)+MPL

sample, respectively. The average values are estimated by averaging the last sixty

measured readings for oxygen sensor, and all the readings from differential pressure

controller. Differential pressure fluctuations led to fluctuations in oxygen sensor. The

fluctuations in a GDL sample are observed high than a GDL-MPL entity due to its

high permeability. As shown in the figures, the fluctuations are small compared to the

changes due to differential pressure setpoints. Even with the observed fluctuations,

the results were found repeatable.

3.4.2.1.2 Variation with channel flow rate The boundary layer effects are

studied by measuring diffusion at different flow rates without opening/closing the
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Figure 3.14 – Oscillatory and average differential pressure, and oxygen concentration
readings for a Toray 090 (10% PTFE) sample
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Figure 3.15 – Oscillatory and average differential pressure, and oxygen concentration
readings for a Toray 090 (10% PTFE)+MPL sample
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diffusion bridge. Sample Toray 090 (10% PTFE) is tested at 0.5, 1, 1.5 and 2 lpm,

and diffusibility is estimated. The diffusibility results at 0.5, 1, 1.5 and 2 lpm is

estimated as 0.200±0.013, 0.197±0.024, 0.215±0.002, and 0.219±0.002, respectively

. The standard deviation is obtained by repeating the experiment 5 times at each flow

rate without opening/closing the diffusion bridge. A Student’s t-test is performed to

compare the results obtained for different flow rates. For 95% confidence interval,

results were not found to be significantly different.

3.4.2.2 Validation studies

3.4.2.2.1 Different pair of gases The diffusibility is a geometric property of

porous media, hence not expected to vary with a pair of experimental gases chosen.

Sample Toray 090 (10% PTFE) is tested with two pair of gases i.e. N2 − O2 and

Ar−O2. For each pair of gases, experiments are repeated 5 times. The bulk diffusion

coefficient for N2−O2 and Ar−O2 at ambient conditions is used as 2.065×10−5 and

1.95× 10−5 m2/s respectively. Diffusibility for N2 −O2 and Ar −O2 is estimated as

0.197±0.024 and 0.20±0.023, respectively. For 95% confidence interval, a Student’s

t-test justifies that diffusibility are not significantly different from each other.

A similar study was performed with He − O2. The diffusibility results for He −
O2 were found to be significantly different, which was unexpected. Further work is

necessary to understand this effect.

3.4.2.2.2 Effect of absolute pressure Kinetic theory of gases predicts that the

product of absolute pressure and molecular diffusivity is constant. Mathematically,

PDbulk = constant. (3.17)

The experimental setup is verified by changing the absolute pressure of the diffusion

bridge in the nitrogen channel to 10, 15 and 20 psig using a back pressure controller for

a Toray 090 (10% PTFE) sample. Diffusibility is a geometric property of porous media

and it showed not vary with the absolute pressure. Experimentally, the diffusibilities

at different pressures were obtained as 0.197±0.024, 0.178±0.008, and 0.186±0.023 at

10, 15 and 20 psig, respectively. The standard deviation is obtained by repeating the

experiment 5 times at each back pressure. For 95% confidence interval, a Student’s

t-test suggests that diffusibility results at 10, 15 and 20 psig are not significantly

different from each other.
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3.4.2.3 Effect of PTFE on through-plane diffusivity in GDL samples

The effect of PTFE on diffusivity is studied by testing Toray 090 samples with 0,

10, 20 and 40% PTFE. Diffusibility is estimated using MBFM (equation (3.1)). For

GDLs, Knudsen diffusivity is assumed to be zero. The permeability values were used

from the results section of the permeability for GDLs. Figure 3.16 shows the oxy-

gen molar flux vs differential pressure curves obtained from MBFM for best fit of

diffusibility. The flux was found to decrease with PTFE content at zero differen-

tial pressure suggesting that effective diffusivity decreases with PTFE content. At

non-zero differential pressures, oxygen molar flux is measured lower as PTFE content

increases. As discussed in section 3.4.1, high PTFE content decreases the permeabil-

ity, hence the molar flux due to convection also decreases.
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Figure 3.16 – Oxygen molar flux vs differential pressure across porous media for GDL
samples

Table 3.6 shows the diffusibility results, and a comparison to previous literature

data. Though the tested samples are Toray 090, results are compared with Toray 060

and Toray 120. The Toray 060, 090 and 120 are known to have similar porosity, hence

comparable transport properties. The samples differ only in physical properties such

as thickness and tensile strength. The results were found in good agreement with lit-

erature. Note that the experimental setup used here is completely different than any

of the previous methods used thereby validating previous results. The diffusibility

was estimated to decrease with higher PTFE content. As already discussed, PTFE

binders block the pores of the porous media, thereby reduces its size.
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Table 3.6 – Through-plane diffusibility for Toray 090 (0, 10, 20 and 40% PTFE)

Sample Diffusibility Literature (Toray 060 [16], Toray 120 [54, 70])

Toray 090 (0% PTFE) 0.237 ± 0.072 0.24-0.34 [16], 0.25-0.33 [54], 0.27-0.42 [70]
Toray 090 (10% PTFE) 0.209 ± 0.064 0.28-0.29 [54], 0.20-0.32 [70]
Toray 090 (20% PTFE) 0.153 ± 0.035 0.14-0.19 (30% PTFE) [16], 0.23-0.25 [54], 0.19-0.30 [70]
Toray 090 (40% PTFE) 0.073 ± 0.026 0.05 (60% PTFE) [16], 0.13-0.15 [54], 0.08-0.12 [70]
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Figure 3.17 – Bruggemen and percolation model fit in diffusibility results

To predict the diffusibility in porous media, various models have been proposed.

A Bruggeman type correlation [50] and Tomadakis - Sotirchos’s percolation theory

[33] based models are widely accepted. Mathematically, the empirical correlations of

the models are defined as:

Deff/Dbulk = εa(Bruggeman Correlation), (3.18)

and,

Deff/Dbulk = ε

(
ε− εth
1− εth

)α
(Tomadakis - Sotirchos Model), (3.19)

where a, εth and α are considered fitting parameters. In the case of Bruggemen,

a is usually taken as 1.5. The diffusibility results are fitted in equations (3.18) and

(3.19) in MATLAB. The function lsqcurvefit is used for fitting. Figure 3.17 shows

the fitting of the experimental data with the models. The fitting parameter a in

Bruggmen correlation is estimated as 5.3±0.81, and the percolation parameters, εth

and α are estimated as (8.83± 5.93)× 10−8 and 4.23± 0.87, respectively. Note that

the common value of 1.5 in Bruggemen correlation is not suitable.
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3.4.2.4 Oxygen flux distribution in a GDL sample

Oxygen flux distribution is studied in a Toray 090 (untreated) sample. The thick-

ness, permeability and effective molecular diffusivity of the sample was measured as

826µm, 0.75 × 10−11 m2, and 0.33 × 10−5 m2/s, respectively. Figure 3.18 shows the

oxygen concentration curves across the sample at various differential pressure. At

zero pressure difference, oxygen concentration decreases linearly. At non zero pres-

sure difference, the concentration profiles are curved due to the additional flux via

convection. The oxygen mole fraction is measured to be less than 2% in the nitrogen

channel and quickly diluted due to the entrainment by the nitrogen flow, hence the

oxygen partial pressure is approximated as zero as a boundary condition. Therefore,

oxygen concentration and convective flux is zero at the outlet of the porous media.
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Figure 3.18 – Oxygen concentration across porous media at various differential pres-
sures

Figure 3.19 and 3.20 show the oxygen flux distribution via convection and diffu-

sion, respectively. At zero differential pressure, convective flux is zero, hence total

flux corresponds to pure diffusive flux. At the inlet of the porous media, diffusive flux

dominates the convection for differential pressures less than 6 Pa. The diffusive flux

contribution decreases from 79% to 31% as pressure difference increases from 2 to 10

Pa. The total oxygen flux increases from 0.27 to 0.47 mol/m2s for pressure difference

increasing from 0 to 10 Pa. At any point in the porous media, the total oxygen flux

is constant. Due to the comparable contribution from both convective and diffusive

flux, the experimental conditions chosen are suitable.
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Figure 3.19 – Oxygen convective flux across porous media at various differential pres-
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Figure 3.20 – Oxygen diffusive flux across porous media at various differential pres-
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3.4.2.5 Effect of PTFE on through-plane diffusivity in GDL-MPL sam-
ples

The effect of PTFE on GDL+MPL assemblies was studied by testing Toray 090 sam-

ples with 10, 20 and 40% PTFE coated with an MPL. Knudsen diffusivity plays

an important role for GDL+MPL samples as discussed in section 3.4.1.2. Since

Fick - Darcy model does not account for Knudsen slip, MBFM was implemented for

a GDL+MPL assembly. The viscous permeability, and pore diameter to calculate

Knudsen diffusivity was obtained in Table 3.5.

Figure 3.21 shows the oxygen molar flux vs differential pressure curves obtained

from MBFM. The oxygen molar flux is measured to decrease at zero and non-zero

pressure difference with high PTFE content. Low flux at zero pressure difference,

also known as pure diffusive flux, suggests low diffusibility with higher PTFE content.

Also, for non-zero differential pressures, low flux is measured due to low permeability

and small pore diameter at higher PTFE content.
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Figure 3.21 – Oxygen molar flux vs differential pressure across porous media for
GDL+MPL samples

In order to understand the contribution of Knudsen diffusion in the overall diffu-

sion process, the best fit for diffusibility was obtained from MBFM assuming Knud-

sen diffusivity as zero. Figure 3.22 shows the comparison of the best fit of experi-

mental data in MBFM, with and without Knudsen diffusion, for a Toray 090 (10%

PTFE)+MPL sample. The estimated diffusibility is higher when Knudsen diffusion is

not considered. The diffusibility increases from 0.15 to 0.16 due to the additional flux
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Table 3.7 – Through-plane diffusibility for Toray 090 (10, 20 and 40% PTFE) with
MPL

Sample Diffusibility

Toray 090 (10% PTFE)+MPL 0.181 ± 0.024
Toray 090 (20% PTFE)+MPL 0.145 ± 0.006
Toray 090 (40% PTFE)+MPL 0.077 ± 0.006

measured via Knudsen diffusion. Therefore, the contribution of Knudsen diffusion in

the overall diffusion process is not very significant.
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Figure 3.22 – Diffusibility comparison with and without Knudsen diffusivity

Table 3.7 shows the results for the samples. The diffusibility estimated for GDL+MPL

samples is comparable to their carbon substrate alone. The diffusibility is known to

depend directly on porosity and tortuosity of the porous media. Since coating of an

MPL does not change the porosity significantly, as shown in Table 3.1, diffusibility is

not affected significantly. LaManna et al. [70] and Chan et al. [16] studied the effect of

an MPL on diffusibility with carbon substrate loaded with 5% PTFE, and measured

the reduction in diffusibility as 38%, and 42%, respectively. Chan et al. [16] used the

stochastic model developed by Zamel et al. [55], and estimated the diffusibility for

MPL alone as 0.201. Therefore, diffusibility of an MPL is comparable to GDLs. As

PTFE content increases in the GDLs, diffusibility decreases significantly, as shown

in Table 3.6. Hence, at high PTFE content, GDLs dominate the overall diffusion

process in an GDL-MPL entity. Therefore, the difference in the diffusibility results is
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not significant for GDL and GDL-MPL entity at high PTFE content.

3.5 Conclusions

A diffusion bridge based experimental setup is proposed to measure effective trans-

port properties of porous media i.e. permeability, Knudsen diffusivity and molecular

diffusivity in through-plane direction. Effect of PTFE on transport properties is stud-

ied by testing Toray 090 samples with 0, 10, 20 and 40% PTFE. The effect of PTFE

on a GDL+MPL assembly is also studied by testing GDL+MPL samples loaded with

10, 20 and 40% PTFE.

Permeability is estimated by measuring the pressure drop across porous media

at various flow rates. Knudsen diffusivity is measured by conducting permeability

experiments with nitrogen and helium at low flow rates to avoid inertial permeability

effects. The difference in the permeability results attributed to Knudsen slip. The

effective molecular diffusivity is measured by introducing nitrogen and oxygen in the

channels of the diffusion bridge. The absolute pressure of nitrogen and pressure differ-

ence between oxygen and nitrogen is controlled by pressure controllers. The oxygen

concentration at various pressure differentials is measured in the nitrogen channel

using an oxygen sensor. Various one dimensional models are used to estimate the

transport parameters. Permeability of GDLs is estimated using compressible form of

Darcy-Forcheimer equation. Permeability and Knudsen diffusivity for a GDL+MPL

entity is estimated by using the Knudsen expression. To estimate effective molecular

diffusivity, modified binary friction model is implemented. The permeability results

in case of GDLs or permeability - Knudsen diffusivity results in case of GDL+MPL

assemly is used in MBFM to estimate molecular diffusivity.

The permeability of Toray 090 samples is obtained in the range of 1.13 × 10−11

- 0.35 × 10−11 m2, and found to decrease with PTFE content. The permeability

and pore diameter for GDL+MPL samples is measured in the range of 3.04× 10−13

- 0.8 × 10−13 m2, and 2.15 - 0.5 µm respectively. The permeability was found to

decrease with PTFE content in GDL+MPL samples. The coating of MPL on car-

bon substrate decreased the permeability by two orders of magnitude and introduced

Knudsen slip to be significant. The diffusibility for GDL and GDL+MPL samples is

measured in the range of 0.24 - 0.08, and 0.18 - 0.08 respectively.

The measured parameters are used to fit in the models to predict the transport

90



properties. Carman-Kozeny model is used to fit for parameter KCK to predict the

permeability. Bruggmen model and percolation correlation parameters are fit in the

diffusibility results to predict the diffusion coefficient in through-plane direction. The

parameters obtained using the models should be helpful to study the gas behaviour

in porous media using 2D and 3D simulations.
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Chapter 4

Conclusion and Future Work

4.1 Conclusion

A diffusion bridge based experimental setup is proposed to accurately determine the

mass transport properties of gas diffusion media in PEM fuel cells. The mass trans-

port properties that are studied are permeability, Knudsen diffusivity and effective

diffusivity. A thorough literature review is done to study the anisotropy of porous

media with respect to the transport properties. Many researchers across the fuel cell

community suggested that gas diffusion layers are anistropic in nature. Hence, two

diffusion bridges were designed to conduct experiments in through plane as well as in

plane directions. Literature also showed the importance of PTFE and MPL, loaded

and coated on gas diffusion layers. Hence, the effect of PTFE and MPL was studied

on the mass transport properties. During the assembly of a fuel cell, the gas diffusion

layers get compressed. Hence, the effect of compression was also studied in in-plane

direction.

An in-plane diffusion bridge is designed to estimate the transport properties in the

in-plane direction. The compression of the diffusion layers was controlled by placing

the metal shims of known thickness at the edge of the diffusion bridge. The diffusion

bridge consists of two channels for two different gases. The channels are separated by

a porous media. The permeability, Knudsen diffusivity and effective diffusivity are

estimated subsequently without opening/closing the diffusion bridge. The permeabil-

ity is estimated by measuring the pressure drop across porous media at various flow

rates set by a mass flow controller. The experimental data is fit in the compressible

form of Darcy - Forcheimer equation to extract transport parameters, i.e., viscous

and inertial permeability. The Knudsen diffusivity is estimated by running the per-

meability experiments using different gases with very different mean free paths, i.e.,
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nitrogen and helium. The difference in the permeability measured between the two

gases was attributed to Knudsen slip. The effective molecular diffusivity was mea-

sured by running two gases in two channels separated by the porous media. The flow

rates, absolute pressure, and pressure difference between the channels was controlled

by mass flow controllers, back pressure controller, and differential pressure controller,

respectively. The moles of oxygen in the nitrogen channel were measured by an oxy-

gen sensor at various differential pressures. Fick - Darcy model was used to fit the

experimental data, and effective molecular diffusivity was computed.

The effect of PTFE over permeability was studied by testing Toray 090 samples

with 0, 10, 20 and 40% wt PTFE. Samples were also tested at four compression levels

corresponding to the thickness of 262, 248, 228, and 204 µm. The viscous perme-

ability was estimated in the range of 0.98− 0.13× 10−11m2. The Knudsen diffusivity

was estimated to be negligible for a Toray 090 (40% PTFE) sample except for high

compressions (27.65% or more). Hence, the Knudsen diffusivity was assumed to be

negligible in the samples with less PTFE content. The effect of PTFE and compres-

sion was also studied on diffusibility by testing Toray 090 samples with 0, 10, 20 and

40% PTFE . The diffusibility was estimated between 0.52-0.09, and found to have an

inverse relationship with PTFE and compression.

A through plane diffusion bridge is designed separately to measure the trans-

port properties in through plane direction. The methodology of the measurement is

similar to in-plane measurements using the same flow and pressure controllers. To

measure the permeability of gas diffusion layers, the experimental data is fit into the

compressible form of Darcy - Forcheimer equation. For MPL coated GDL, Knudsen

diffusivity is added to the model and low flow rates are used to neglect the Forcheimer

effect. Nitrogen and helium are used for testing in case of GDL+MPL assembly, and

experimental data is fit in the model to estimate viscous permeability and Knudsen

diffusivity or average pore diameter. Effective diffusivity is estimated using the mod-

ified binary friction model. In MBFM, Knudsen diffusivity is assumed to be zero

for GDLs while Knudsen diffusivity is estimated from permeability experiments for

GDL+MPL assembly.

The effect of PTFE is studied in both GDL and GDL+MPL assembly, PTFE

content is varied as 0, 10, 20 and 40% in GDL, and, 10, 20 and 40% in GDL, coated

with an MPL, samples. The viscous permeability for GDLs is measured in the range

of 1.13 − 0.35 × 10−11m2. The viscous permeability and average pore diameter for
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GDL+MPL assembly is measured in the range of 3.04− 0.8× 10−13m2 and 2.15− 0.5

µ m, respectively. The diffusibility for GDLs and GDL+MPL assemblies is estimated

in the range of 0.23 - 0.07 and 0.2 - 0.08, respectively. The viscous permeability,

Knudsen diffusivity and effective diffusivity were measured to decrease with PTFE

content for both GDL and GDL+MPL samples.

The viscous permeability results were fitted to the Carman-Kozeny model. The

Carman-Kozeny parameter was estimated for various GDL samples for in-plane and

through-plane directions. Bruggmenn’s empirical model and percolation model were

fitted to the diffusibility results for in-plane and through-plane directions, and pa-

rameters were extracted. The fitting parameters estimated for various GDL samples

in both in and through plane directions could be very useful for 2D or 3D simulations.

In summary, the contributions of this thesis are following :

1. The development of a diffusion bridge based experimental setup to measure

mass transport properties viz permeability, Knudsen diffusivity and effective

molecular diffusivity of PEM fuel cell layers

2. The measurement of transport properties in through and in-plane directions

3. Estimation of transport properties in Carman-Kozeny, Bruggmenn and Perco-

lation correlations to predict the transport properties in both directions

4.2 Future Work

As discussed in literature review, water condensation is a problem for thick gas dif-

fusion layers. The liquid water hinders the path of the reactant gases to reach the

reaction site. Hence, the permeability and diffusivity properties of the layer are af-

fected in the presence of liquid water. The current setup is unable to measure the

transport properties with gases saturated with water at various levels. So far no

experimental data is available for permeability and diffusivity in either in-plane or

through-plane direction. The setup can be modified to saturate the gases, measure

the saturation using a humidity sensor, and then measure the transport properties.

The current setup does not measure the transport properties with compression in

through-plane direction. Hence, the diffusion bridge used for through plane direction

could also be modified to include compression. The permeability results with com-

pression in through plane direction are available in literature but no study is available
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for diffusivity.

The experimental study can also be extended to measure the transport proper-

ties of catalyst and micro porous layers individually. Currently the challenge in the

measurement is the availability of thick layers. The layers need to be thick enough to

measure the average properties. The methodology of measurement might need to be

changed since the permeability of layers is expected to be very low hence convection

through the layers would be difficult.
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Appendix A

Factory certificates of sensors

Figure A.1 – Factory certificate of mass flow controller

104



Figure A.2 – Factory certificate of back pressure controller
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Figure A.3 – Factory certificate of differential pressure controller
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Figure A.4 – Factory certificate of pressure transducer
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Figure A.5 – Factory certificate of oxygen sensor
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