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Abstract

A diffusion bridge is modified to accurately measure the in-plane permeability and diffusivity

of gas diffusion layers (GDLs), and to measure the through-plane permeability, effective pore

diameter, Knudsen diffusivity and effective diffusivity of catalyst layers (CLs).

In order to measure in-plane permeability of GDL, nitrogen is injected through the GDL

at various flow rates and the pressure drop is measured. Then, Darcy-Forcheimer equation

is used to estimate the permeability. The importance of Knudsen slip is estimated by con-

ducting the permeability experiment at various compression levels using different gases. To

measure GDL in-plane diffusivity, nitrogen and oxygen are introduced into each channel and

oxygen is transported through the sample into the nitrogen channel. The oxygen mole frac-

tion is measured at the outlet of nitrogen channel and the effective diffusivity of the sample

is estimated using Fick’s first law. Different GDL types are measured to study the effect of

carbon matrix and morphology on mass transport properties. Permeability and diffusivity

of GDL are found to decrease with volume fraction in matrix. The volume fraction of large

pores increases the permeability and diffusivity of GDL. The gas transport properties are

dependent on both matrix and pore diameter.

The CL is fabricated using inkjet printing with varying Nafion loading and effect of

ionomer/carbon (I/C) ratio is studied next. The gas-independent permeability and effec-

tive pore diameter are obtained using Knudsen’s expression. Krypton and CO2 are used for
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validation. It is shown that Darcy’s law is not appropriate and that Knudsen’s expression

provides accurate results. Nafion loading and I/C ratio are found to have a negative influence

on permeability and effective pore diameter. Effective diffusivity is also measured using the

same protocol as for GDLs. Nafion loading and I/C ratio are found to reduce the effective

diffusivity of CL. Ketjen carbon support CL exhibit better gas transport properties than

Vulcan carbon support CL.

Keywords: mass transport, gas diffusion layer, catalyst layer, permeability, effective diffu-

sivity, Knudsen diffusivity
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Chapter 1

Introduction

1.1 Motivation

Global energy demand continues to grow as the world population keeps increasing. Accord-

ing to the International Energy Agency, global energy needs will increase by 30% between

2017 and 2040 due to population growth [1]. Fossil fuels are currently the main source of

energy; however, the massive use of fossil fuels is causing serious environmental problems.

Carbon dioxide, a green house gas, is produced during the combustion of fossil fuels and it is

a major contributor to global warming. Burning fossil fuels emits a number of air pollutants,

i.e., SO2, NOx and particulate matter, that are harmful to both the environment and public

health [2].

In the last few decades, alternative renewable energy sources and relevant technologies

have gained popularity such as wind energy, ocean energy, and solar energy. However, most

of these renewable energies are intermittent and their uses are limited by climate or geo-

graphical factors. For example, solar technology is cost-effective only in those places where

sufficient sunshine is available, while most of nuclear power plants are located off the coast

because massive amount of sea water are needed as cooling water. Thus, more stable and

reliable types of renewable energy resources are desired to meet the rising energy demand.

Hydrogen is an ideal energy carrier that can be produced by a myriad of methods, such

as water electrolysis using renewable resources. It can be used to replace fossil fuels in the

transportation and stationary power sectors because of its high energy density compared to

batteries, and zero emissions. In recent years, polymer electrolyte membrane (PEM) fuel

cells have proven to be a promising technology due to their higher efficiency and reliability.

A PEM fuel cell systems converts the chemical energy stored in hydrogen into electrical
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energy. Further, compared to other technologies, fuel cells can be used at any time without

producing any green house gas and other pollutants and without being limited by climate

conditions or geographical factors. Thus, fuel cell technology is worthy of being further

developed.

1.2 PEM fuel cell

A PEM fuel cell is an electrochemical system that converts chemical energy into electrical

energy. Hydrogen and oxygen are commonly used as fuels and they generate water and heat,

so the lack of GHG emissions and particulate matter is one of its advantages compared to

other methods of generating electricity. Fuel cells also have higher efficiency because chem-

ical energy is directly converted into electricity thereby minimizing conversion losses. In

traditional power plants, the energy conversion is more cumbersome, i.e., chemical energy of

fossil fuels is first converted to thermal energy which is then converted to mechanical energy

in a turbine, and at a final step, the mechanical energy is converted into electricity.

A fuel cell is composed of an anode, a cathode, a membrane and bipolar plate. Hydrogen

is supplied as fuel at the anode side, then flows through the gas diffusion layer (GDL), micro

porous layer (MPL), and into the catalyst layer (CL), where it undergoes an oxidation

reaction and produces electrons and protons. At the cathode side, oxygen or air is supplied

as oxidant, and is then transported to the cathode catalyst layer (CCL), where it combines

with electrons and protons and water is produced. The electrochemical reactions for cathode

and anode can be written as:

Anode : H2 → 2H+ + 2e− (1.1)

Cathode :
1

2
O2 + 2H+ + 2e− → H2O + heat+ electricity (1.2)

The overall chemical reaction can be obtained by adding equation (1.1) and equation

(1.2):

Overall reaction : H2 +
1

2
O2 → H2O + heat+ electricity (1.3)

From equation (1.3), it can be seen that the only byproducts of the overall reaction are water,

heat and electricity. The water is produced at the cathode, and the electricity is generated

by the electron transport in the external circuit.

The structure of a PEM fuel cell is shown in Figure 1.2. The fuel cell is a very compli-
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cated system and each of the components has a specific function which will be discussed in

the next sections.

Figure 1.1: Schematic of a PEM fuel cell

1.2.1 Bipolar plate

The bipolar plates are commonly made up of a graphite composite or metals with high

thermal and electrical conductivity. Graphites have high resistance to corrosion; however

metals have more favorable manufacturability and durability for vibration [3]. The bipolar

plates are placed at the two sides of a fuel cell and gas flow channels are machined into

it. The bipolar plates play many important roles in a fuel cell such as current collection

and transport between cells, gas supply to the reaction site, as well as water and thermal

management [3].

There are several types of gas channels. Three types that are commonly used are parallel,

serpentine and interdigitated flow fields, which are shown in Figure 1.2. Each type of flow

field has both advantages and disadvantages. It is really important to select an appropriate

type of flow channel depending on the application.
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Figure 1.2: Flow channel designs

1.2.2 Gas diffusion layer

The gas diffusion layer (GDL) is a porous media, as shown in Figure 1.3, which is placed next

to the bipolar plates. The porous structure enables the reactant gases in the flow channel

to reach the active sites in the catalyst layer. The GDL also has other essential functions:

(a) mechanical support for the proton exchange membrane; (b) electronic conductivity; (c)

heat removal; and (d) water removal [4]. Figure 1.3 shows a scanning electron microscope

(SEM) image of the porous structure of a 29BA GDL sample. GDLs are always treated with

polytetrafluorethylene (PTFE) to facilitate the liquid removal. Besides, many GDLs, such

as SGL GDLs, contain certain amount of carbon matrix (see Figure 1.3) that hold fibres

together. As explained by SGL Carbon company, during the manufacturing of GDLs, the

raw carbon paper is impregnated with carbonisable thermoset resins (with optional addition

of carbon fillers), cured and re-carbonized. The treatment can enhance the conductivity and

is used to control the porosity [5]. The carbon matrix affects the transport properties of

GDLs but they have been seldom studied by researchers.

The porosity of a GDL sample, εo, is defined as the ratio of pore volume to the bulk

volume of the sample. Mathematically,

εo =
Vpore

Vbulk

(1.4)

As discussed before, one of the key roles of the GDL is to transport gases. Its gas
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transport abilities are dictated by its porosity, tortuosity and pore size distribution. The

pore size distribution (PSD) of the GDL can be measured by mercury intrusion porosimetry

(MIP). Mercury is intruded into the pores of a GDL sample, the pore size is estimated by

using Washburn equation based on the pressure required for intrusion. More details on MIP

measurements will be discussed in the next chapter.

Figure 1.3: SEM image of 29 BA GDL

Carbon-based GDLs are widely used because they can achieve (i) relative stability in

acidic environment; (ii) good transport properties for gases and liquids; (iii) high electrical

conductivity; and, (iv) good elasticity with compression [6]. In this thesis, carbon papers

are studied as they are more commonly used in PEM fuel cells.

1.2.3 Microporous layer

The microporous layer (MPL) is usually made of carbon particles and a hydrophobic agent

such as PTFE. The MPL is often coated on one side of the GDL and can be used on both of

anode and cathode electrode [7]. The thickness of the MPL has been reported in the range

of 38.8 μm - 112.2 μm and the pore size varies from 7 nm to 133 nm [8]. Figure 1.4 shows

a photo of a SGL-38 BC sample taken by a stereoscopic optical microscope (Leica MC170

HD).
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Figure 1.4: SGL-38 BC coated with MPL (taken with a stereoscopic optical microscope)

The MPL has many essential functions such as (i) reduce the negative effects of electrode

flooding, (ii) improve the electrical contact between gas diffusion layer and catalyst layer;

and, (iii) prevent fast dry-out of PEM at low current densities or low humidity [9] .

1.2.4 Catalyst layer

The catalyst layer is generally applied to the membrane at both anode and cathode side [10].

It is a thin film consisting of ionomer (usually Nafion), platinum/carbon particles and void

regions. The protons are transported through the electrolyte (Nafion), while the electrons

are transported in the solid phase (Pt/carbon) and the void regions enable the gas reactants

and liquid products to transport between the GDL and the reaction sites. The thickness

of catalyst layer is usually in the range of 5μm - 60μm [11]. The pore size distribution of

catalyst layer has been reported in the range of 5nm - 130nm [12].

The typical size of Pt nanoparticles is 2nm - 5nm. Most of the utilized Pt catalyst is

placed at the cathode side due to the inherently sluggish oxygen reduction reaction (ORR) in

the cathode catalyst layer (CCL) [12]. The ORR kinetics in cathode CL have been reported

to be approximately six orders of magnitude slower than the hydrogen oxidation reaction

(HOR) kinetics in anode CL [13]. High cost and Pt supply limitations are big issues for the

commercialization of fuel cell. Some researchers have been working on developing active,

selective, and durable non-precious metal catalysts based on earth-abundant materials [14]

[15].
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1.2.5 Polymer electrolyte membrane

Current polymer electrolyte membranes for fuel cell are mostly based on a sulfonated tetraflu-

oroethylene polymer called Nafion. The polymer electrolyte membrane is sandwiched be-

tween anode catalyst layer and cathode catalyst layer. The PEM is used for transporting

the H+ ions in the anode side to the cathode side. Another function of the PEM is prevent-

ing gas and electrons from crossing from anode to cathode and vice verse. PEMs possess

the following properties: (i) good ion conductivity, (ii) gas tight, (iii) electric insulator, (iv)

good chemical and mechanical stability [16]. PEMs range in thickness from 20 μm [17] to

260 μm [18].

1.2.6 Fuel cell performance

PEM fuel cell performance is usually expressed by a voltage vs. current density curve, com-

monly known as a polarization curve and shown in Figure 1.5. There are three main losses

in fuel cells: (a) reaction rate loss (kinetics loss), (b) resistance loss (ohmic loss), and (c)

mass transport loss. Mass transport loss is due to the reactants not being transported to

the reaction sites fast enough. The insufficient reactant supply limits the current density

and reduces the cell performance. Therefore, increasing fuel cell performance with the same

amount of catalyst can be achieved by studying and improving the mass transport properties

of different PEM fuel cell electrode layers.

GDL and CL are the components where gas transport takes place so it is crucial to

determine the transport properties, i.e. permeability and diffusivity of the porous media

in fuel cells. In addition, for accurate numerical simulation of fuel cell, these transport

parameters are also needed. The goal of this thesis is to develop an experimental setup to

measure all gas transport properties of these materials.
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Figure 1.5: Typical polarization curve of a PEM fuel cell

1.3 Literature review

1.3.1 Permeability

In porous media, such as gas diffusion layers, permeability is a key parameter to be de-

termined as it determines the mass flow rate of gas that can cross a porous media for a

given pressure difference. Darcy’s law is the most commonly used equation to describe low

Reynolds number flow through a porous material. It relates the fluid velocity to the pressure

gradient by means of the porous media permeability, Bv:

∇P = − η

Bv

vvv (1.5)

where ∇p is the pressure gradient across the porous media in Pa/m, η is the dynamic vis-

cosity of the fluid in Pa·s, vvv is the velocity; and, Bv is the permeability of porous media in m2.

As the gas velocity becomes higher, the gas transport in the porous media becomes

complicated and the inertial effect, also known as Forcheimer effect, needs to be considered.
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For one-dimension gas flow, the Darcy-Forcheimer equation is used to extend Darcy’s law to

include inertial effects:

∇P = − η

Bv

v − ρ

Bl

v2 (1.6)

where Bl is the inertial permeability in m and it is used to account for inertial effects.

1.4.1.1 Experimental studies of gas permeability in fuel cell

Many experimental approaches have been employed to measure the permeability of GDLs.

Gostick et al. [19] measured in-plane and through-plane permeability of GDLs with two dif-

ferent testing devices. In the through-plane direction, a circular GDL sample was compressed

between two plates. The gas flowed through the GDL sample in the through-plane direction

from one side to the other side and the flow rate across the sample was measured using a

digital flow meter. The pressure drop was measured at different flow rates in order to create

a plot of pressure drop vs. flow rate through the material. The through-plane permeability

range was between 5.7 × 10−12 m2 and 69.4 × 10−12 m2.

To measure permeability in the in-plane direction, the pressure drop was measured in

two perpendicular directions. Shims of known thickness were used to control the spacing

between the plates and in-plane permeability was measured at different compressions. The

gas flowed into the inlet header, travelled through the GDL sample to the outlet header and

exhausted to the atmosphere. The in-plane permeability of GDLs was found to decrease

by around ten times as the sample was compressed from a compressed volume fraction of

95% to 50%. It is found that direction has no obvious effect on the in-plane permeability [19].

Ismail et al. [20] measured the in-plane permeability of a number of carbon substrates

and MPL-coated GDLs using a setup similar to Gostick et al. [19]. The GDL sample (54

mm long × 20 mm wide) was placed between steel plates. It was shown that the in-plane

permeability of carbon substrates decreases with increasing PTFE content, in contrast, the

higher is the PTFE content in the MPL, the higher is the permeability.

Ismail et al. [21] also measured the through-plane permeability of GDL samples with and

without PTFE. The inertial effect on the permeability value was also analysed. The mass

flux vs. pressure gradient across the GDL was plotted and the fitting curve was compared to

Darcy-Forchheimer equation to calculate the permeability. Ismail et al. reported that there

was an optimal PTFE content where the permeability was the highest. It was also found

that under operating conditions used in the experiment, the inertial effect was small enough
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to be ignored as it only results in a 0.65% of error. Furthermore, using the same setup,

Orogbemi et al. [22] measured the through-plane permeability of GDLs coated with MPLs

of various carbon loadings. The carbon loadings were 0.5, 1.0, 1.5, 2.0 and 2.5 mg cm−2.

The permeability of coated GDL and carbon substrate were measured using Darcy’s law and

the permeability of the MPL was estimated based on the assumption that the pressure drop

across the coated GDL is equal to the sum of the pressure drop across the MPL and carbon

substrate. The MPL-coating was found to reduce the permeability of GDL by at least one

order of magnitude. In addition, the permeability of the MPL was found to be 2-3 orders of

magnitude lower than that of carbon substrate. Finally, the permeability of the GDL was

slightly reduced by the MPL sintering.

Gurau et al. [23] also measured the through-plane and in-plane permeability of carbon

fibre cloth with different types of micro porous layers. For through-plane experiment, the

sample is clamped between two fixtures, each of them consisting of a cylindrical compart-

ment and an annular compartment. The pressure across the sample can be measured by

the pressure-differential gauge and flow rate was measured with a rotameter. For in-plane

experiment, an annular sample was clamped between an upper and a lower fixture. The

assembly was located between the platens of a press. The upstream pressure was measured

at different compression levels and different flow rates. Gurau et al. reported the through-

plane permeability to be in the range of 0.44 × 10−12 m2 to 13 × 10−12 m2 and in-plane

permeability to be in the range of 0.7×10−12 m2 to 17.4×10−12 m2. The permeability of mi-

croporous layer with higher PTFE content was found to be higher than that of microporous

layer with lower PTFE content. The in-plane permeability was measured to be higher than

the through-plane permeability.

Tamayol et al. [24] built an air permeability test bed to investigate the effect of PTFE

content on the through-plane permeability of gas diffusion layers. An air tank was used

for high pressure air supply and the air pressure was controlled using a digital air pressure

regulator. Tamayol et al. found that there was a reverse relationship between the PTFE

content and the through-plane permeability.

Carrigy et al. [25] measured the through-plane permeability of GDL/MPL assemblies

using a diffusion bridge. Permeability of GDL was estimated with several gases to estimate

Knudsen slip in the MPL. The pore size of the MPL is very small, i.e., 7 nm-133 nm, and

gas flow was shown to be no longer in the continuum regime. The flow regime is defined by
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the Knudsen number, which is mathematically defined as :

Kn =
λ

dp
(1.7)

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

media. Table 1.1 [26] shows the different flow regimes and corresponding Knudsen number.

Carrigy et al. studied the effect of PTFE content in MPL-coated GDL on through-plane

permeability. The permeability was measured to decrease with increasing PTFE loadings.

In addition, they found that Knudsen’s expression provided a more accurate prediction of

gas transport in the GDL/MPL sample than the compressible form of Darcy’s law. A similar

study was also conducted by Pant et al. [26] and similar conclusion was found in their study.

Table 1.1: Flow regimes and the corresponding Knudsen number [26]
Knudsen number Flow regime

Kn<0.001 Continuum regime, Navier-Stokes(N-S)
valid with no-slip boundary condition

0.001<Kn<0.1 Continuum-transition region;
N-S valid only with slip boundary condition

0.1<Kn<10 Transition region; N-S not valid;
moment equations or Burnett equation with slip boundary condition

Kn>10 Free molecule flow;no continuum model valid

Mangal et al. [27] modified the through-plane diffusion bridge used by Pant et al. [26]

and measured the through-plane permeability of 34BA and Toray-90 samples with different

PTFE content. The bridge consisted of two acrylic plates with two rectangular flow channels

machined in them. 34BA shows the highest permeability among all the samples. Increasing

the PTFE loading was found to have an adverse effect on GDL permeability. Permeability

of Toray-90 varied from 1.1 × 10−12 m2 to 0.35 × 10−12 m2 with PTFE content between 0%

- 40%.

Mangal et al. [28] also measured in-plane permeability of Toray-90 (untreated) and

Toray-90 (40% PTFE) using a setup similar to Gostick et al. [19]. The samples were measured

at four compression levels. Permeability was found to be between 0.98 × 10−11 m2 and 0.13 ×
10−11 m2 and shown to decrease with compression and PTFE content. Mangal also measured

in-plane permeability of GDL in four different directions [29] and it was found that direction

has no obvious effect on mass transport parameters.
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1.4.1.2 Mathematical studies on permeability

The permeability of the GDL has been numerically studied by some researchers [30–35]. The

Carman-Kozeny equation is a semi-empirical relation that is most widely used to estimate

permeability of porous media and is written as [30]:

Bv =
ε3

kK(1− ε)2A2
o

(1.8)

where kK is the Kozeny constant, ε is the porosity of the porous space, Ao is the surface area

per solid volume, i.e., Afs/Vs where Afs is the interfacial area between the fluid and solid

phases and Vs is the solid volume. For a mean particle diameter d, the specific surface area

can be estimated using [30],

Ao =
6

d
(1.9)

For fibres of diameter df , d can be estimated as (3/2)df [30] and equation (1.8) can be given

as:

Bv =
ε3

16kK(1− ε)2
d2f (1.10)

In this thesis, the experimental results are used to fit in equation (1.10) to obtain kK .

Other models to predict permeability will not be introduced in this section since this thesis

mainly focuses on experimental measurement.

1.3.2 Diffusivity

Diffusivity is an important parameter for porous layers because diffusion is considered to

be the primary gas transport mode in the porous media of PEM fuel cells. Fick’s law is

commonly used to describe gas diffusion in porous material:

JJJ = −D ∇C (1.11)

where JJJ is a diffusion flux vector, C is the concentration or density, and D is the diffusion

coefficient or diffusivity. Under the condition of non-steady state diffusion, a mass balance

result in Fick’s second law of diffusion:

∂C

∂t
= −D ∇2C (1.12)

where t is time.

When diffusion occurs in the transition region, some researchers use Bosanquet approx-
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imation to account for Knudsen effects when predicting diffusivity D [36]:

1

D
=

1

DK

+
1

DM

(1.13)

where DK is Knudsen diffusivity, DM is molecular bulk diffusivity. Knudsen diffusivity is

given by: [36]

DK =
dp
3

√
8RT

πM
(1.14)

where dp is local pore diameter, M is molar mass of the gas, R is gas constant and T is

temperature.

1.4.2.1 Experimental apparatus to measure diffusivity

Different experimental methods for measuring effective gas diffusivity have been proposed

in the literature [37] [38]. Loschmidt [37] developed closed-tube method, also known as

Loschmidt cell method in 1972. It consisted of a top and bottom chambers as shown in

Fig 1.6. A valve was located in the middle and used to separate or connect the chambers.

Two different gases were initially separated, then started to diffuse after the valve was

opened. The effective diffusivity was estimated using Fick’s second law. The determination

of effective diffusivity requires measurements of temperature, pressure, concentration, time

and geometry. The uncertainty is mainly caused by convection from buoyancy effects and

can be minimized by using lighter gas in the top chamber. It was reported that the method

often has reproducibilities better than 1%, and the measurements have the accuracy of 1%

- 3%.

Figure 1.6: Closed tube setup

Ney and Armistead [37] developed two-bulb method in 1947. Two bulbs filled with two
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different gases of interest were connected by a narrow tube as shown in Fig 1.7. It was

assumed that the diffusion process was in quasi-stationary state and pressure and temper-

ature were constant. The connecting tube volume was considered to be much smaller than

either bulb volume. The two-bulb method has similar uncertainties with the closed tube

method, but less chance of convective effects. The inaccuracies of two-bulb method have

been reported to be 1% - 3.5%.

Figure 1.7: Two-bulb setup

Walker and Westenbery [37] developed the point source method in 1958. This method

was developed especially for measuring effective diffusion coefficients at high temperatures.

A trace gas was steadily supplied through a hypodermic tube into a carrier gas flowing in

the same direction. The mixture concentration was measured by a probe located at various

distances downstream. The important assumption was steady-state flow, axial symmetry

of the mixture concentration, uniform flow velocity, infinitely dilute mixture and absence

of convection effects. The sources of error are probe position, measurements of flow, wake

caused by the injector tube, difference in density between the trace and carrier gas. The

diffusion coefficients have been measured with accuracy in the range of 4% [37].
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Figure 1.8: Point source setup

Stefan developed the evaporation-tube method in 1873 [37]. This method is useful for

determining of diffusion coefficients for vapor-gas mixtures. The tube was partially filled

with liquid and the evaporation rate was controlled by diffusion. Across the tube outlet gas

flows and carries the vapor away. The setup is shown in Fig 1.9. The rate of liquid loss was

observed for long durations in order to estimate effective diffusion coefficient. The assumption

was quasi-steady state, gas insolubility, axial symmetry and the absence of convection effect.

The temperature range is strongly dependent on the volatility of the liquid to be tested. The

reliabilities of diffusion coefficient by the evaporation tube method are several percent [37].

Figure 1.9: Evaporation tube setup

Bendt developed the diffusion bridge setup in 1958 [39]. The setup consisted of two flow

channels for two different gases (see Figure 1.10). The channels were connected by a hollow
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capillary tube or a porous media to allow the gas diffusion. The pressure difference across the

capillary was produced by controlling and adjusting the flow rates. The sources of error are

fluctuations in flow rate and measurements of concentration. The advantage of the diffusion

bridge is that the method is amenable to operation over a wide range of temperature [39].

Figure 1.10: Diffusion bridge setup

In this thesis, the diffusion bridge is selected as the method to estimate effective diffu-

sivity because: (1) The setup allows for permeability and diffusivity to be measured simul-

taneously, (2) The gas flow rate can be controlled to minimize diffusive layer effect, (3) The

gas diffusion process can be maintained in a steady state, (4) High accuracy of oxygen level

measurement, (5) faster and convenient than other methods, such as evaporation-tube.

1.4.2.2 Experimental studies of gas diffusivity in fuel cell

Martinez et al. [40] used a conductivity cell apparatus to measure GDL conductivity. Based

on this value, the effective diffusivity was obtained usingDeff = Dbulk

NM
=Dbulk

Ro

R
whereNM is

the MacMullin number. The setup consisted of a Lexan polycarbonate reservoir and a center

division that was used to attach the sample holder. Two coated Ti electrodes were placed

on both sides of the sample and served as working and counter electrodes. The reservoir

was filled with electrolyte solution consisting. Two Pt wire electrodes located at the center

of the cell and at each side of the sample served as the reference and sensing electrodes to

measure the potential difference along across sample. A square-wave form of the current was

applied through the coated Ti electrodes, and the potential difference was measured with the

Pt wire electrodes. The resistance with and without the sample in the path was measured

so that the MacMullin number can be obtained. It was found that the carbon-cloth GDLs

follow the Bruggeman expression but the carbon-paper GDLs had a different relationship.
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This difference can be explained in terms of the path length created by the orientation of the

fibres in each type of GDL. The following equation was found to best fit the experimental

data for carbon-paper GDLs:

NM = ε−3.8 (1.15)

Using similar equipment, Kramer et al. [41] measured the effective ionic conductivity

of electrolyte-soaked Toray-060 sample in both through-plane and in-plane direction at var-

ious compression levels using electrochemical impedance spectroscopy. To investigate the

in-plane direction, the sample holder consists of two acrylic glass blocks. Two cavities are

machined into the lower block and served as electrolyte inlet. Two Pt wires located at a

distance of 3 cm served as potential probes. The sample was placed in-between. A glass

frit was incorporated to enable compressing the GDL in the through-plane direction, while

retaining uniform electrolyte entry. For porosities in the range of 0.5-0.8, the effective diffu-

sion coefficient was found to be in the range of 0.2-0.6 for in-plane direction and 0.1-0.3 for

through-plane direction.

Fluckiger et al. [42] extended the work of Kramer et al. [41] by studying the effect of

PTFE content on the effective diffusivity. Untreated and PTFE-treated Toray-60 and SGL

(24 and 25 series) were investigated. The effective diffusivity of Toray-60 sample was found

to decrease with increasing PTFE loading in both in-plane and through-plane directions.

However, the effective diffusivity of GDL 24 DA was slight higher than that of the untreated

GDL 24 AA.

Zamel et al. [43] was the first to measure gas diffusion directly. They used a Loschmidt

cell to measure the through-plane effective diffusion coefficient of Toray-120 with different

PTFE loadings. The cell is made up of top and bottom chambers. A ball valve is used to

connect the chambers or separate the chambers. The gas flow rate was controlled by two

mass flow controllers that are connected to the inlets. An oxygen sensor is installed in the

top chamber to measure the oxygen concentration. The through-plane diffusibility showed a

linear downward trend with PTFE content and was measured to be in the range of 0.13-0.33

for PTFE loadings in the range of 0-40%.

Unsworth et al. [44] measured gas diffusion using a setup similar to Zamel et al. [43].

The modified correlation between the through-plane GDL diffusibility and porosity below

was obtained. The relationship is only valid for carbon papers with less than 10% PTFE
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loading.

f(ε) =

(
1− (2.72ε)cosh(2.53ε− 1.61)

(
3(1− ε)

3− ε

))
(1.16)

Chan et al. [8] used the same Loschmidt cell to study the effect of MPL on the through-

plane effective diffusion coefficient. The effective diffusivity was found to be around 42% of

the corresponding effective diffusivity for the GDL substrate (SolviCore Type A, 5% PTFE).

Mangal et al. measured the through-plane diffusivity of GDL using the same diffusion

bridge discussed before [27]. A differential pressure controlled was used to control the static

pressure difference between the gas channels. A back pressure controller was connected to

the nitrogen channel and used to control the static pressure of the system. An oxygen sensor

probe was used to measure the oxygen concentration in the nitrogen channel. Diffusibility

of the GDL was found to decrease with PTFE loading. In addition, they found that dif-

fusibility of the GDL was independent on absolute pressure but the diffusibility for He-O2

was significantly different from the diffusibility for N2-O2.

Gostick et al. [45] developed an in-plane diffusion bridge to measure the in-plane diffu-

sivity of GDL. The GDL was compressed between two stainless steel plates and shims were

used to control the thickness. The sample was flushed with nitrogen to set a zero oxygen

initial condition. The experiment began the moment the flushing stopped, since oxygen

immediately started to diffuse through both ends into the sample. An oxygen sensor probe

placed at a fixed location inside the GDL recorded the oxygen concentration as a function

of time. Fick’s second law was solved for one dimension in order to estimate the effective

diffusion coefficient. The in-plane effective diffusivities were found to decrease with higher

compression level.

Even though many studies exist in literature measuring GDL effective diffusivities, mea-

surements of CL diffusivity are sparse. Shen et al. [11] measured the effective diffusivity of

catalyst layer using the modified Loschmidt cell discussed in Ref. [43]. An automated spray

coater was employed to deposit CL onto an Al2O3 membrane substrate. For the catalyst lay-

ers under investigation the effective diffusivity was found to be 1.47±0.05×10−7m2/s. They

found that Bruggeman’s formula overestimates the effective diffusivity of CL because it fails

to take into account the Knudsen effect, however Knudsen effects could not be separated

from molecular diffusion effects.

Inoue et al. [46] studied the relationship between porosity and effective diffusivity of CL
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using a diffusion bridge similar to the one discussed by Mangal et al [27]. Pure nitrogen and

oxygen flowed over the surface of sample and the diffusion flux was obtained by downstream

gas analysis using gas chromatography. For porosities in the range of 0.4-0.75, the diffusibil-

ity was reported from 0.01 to 0.3 and decreased with increasing ionomer-to-carbon ratio.

Yu and Carter [47] studied the effective diffusivity in electrodes using a conventional

PEMFC platform with 50 cm2 flow fields. Nitrogen flows through the middle channel and

air through the two outer channels. Effective diffusivity of the electrodes was obtained

by solving the Fick’s first law. The effective diffusivity was found to decrease with higher

ionomer-to-carbon ratio.

Zhao et al. [48] measured the permeability of CL using Darcy’s law and reported effective

gas permeability to be in the range of 1.5 - 3.7 × 10−15 m2. However, the Knudsen diffusivity

effect was ignored.

1.4.2.3 Mathematical studies on diffusivity

The effective diffusivity, Deff , of partially wetted porous media is typically written as [29]:

Deff = Dbulkf(ε)g(s) (1.17)

where f(ε) is a function of porosity representing the impact of the porous media structure

and g(s) is a function used to account for pore blockage due to water. ε is the porosity, s is

the saturation and Dbulk is the bulk diffusivity of a pair of gases.

Bruggeman type approximation [49] is one of the most commonly used correlations that

predict the effective diffusivity of porous media. Bruggeman equation was derived based on

the effective medium approximation. Mathematically, the Bruggeman type approximation

is written as:

Deff = Dbulk(ε)
a (1.18)

where a is the fitting parameter.

Tomadakis and Sotirchos [50] applied percolation theory to predict the effective diffusion

coefficient in porous media. A Monte Carlo simulation scheme was employed to determine the

effective diffusion coefficient from the mean-square displacement of random walkers travelling
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in the interior of porous structure. The equation is defined as:

Deff = Dbulk ε

(
ε− εp
1− εp

)α

(1.19)

where parameters εp and α are fitting parameters.

In this thesis, the experimental results are used to fit in equation (1.18) and (1.19).

Other models [51–54] to predict diffusivity will not be discussed in this section since this

thesis mainly focuses on experimental measurement.

1.4 Research gap and objectives

Based on the literature review on transport properties of PEM fuel cell porous media, fol-

lowing research gaps are identified:

• The Knudsen effects under high GDL compression levels have not been studied. Some

studies measured GDL under compressed state but in a small range of compression [19,

20]. Besides, even though the effect of PTFE content and MPL on GDL permeability

and diffusivity have been studied, the effect of carbon matrix (see Figure 1.3) that

results in a dual pore size distribution, has not been well studied.

• Even though some studies have measured CL diffusivity, CL permeability and Knudsen

diffusivity have not been well studied. In addition, no studies have measured CL

permeability, effective Knudsen diffusivity and diffusivity simultaneously.

The first goal of this thesis is to study the effect of carbon matrix and morphology on GDL

transport properties. To achieve this goal, MIP technique is employed to obtain the PSD

and volume fraction in matrix of GDLs. SEM imaging is also used for better observing the

GDL pore structure. The GDL is measured in the in-plane direction at various thickness

in order to study the effect of matrix and Knudsen effect. The second goal of this thesis is

to measure the CL permeability, effective pore diameter, Knudsen diffusivity and effective

diffusivity. The catalyst ink is prepared and printed by an inkjet printer. The effect of I/C

ratio and different carbon support on the CL transport properties are studied. The CL is

measured in the through-plane direction because of its thin thickness.
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1.5 Thesis outline

The thesis consists of four chapters. Chapter 1 discusses motivation, background and liter-

ature review. Chapter 2 focuses on theory and measurements of GDL in-plane permeability

and diffusivity. SEM images and PSD curves of measured GDL samples are also presented.

Different GDL types are measured at various compression levels and the effect of carbon

matrix and morphology are analysed based on experimental results. Chapter 3 looks at the-

ory and measurements of transport properties of CL. Several CL types are fabricated using

different Pt/C powder and ionomer-carbon ratio to study their effect on transport proper-

ties. Different gases, i.e., Krypton and CO2 are used to validate the accuracy of Knudsen’s

expression. The diffusibility of CLs obtained from experiment is compared to literature.

Chapter 4 talks about conclusions and future work.
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Chapter 2

Measurement of in-plane PEM fuel

cell gas diffusion layer gas transport

properties

2.1 Introduction

Typical materials used as GDLs are carbon paper and carbon cloth which show anisotropic

transport characteristics. Carbon paper has a high degree of in-plane alignment, increasing

transport in this direction compared with through-plane [55]. In-plane transport is important

for distributing gases beneath the flow-field ribs, facilitating a more uniform current-density

across the cell, and increased durability [56] [57]. As a result, it is necessary to study the

transport properties of GDL in the in-plane direction.

In this chapter, a metal diffusion bridge is introduced for measuring in-plane GDL

transport properties. The setup was originally proposed by Mangal et al. [29], however, the

experimental setup did not show good agreement with other literature. In this work, the

setup was modified to increase accuracy. First, the back pressure and differential pressure

controller were removed to reduce the uncertainty arising from equipment. Also, multiple

layers of sample were stacked together for the measurement to reduce the uncertainty in

thickness measurement and ensure sufficient oxygen transport through the sample. The new

setup is more accurate and it is capable of reproducing previous literature results. As intro-

duced in previous chapter, most literature studied the relationship between PTFE content

and transport parameters, however, the effect of pore size distribution and carbon matrix

were ignored. Recent GDL materials, such as SIGRACET 28 BA, have a large amount of
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carbon matrix creating a dual pore size distribution. The impact of this additional material

on transport properties has not been studied. The primary goal of this chapter is to study

the effect of pore size distribution and carbon matrix on GDL transport properties.

Section 2.2 discusses the experimental setup for the in-plane permeability and effective

molecular diffusivity. Section 2.3 describes the theory and mathematical models for estimat-

ing the gas transport properties. Section 2.4 discusses measurement uncertainty for in-plane

GDL permeability and diffusivity. In section 2.5, GDL sample characterization is provided

and the experimental results for Toray-90 samples are compared to literature to validate

setup accuracy. Different GDL types were then measured and compared with each other to

analyse the effect of pore size distribution and carbon matrix on transport properties.

2.2 Experimental setup

2.2.1 In-plane diffusion bridge

The in-plane diffusion bridge used in this thesis is made up of two steel plates with two

circular flow channels machined into them, as shown in Figure 2.1. The diameter and length

of the circular channel are 9 mm and 5 cm, respectively. Four shims of known thickness

were placed between top and bottom plates in order to control the sample compression

level. Two strips of silicon gaskets were placed around the flow channels to prevent leakage.

To estimate the porosity of the compressed sample, it was assumed that compression only

reduced the pore volume but not the solid volume. The porosity of a compressed sample is

then calculated as:

ε = 1− (1− εo)
to
t

(2.1)

where εo and to are the porosity and thickness of the uncompressed sample, and t is the

thickness of sample in compressed state.
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(a) Steel plate (b) diffusion bridge assembly

Figure 2.1: Photograph of (a) steel plate and (b) diffusion bridge assembly

2.2.2 Sample preparation

For the purpose of testing GDL, the sample was cut into 1 × 5 cm2 using a precision knife.

Four layers of sample were stacked together and placed between the top and bottom plates.

The bolts were then tightened using a torque value of 4.5 N-m (40 inch-lb) in a cross cyclic

manner to create a uniform compression on the diffusion bridge. The final assembly is shown

in Figure 2.1 (b). To detect leakage, the bridge was filled with nitrogen, pressurized up to

50 psig, and placed in water for 3 minutes. No bubbles were visible leaving the diffusion

bridge, which proved that there was no leakage.

2.2.3 In-plane permeability

The in-plane diffusion bridge contains two channels and each channel has four ports. In the

permeability experiment, one port of the channel is connected to the gas bottle via a mass

flow controller (MFC) and another port is connected to the high pressure end of pressure

transducer (PT). The other two ports of the channel are closed so that the gas is forced

to flow from one channel to the other through the porous media in the in-plane direction.

One port of low-pressure channel is then connected to the low-pressure port of the PT and

the other ports are open to the atmosphere. A schematic diagram of the setup is shown in

Figure 2.2.
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Figure 2.2: Experimental setup for in-plane permeability

Compressed nitrogen (PRAXAIR, UHP 5.0) from a gas cylinder at 50 psig flows to the

mass flow controller (Cole-Parmer, Serial Number: 62704, range: 0-5 SLPM) which is used

to control the gas flow rate. The pressure transducer (OMEGA, Serial Number: 418617,

range: 0-3.5 bar) is connected to both channels so that the pressure drop across the porous

media at different flow rates can be measured. The MFC is connected to a computer via an

RS-232 communication port. A data acquisition card (National Instruments USB 6221) is

used to read data from the PT. LabWindows/CVI is used to communicate with the setup

and log data from the MFC and PT into a text file. The data is logged for 125 seconds (25

readings) for each flow rate to ensure steady state.

2.2.4 In-plane diffusivity setup

In the in-plane diffusivity experiment, nitrogen and oxygen gases enter each one of the chan-

nels. The two compressed gases are adjusted to 50 psi before flowing to the MFCs. Nitrogen

(Cole-Parmer, Serial Number: 62704, range: 0-5 SLPM) and oxygen mass flow controllers

(Cole-Parmer, Serial Number: 62661, range: 0-5 SLPM) are used to control the flow rate

of the gases. The oxygen channel outlet is open to ambient and nitrogen channel outlet is

connected to the oxygen sensor.

In contrast to the setup previous proposed by Mangal [28], the back pressure controller

(BPC) and differential pressure controller (DPC) were not used in the in-plane diffusivity
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measurement. There are mainly two reasons: (1) removing DPC and BPC simplified the

setup and reduced the uncertainty arising from the controllers, and, (2) the increase in oxy-

gen concentration of nitrogen channel is very small even for significant pressure difference.

A schematic diagram of the setup is shown in Figure 2.3.

To measure the oxygen mole fraction in the gas mixture at the outlet of the nitrogen

channel, a NEOFOX oxygen sensor (Ocean Optics, Model: FOSPOR-600-32MM, range: 0

- 21% in gas) is used. To achieve accurate measurements, the oxygen sensor is recalibrated

every day before running the experiment. Two mass flow controllers are used to create a

gas mixture of known oxygen concentration, and the results are compared to the measured

oxygen levels by the NEOFOX sensor in order to calibrate the sensor by changing oxygen

levels. Calibrated compressed nitrogen-oxygen gas mixtures (PRAXAIR, Accuracy:±2%

Rel) containing 1% and 10% oxygen are finally used to validate the calibration results.

The sensor is considered to be properly calibrated when for the two different gas mixture,

the measurement results are 1%±0.02% and 10%±0.1% respectively. The calibration file is

uploaded in the NEOFOX software, and the calibration is done.

Figure 2.3: Experimental setup for in-plane diffusivity

The mass flow controller is connected to a computer via an RS-232 communication port.
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A data acquisition card is used to read data from pressure transducer. LabWindows/CVI is

used to communicate with the mass flow controller. The NEOFOX software logs data from

the oxygen sensor and stores oxygen volume fraction vs. time in a CVS file every 5 seconds

for 5 minutes after oxygen concentration is stabilized. Then the flow rate of the gas and

average oxygen concentration are used for data processing.

2.2.5 Experimental conditions

To measure the in-plane permeability of GDL sample, the mass flow rate of nitrogen is varied

from 0 to 1 standard liters per minute (SLPM) in 10 even intervals. The experiment is run

at zero flow rate to estimate the offset of the PT.

In the in-plane diffusivity experiments, the mass flow rate of both gases is controlled to

be 0.5 SLPM. Different flow rates were also used for validation and it was found that the

in-plane diffusivity is almost independent on the flow rate. The details will be discussed in

the next sections.

Unless otherwise stated, 4 layers of GDL samples are stacked together and tested at

different compression levels. Experiments are also conducted using 2-layer sample and the

number of layers was found to have no significant effect on permeability and diffusivity.

Permeability and diffusivity experiments are performed three times using different samples.

For each sample, the permeability and diffusibility are measured without opening/closing

the diffusion bridge.

2.3 Governing equation and data analysis

2.3.1 Governing equation

2.3.1.1 Governing equation for in-plane permeability

Darcy’s law is commonly used to describe the fluid flow through a porous media at low

Reynolds number and is defined as [19]:

∇P = − η

Bv

vvv (2.2)

where ∇P is pressure gradient across the porous media, η is the dynamic viscosity, vvv is the

velocity, and Bv is permeability of the porous media. For steady, one-dimension flow, the
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equation is:
dP

dx
= − η

Bv

v (2.3)

Darcy’s law is well applicable for flow in porous media in the creep regime (Reynolds

number<10) [58]. As mass flow rate increases, the gas velocity also becomes higher in the

porous media and inertial effects start to play a significant role. Inertial effects are taken

into consideration by using the Darcy-Forcheimer equation [23]; which at steady-state, for

one-dimension flow, reads:
dP

dx
= − η

Bv

v − ρ

Bl

v2 (2.4)

where x is the coordinate taken as positive in the direction of gas flow, ρ is the density of

a gas, and Bl is the inertial permeability (in m). Assuming ideal gas and substituting ideal

gas law into equation (2.4) one finds:

dP

dx
= −RT

P

(
η

Bv

ṅ+
M

Bl

ṅ2

)
(2.5)

where ṅ is molar flux (mol/m2 s). Rearranging equation (2.5) gives:

P

RT
dP = −

(
η

Bv

ṅ+
M

Bl

ṅ2

)
dx (2.6)

In the absence of chemical reactions, the molar flux across the sample is constant. Inte-

grating equation (2.6) from 0 to L and P1 to P2, the compressible form of Darcy-Forcheimer

equation can be expressed as [27]:

P 2
1 − P 2

2

2RTL
=

η

Bv

ṅ+
M

Bl

ṅ2 (2.7)

where P1 and P2 are the pressure values in the high and low pressure channel respectively, ṅ

is molar flux, T is the temperature in Kelvin, R is the gas constant, L is the thickness of the

sample, and M is the molar mass of the gas. Equation (2.7) can also be written in terms of

mass flux, ṁ, as
P 2
1 − P 2

2

2RTL
M =

η

Bv

ṁ+
1

Bl

ṁ2 (2.8)
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2.3.1.2 Governing equation for in-plane diffusivity

Fick’s first law is widely used to estimate the diffusive flux of a species in a steady state

system. In this case, Fick’s first law is written in one dimension as [59]:

ṁD
i = −ρtDij

dwi

dx
(2.9)

where ṁD
i is the diffusion flux in kg/m2·s, ρt is total density in kg/m3, Dij is the diffusion

coefficient or diffusivity in m2/s. In porous media, Dij is usually replaced by Deff
ij in order

to account for the porous media. In the experiment, oxygen is transported across the GDL

by diffusion from the oxygen channel to the nitrogen channel. Assuming a linear variation

in mass fraction, equation (2.9) can be written in discrete form as:

ṁD
O2

= Deff
N2,O2

ρt ΔwO2

L
(2.10)

where ṁD
O2

is superficial oxygen diffusive mass flux in GDL (kg/m2·s), Deff
N2,O2

is the effective

diffusivity of GDL sample, wO2 is oxygen mass fraction, L is the thickness of sample and ρt

is the interstitial gas mixture density in the sample. The latter is approximated to be
ρO2

+ρN2

2
.

According to the mass conservation, the mass of oxygen that flows into the nitrogen

channel through the GDL is equal to the mass of oxygen that leaves the nitrogen channel.

For mass flux of oxygen flowing out of nitrogen channel is:

Ṁ out
O2

= ρO2 V̇O2 = V̇t xO2 ρO2 ≈ V̇N2 xO2 ρO2 (2.11)

where Ṁ out
O2

is oxygen mass flux out of nitrogen channel (kg/s), xO2 is oxygen molar fraction

in nitrogen channel measured by oxygen sensor, V̇t is the volume flow rate of gas out of

channel and V̇N2 is the volume flow rate of N2 controlled by MFC (LPM). Equation (2.11)

is based on the assumption that equal amount of N2 diffuses through GDL into O2 channel

as O2 diffuses through GDL into N2 channel and convection has no contribution to the oxy-

gen transport, then V̇N2 is approximately the same as the total volume rate in the N2 channel.

As oxygen transport in the GDL is driven by diffusion, the mass flux of oxygen flowing

into nitrogen channel through the GDL can be written as:

Ṁ in
O2

= Deff
N2,O2

A
ρt ΔwO2

L
(2.12)
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where Ṁ in
O2

is the oxygen diffusive mass flux into the nitrogen channel through the GDL

(kg/s) and A is the cross-sectional area. Assuming wO2 is 0 in the nitrogen channel and 1 in

the oxygen channel, equation (2.12) results in:

Ṁ in
O2

= Deff
N2,O2

A
ρt
L

(2.13)

According to mass conservation, Ṁ in
O2

= Ṁ out
O2

, then:

Deff
N2,O2

A
ρt
L

= V̇N2 xO2 ρO2 (2.14)

Assuming gas mixture density in the sample is equal to
ρO2

+ρN2

2
, Deff

N2,O2
is finally written as:

Deff
N2,O2

=
V̇N2 ρO2 xO2 L

Aρt
=

2V̇N2 ρO2 xO2 L

A (ρO2 + ρN2)
(2.15)

Equation (2.15) is used to calculate the in-plane effective diffusivity of the GDL.

2.3.2 Data analysis

GDL permeability - In order to obtain viscous and inertial permeability in (2.7), the inlet

pressure P1, and the molar flux of gas ṅ are measured. The molar flux ṅ in equation (2.7) is

calculated using ṅ = Pstandard v/RT ◦, where Pstandard is the standard atmospheric pressure,

i.e., 101325 Pa and T ◦ is 298K. The inlet gas velocity, v, is obtained using v = V̇
A
, where

V̇ is the volume flow rate at standard conditions controlled by the MFC in SLPM. P1 is

measured directly by the PT and P2 is at ambient pressure. The experimental data is

used to fit to equation (2.7) using a Python code to extract viscous permeability Bv and

inertial permeability Bl. The code is used for the data fitting by employing a least squares

regression technique. Simulations at different gas velocity with different permeability values

are performed and a residual function is defined as:

Res =
n∑

i=10

(P1,exp − P1,num(Bv, Bl))
2 (2.16)

where P1,exp is the experimental inlet pressure measured by PT, and P1,num is the numerical

estimate of the inlet pressure obtained from equation (2.7). The values of Bv and Bl which

minimize the residual function represent the permeabilities of GDL.

GDL diffusivity - In order to obtain the in-plane effective diffusivity of the GDL sample, the
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volume flow rate of nitrogen and oxygen are controlled by two MFCs (Cole-Parmer, model:

RK-32907-69, range: 0 - 5 SLPM) and the oxygen molar fraction in the nitrogen channel

is measured by an oxygen sensor (Ocean Optics, Model: FOSPOR-600-32MM, range: 0 -

21% in gas). Assuming that the diffusive flux of oxygen and nitrogen across the CL sample

are equal, and both of them are much less than the nitrogen flow from the MFC (details

in results section), then the total volume flux in the nitrogen channel is considered to be

approximately equal to the value from MFC. Therefore, the in-plane effective diffusivity can

be obtained using equation (2.15).

2.4 Uncertainty analysis

To know the credibility of results and to learn how to improve the experiment, the influence

of uncertainty in each variable on the experimental results is discussed. Suppose that f is

a function of x1, x2,..., xi, and the variables are measured with uncertainties wx1 , wx2 ,...,

wxN
. If the uncertainties in x1, x2,..., xN are independent and random, then the overall

uncertainty wf is [60]:

wf =

√(
∂f

∂x1

wx1

)2

+

(
∂f

∂x2

wx2

)2

+ ...+

(
∂f

∂xi

wxN

)2

(2.17)

Systematic and precision uncertainties are two sources of uncertainty in the measure-

ment. Systematic uncertainty is caused by measurement instruments and independent on

repeated measurements, however precision uncertainty is caused by unknown and unpre-

dictable changes in the experiment. Although manufacturers provide the accuracies of their

equipment, most of them do not differentiate between systematic uncertainty and precision

uncertainty [61]. Wheeler [62] recommends that manufacturer accuracy should be treated

solely as systematic uncertainty because of the lack of a clear explanation of how to calculate

the accuracies. Multiple precision experiments need to be performed before determining the

overall uncertainty.

In a precision experiment, a fixed parameter is measured many times and the stan-

dard deviation of the measurements show the accuracy. Sample standard deviation Sx, is

calculated using the mean value X:

Sx =

√∑N
j=1(Xj −X)2

N − 1
(2.18)
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where N is the sample size, Xj is the value of the jth measurement. For small sample

size (less than 30), the t-distribution can be used and the precision uncertainty would be

expressed in terms of Sx [61]:

Px = t
Sx√
N

(2.19)

where t is decided by sample size and level of confidence (in this case 95%), and N is the

sample size.

After determining the precision uncertainty, the overall uncertainty for a single variable

x can be calculated as:

wx =
√
B2

x + P 2
x (2.20)

where Bx is the systematic uncertainty provided by manufacturer and Px is the precision

uncertainty obtained from multiple experiments.

2.4.1 Mass flow controller uncertainty

The nitrogen and oxygen mass flow controllers are manufactured by Cole-Parmer. The range

is 0-5 SLPM, and manufacturer accuracy is (0.8% of reading + 0.2% of full scale) for both

controllers. Both controllers were calibrated with a bubble calibrator (Sensidyne,Gilibrator-

2) which measures the volume flow rate based on the ideal gas law. Atmospheric pressure

and temperature were measured before the calibration was conducted. The calibrator was

connected to the outlet of the mass flow controller and 10 readings were recorded for each

mass flow rate while nitrogen or oxygen is flowing through the calibrator. The largest sample

standard deviation was calculated using equation (2.18), and precision uncertainty was then

calculated to be 4.24×10−3 SLPM for both nitrogen and oxygen mass flow controller.

For the nitrogen MFC, none of the measured sample mean values fell within the man-

ufacturer accuracy. A calibration curve was generated, shown in Figure 2.4, using 110 mea-

surements . X and Y axis represent set point and actual value, respectively. A correlation

equation for nitrogen MFC was obtained as:

VN2,real = 1.0291 ∗ VN2,set + 0.0205 (R2 = 0.9999) (2.21)
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Figure 2.4: Nitrogen mass flow controller calibration curve

The standard error estimate is given by equation (2.22) and an equivalent uncertainty

in the slope is expressed as equation (2.23) [62]:

σy =

√∑N
i=1(yi − Yi)2

N − 2
(2.22)

σye = aσx (2.23)

where N is equal to 110 since 10 readings were recorded at each flow rate and 11 different set

point flow rates were measured, yi is the measured value, Yi is the predicted value obtained

by correlation equation (2.21), a is the slope of the calibration curve, and σx is the factory

accuracy at set point. The new systematic uncertainty is then calculated as:

wNN2
=

√
σ2
y + σ2

ye (2.24)

The overall uncertainty of the nitrogen MFC at different mass flow rate is calculated by

equation (2.20) and shown in Table 2.1.
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Table 2.1: Uncertainties in nitrogen mass flow controller (Unit in SLPM)
Mass Flow Rate Manufacturer Systematic Uncertainty New Systematic Uncertainty Precision Uncertainty Overall Uncertainty

0.1 0.0108 0.0130 4.24×10−3 0.0136
0.3 0.0124 0.0128 4.24×10−3 0.0135
0.5 0.0140 0.0144 4.24×10−3 0.0150
0.7 0.0156 0.0160 4.24×10−3 0.0165
0.9 0.0172 0.0177 4.24×10−3 0.1820
1.1 0.0188 0.0193 4.24×10−3 0.0197
1.3 0.0204 0.0210 4.24×10−3 0.0214
1.5 0.0220 0.0230 4.24×10−3 0.0233
1.7 0.0236 0.0240 4.24×10−3 0.0243
1.9 0.0252 0.0260 4.24×10−3 0.0263
2.1 0.0268 0.0276 4.24×10−3 0.0279

The overall uncertainty of oxygen MFC can be obtained following the same procedure.

The calibration curve is shown in Figure 2.5. The overall uncertainty of oxygen MFC is

obtained by following the same procedure and shown in Table 2.2.

Figure 2.5: Oxygen mass flow controller calibration curve

Table 2.2: Uncertainties in oxygen mass flow controller (Unit in SLPM)
Mass Flow Rate Manufacturer Systematic Uncertainty New Systematic Uncertainty Precision Uncertainty Overall Uncertainty

0.1 0.0108 0.0110 4.24×10−3 0.0117
0.3 0.0124 0.0126 4.24×10−3 0.0132
0.5 0.0140 0.0142 4.24×10−3 0.0148
0.7 0.0156 0.0158 4.24×10−3 0.0164
0.9 0.0172 0.0175 4.24×10−3 0.1790
1.1 0.0188 0.0191 4.24×10−3 0.0195
1.3 0.0204 0.0207 4.24×10−3 0.0210
1.5 0.0220 0.0223 4.24×10−3 0.0227
1.7 0.0236 0.0240 4.24×10−3 0.0243
1.9 0.0252 0.0256 4.24×10−3 0.0259
2.1 0.0268 0.0272 4.24×10−3 0.0275
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2.4.2 Pressure transducer uncertainty

The pressure transducer is manufactured and factory calibrated by Omegadyne Inc. It has

an accuracy of 0.05% of full scale=0.05%×3.5 bar=175 Pa. To perform precision experiment,

the PT was used to measure the pressure drop across the GDL. The mass flow controller was

set at different flow rates to create different pressure drops. The readings were recorded 60

times for each set point and the precision uncertainty was found to be 14.2 Pa using equation

(2.19). Then the overall uncertainty of the PT was calculated as:

wPT =
√
B2

PT + P 2
PT =

√
1752 + 14.22 = 175.6 Pa (2.25)

2.4.3 Oxygen sensor uncertainty

The oxygen sensor was manufactured and calibrated by NEOFOX (Ocean Optics, Model:

FOSPOR-600-32MM, range: 0-21%). To achieve accurate measurement, the oxygen sensor

is recalibrated every time before the experiments are performed. The calibration method has

been discussed in the previous section. A calibration curve of actual reading vs. set point is

shown in Figure 2.6 and correlation equation for oxygen sensor is obtained as:

y = −0.0065x2 + 0.9289x− 0.8338 (R2 = 1) (2.26)

The x represents oxygen sensor reading and y represents actual value. It is obvious to see

that there is an offset at y = 0 and this offset is eliminated by the fitting. Two calibrated

compressed nitrogen-oxygen gas mixtures (PRAXAIR, Accuracy: ±2% Rel) containing 1%

and 10% oxygen are finally used to validate the calibration results. The sensor is considered

to be properly calibrated when for the two different gas mixture, the measurement results

are 1%±0.02% and 10%±0.1% respectively. The average uncertainty was taken as 5%.
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Figure 2.6: Oxygen sensor calibration curve

2.4.4 Thickness measurement uncertainty

The thickness of sample is controlled by incompressible metal shims (TBI FPSM-20). The

shims of thickness 50, 100, 250 and 400 μm are measured by a micrometer (Mitutoyo Japan,

Series NO.:008395) with an reported accuracy 2 μm. The measured results for the shims are

52.8±0.83, 102.8±0.45, 252.4±0.55 and 399.6±1.52 μm respectively. To be conservative, the

uncertainty in thickness is taken as 4 μm.

2.4.5 Permeability uncertainty

Based on the discussion above, the uncertainty in function f is computed using the uncer-

tainties in each variable, shown as equation (2.17). Applying this method to permeability

equation (2.7) and ignoring the inertial effect due to its insignificant effect on permeability,

permeability can be expressed as:

Bv = 2RTη

(
ṅL

P 2
1 − P 2

2

)
(2.27)

Taking R, T , η and P2 as constants, the permeability uncertainty is given as:

wBv = 2RTη

√(
wṅ

L

P 2
1 − P 2

2

)2

+

(
wL

ṅ

P 2
1 − P 2

2

)2

+

(
wΔPPT

2ṅLP1

(P 2
1 − P 2

2 )
2

)2

(2.28)
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using P1 = P2 +ΔPPT and equation (2.27), equation (2.28) can be rearranged to give:

wBv

Bv

=

√(wN

N

)2

+
(wL

L

)2

+

(
2wΔPPT

ΔPPT

(P2 +ΔPPT )

(2P2 +ΔPPT )

)2

(2.29)

In the in-plane permeability experiment, the flow rate, N varies from 0 - 1 SLPM. According

to the overall uncertainty provided in Table 2.1 and 2.2, the average overall uncertainty in

flow rate is taken as 4%. The average pressure drop measured in the study is several thousand

pascals or higher, therefore the overall uncertainty in ΔPPT is taken as 2%. Sample width,

L, is measured using a micrometer gauge, and the uncertainty is very small uncertainty is

very small and taken as 1%. As ΔPPT is several thousand pascals or higher, the value of
(P2+ΔPPT )
(2P2+ΔPPT )

can only go as high as 1. Take the maximum value, then the overall uncertainty

for in-plane permeability of GDL will be:

wBv

Bv

=
√

(4%)2 + (1%)2 + (2%)2 = ±4.58% (2.30)

2.4.6 Experimental permeability precision uncertainty

In order to experimentally measure the permeability precision uncertainty of the setup, six

experiments were repeated for the same material and the results were compared. A Toray-90

sample was measured at two different thickness and the results are shown in Table 2.3. The

in-plane permeability for Toray-90 are 10.95±0.105 and 5.17±0.03 ×10−12(m2) at porosity

0.768 and 0.713 respectively. The standard deviation was calculated using equation (2.18),

therefore Px in equation (2.19) is calculated to be 0.105 and 0.03 respectively. The measure-

ment uncertainty, Px/Bv is calculated to be 0.96% and 0.58%, thus the setup precision is

better than the theoretical precision calculated using equation (2.30).
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Table 2.3: Toray-90 in-plane permeability at two different porosities

Porosity Bv(N2) ×10−12(m2)

Measurement 1 0.77 11.00
Measurement 2 0.77 11.00
Measurement 3 0.77 10.90
Measurement 4 0.77 11.10
Measurement 5 0.77 10.80
Measurement 6 0.77 10.90

Porosity Bv(N2) ×10−12(m2)

Measurement 1 0.71 5.15
Measurement 2 0.71 5.15
Measurement 3 0.71 5.22
Measurement 4 0.71 5.20
Measurement 5 0.71 5.17
Measurement 6 0.71 5.17

2.4.7 Diffusivity uncertainty

GDL in-plane effective diffusivity is calculated using equation (2.15). Using the same method

shown in the previous section, the in-plane diffusivity overall uncertainty is calculated as:

wDeff
N2,O2

=
2ρO2

ρO2 + ρN2

√√√√(
wV̇

xO2L

A

)2

+

(
wxO2

V̇ L

A

)2

+

(
wL

xO2V̇

A

)2

+

(
wA

xO2V̇ L

A2

)2

(2.31)

Dividing both side by Deff
N2,O2

gives:

wDeff
N2,O2

Deff
N2,O2

=

√(
wV̇

V̇

)2

+

(
wxO2

xO2

)2

+
(wL

L

)2

+
(wA

A

)2

(2.32)

Here are four terms of uncertainties: (1) the overall uncertainty in flow rate is 4% under

experimental condition, (2) the overall uncertainty in oxygen sensor is 5% of reading, (3) the

uncertainty in the shims is taken as 4 μm and so the uncertainty in thickness is assumed to

be 1%, and (4) the error in cross-sectional area is 4%. Substituting all the values into (2.32)

gives the overall uncertainty of in-plane diffusivity of GDL:

wDeff
N2,O2

Deff
N2,O2

=
√
(4%)2 + (5%)2 + (1%)2 + (4%)2 = ±7.6% (2.33)
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2.4.8 Experimental diffusivity precision uncertainty

In order to experimentally measure the diffusivity precision uncertainty of the setup, three

experiments were repeated for the same material and the results were compared. A Toray-90

sample was measured at two different thickness and the experimental raw data as well as

results are shown in Table 2.4. The in-plane diffusibilities for Toray-90 are 0.432±0.004 and

0.393±0.005 at porosity 0.77 and 0.71 respectively. The standard deviation was calculated

using equation (2.18), therefore Px in equation (2.19) is calculated to be 0.004 and 0.005

respectively. The measurement uncertainty, Px/Bv is calculated to be 0.93% and 1.27%,

thus the setup precision is better than the theoretical precision calculated using equation

(2.33).

Table 2.4: Toray-90 in-plane diffusibility at two different porosities

Porosity Oxygen level Diffusibility

Measurement 1 0.77 0.58% 0.43
Measurement 2 0.77 0.58% 0.43
Measurement 3 0.77 0.58% 0.43
Measurement 4 0.77 0.59% 0.44
Measurement 5 0.77 0.58% 0.43
Measurement 6 0.77 0.58% 0.43

Porosity Oxygen level Diffusibility

Measurement 1 0.71 0.42% 0.39
Measurement 2 0.71 0.42% 0.39
Measurement 3 0.71 0.42% 0.39
Measurement 4 0.71 0.43% 0.40
Measurement 5 0.71 0.43% 0.40
Measurement 6 0.71 0.42% 0.39

2.5 Results and discussion

Experiments are first performed on GDL samples with data available in literature. After

making sure that the results were in good agreement with literature, the in-plane transport

properties of several GDL samples are obtained. It is known that the gas transport properties

of GDLs are dependent on the pore structure and overall porosity. As a result, investigating

the pore structure and pore size distribution is helpful for us to fully understand the porous

media in PEM fuel cell. The method of mercury intrusion porosimetry (MIP) was used to

measure the porosity and pore size distribution. SEM images are also provided in order to

better understand the pore structure of the GDL sample under study.
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2.5.1 GDL sample characterization

MIP is commonly used by researchers to measure the porosity and pore size distribution

of GDLs [63] [64]. In this study, porosimetry tests were conducted by Wei Fei (a PhD stu-

dent in the group) using a PoreMaster 33 Mercury Porosimeter (Quantachrome Instruments).

Washburn equation is used to correlate the pressure applied to force the mercury into

the pores in the sample to the pore size. The equation is given as:

rp = −2γcos(θ)

P
(2.34)

where P is the applied pressure, rp is the pore radius, γ is the surface tension of mercury and

θ is the contact angle between the mercury and the sample material. For the GDL samples,

γ and θ were taken as 480 ergs/cm2 and 140◦, respectively.

The relation between logarithmic pore size distribution, DX
D(ln(rp))

, and a given pressure

Pi normalized with respect to total sample volume can be expressed using the following

equation [29]:
DX

D(ln(rp))
=

(Vi − Vi−1)/Vpore

ln(Pi)− ln(Pi−1)
(2.35)

where X is the cumulative pore volume fraction, Vi is the volume of mercury intruded into

the cell corresponding to pressure Pi, Vpore is the total volume of mercury intruded. The
DX

D(ln(rp))
vs. pore radius is plotted to show the pore size distribution curve.

Figure 2.7 shows the pore size distribution curves for the GDL samples under study.

The BA series GDL samples show a dual pore size distribution, in contrast, Toray-90 and

Freudenberg GDL samples show a single pore size distribution. For BA series GDLs, the

peak that appears between 0.1 μm and 2 μm is considered to be caused by the carbon matrix

inside the GDL. To better understand the pore structure, SEM images (obtained by PhD

student Manas Mandal) are shown in Figure 2.8. Carbon matrix/resins can be clearly seen in

BA series samples and very small pores can be found in the matrix under high magnification

(see Figure 2.9). It is interesting to see that Freudenberg H2315 shows a uniquely entangled

fibre structure.
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Figure 2.7: GDL pore size distribution
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(a) Toray-90 (0%PTFE) (b) Toray-90 (20%PTFE)

(c) SIGRACET 24 BA (d) SIGRACET 28 BA

(e) SIGRACET 29 BA (f) Freudenberg H2315

Figure 2.8: GDL SEM images: (a) Toray-90 (0%PTFE), (b) Toray-90 (20%PTFE), (c) 24
BA, (d) 28 BA, (e) 29 BA, (f) H2315
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Figure 2.9: Carbon matrix structure in BA series GDL

The following parameters are needed for data analysis: 1) porosity, 2) volume fraction

in carbon matrix, 3) fibre diameter. The porosity and volume fraction in carbon matrix can

be obtained by PSD curve and the fibre diameter can be measured using SEM images. The

calculation is done and provided by Wei Fei (a PhD student in the ESDLab group). The

properties of the samples used in this thesis are shown in Table 2.5 and volume fraction in

carbon matrix is defined as the volume fraction of pores between 0.1 and 2 μm. Among all the

SGL GDL samples, 29 BA shows the smallest amount of matrix porosity, i.e., 5.3% of volume

fraction of pores between 0.1 - 2 um and 24 BA has the largest amount of matrix. Toray-

90 and Freudenberg H2315 GDLs do not show any carbon matrix. In terms of maximum

pore diameter, Figure 2.7 shows that BA series GDL show a larger value than Toray-90 and

H2315.

Table 2.5: Properties of samples used in the study

Sample Thickness (μm) Porosity (%)
Volume fraction
in carbon matrix

Fibre diameter (μm)

Toray-90 (0%PTFE) 290.0±3.0 79.5±0.5 0% 7.4±0.4
Toray-90 (20%PTFE) 289.0±4.0 70.0±1.0 0% 7.4±0.4

H2315 210.5±6.0 78.5±0.4 0% 10.5±0.2
SGL-24BA 187.8±3.0 75.3±3.4 26.5% 7.6±0.3
SGL-28BA 179.5±0.2 71.0±2.2 19.8% 6.5±0.3
SGL-29BA 193.3±0.7 84.0±2.9 5.3% 8.5±0.2
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2.5.2 GDL in-plane permeability

2.5.2.1 Validation studies: Toray-90 GDL in-plane permeability and comparison

with literature

To validate the reliability of the measurement, the in-plane permeability of Toray-90 samples

are measured and compared with previous literature results. The sample is measured at

various thickness in order to estimate the in-plane permeability vs. porosity curve. Three

replicates are measured and results showed excellent repeatability (see Figure 2.10). Figure

2.11 shows that Toray-90 samples are also in good agreement with literature results at all

porosities. It is therefore assumed that the experimental setup has excellent precision (Figure

2.10) and good accuracy (Figure2.11).

Figure 2.10: In-plane permeability results for untreated Toray-90
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Figure 2.11: Experimental results for in-plane permeability at various porosities and litera-
ture results (Gostick [19], Feser [4], Mangal [28])

2.5.2.2 Validation studies: Effect of gas flow rate on permeability

The maximum gas flow rates are varied to study the effects of gas flow rate on permeability

results. An untreated Toray-90 sample is tested at porosity 0.78 with maximum gas flow

rate of 0.5, 1 and 2 SLPM. Table 2.7 shows the permeability does not change with gas flow

rate.

Table 2.7: In-plane permeability of Toray-90 at different gas flow rate (porosity: 0.78)

Gas Flow Rate Bv(N2) ×10−11(m2)

0.5 1.89±0.02
1 1.86±0.02
2 1.87±0.02

2.5.2.3 In-plane permeability of different types of GDL samples

The GDL samples tested in this study include 24 BA, 28 BA, 29 BA, Toray-90 (0%PTFE),

Toray-90 (20%PTFE) and Freudenberg H2315. The reason of choosing different samples

is to study the effect of morphology and carbon matrix on the in-plane permeability. The

in-plane permeability of all measured samples are shown in Figure 2.12. It is shown that

compression has a negative influence on the in-plane permeability. Also, the GDL samples

with a high matrix loading, such as 24 BA and 28 BA, show a rapid decrease in permeability

with decreasing porosity. The reason is that 24 BA and 28 BA have a high volume fraction
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in carbon matrix and relatively low volume fraction in carbon fiber, and when the samples

get compressed, the big pores in carbon fibre get compressed first and as a result, the volume

fraction in carbon fibre decreases faster for 24 BA and 28 BA. As shown in Figure 2.13, as

compression level increases (porosity < 0.6 to 0.65), 24 BA exhibits the lowest permeability,

followed by 28 BA. This indicates that carbon matrix has an adverse effect on permeability,

especially at low porosities.

Figure 2.12: In-plane permeability of different type of GDL samples
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Figure 2.13: In-plane permeability of different type of GDL samples at porosity 0.55 to 0.75

2.5.2.4 Permeability obtained using helium as working gas

In theory, the permeability of the GDL is not expected to vary with different working gases.

As discussed in the first chapter, Darcy’s law is only accurate in continuum regime where

the gas mean free path is much smaller than GDL pore diameter, i.e., Knudsen number

Kn < 0.001. However, the pore diameter has an inverse relation with increasing compression

level and gas flow would experience a transition from continuum region to transition region

where Knudsen slip/diffusivity needs to be considered. Under compressed state, Knudsen

slip will be particularly important in the carbon matrix which contains a lot of small pores.

Assuming a GDL matrix pore diameter of 1 μm, the Knudsen number is 0.06 for N2 and 0.2

for He respectively, as a result, the gas flow in carbon matrix is in transition region. There-

fore, it is necessary to study when Knudsen effects will become important to permeability

and its effect can be studied by using different gases with varying gas mean free path.

Figure 2.14 shows the ratio of Bv(He) to Bv(N2) at different compression levels for

different GDL samples. The X-axis represents percentage of compressed volume, i.e., (Vo −
Vc)/Vo where Vo is uncompressed volume and Vc is the volume in compressed state. The data

in the figure basically provides the following conclusions: (1) At small compression level (<

10%), all the samples show very small ratio, i.e, Bv(He) = Bv(N2), which illustrates that the
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gas permeability is mainly dependent on big pores and the small pores in the carbon matrix

have little effect, (2) At high compression level (> 40%), 24 BA and 28 BA which contain

a large amount of porosity in the carbon matrix (see Table 2.5), show a bigger ratio than

other GDL types, which proves that Knudsen slip is more significant and therefore transport

in the small pores in the matrix becomes significant, (3) Even though 29 BA has 5.3% of

volume in matrix and Toray-90 (0%PTFE) and H2315 do not show any matrix, 29 BA still

shows smaller Knudsen slip compared to the other two because it has a larger maximum

pore diameter. Therefore, the GDL permeability and Knudsen effects are dependent on a

combination effect of matrix and pore diameter.

Figure 2.14: Ratio of Bv(He) to Bv(N2) at varying compression levels for measured GDL
samples

2.5.2.5 Comparison of in-plane permeability to theoretical model

As introduced in the literature review, for fibrous porous media, the dependence of perme-

ability on porosity is commonly predicted by the Carman-Kozeny equation [30]:

Bv =
ε3

16kK(1− ε)2
d2f (2.36)

where df is the fibre diameter measured by SEM images, ε is the porosity and kK is the

Kozeny constant. The in-plane permeability results for measured samples were fitted to

equation (2.36) to obtained kK . The measured fibre diameter and value of kK for the
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measured GDL samples are shown in Table 2.8. The least-square error is calculated as:

ResBv =
1

N

√√√√ N∑
1

(
Bv,exp − Bv,model

Bv,exp

)2

(2.37)

Figure 2.15 shows the Carman-Kozeny prediction and experimental results for all the

measured samples. The error for all the measured samples are calculated and shown in

Table 2.8. The table illustrates that for BA series GDL, the error increases with increasing

volume fraction in matrix. For Toray-90 and Freudenberg H2315 which do not have small

pores below 2 μm, the error is much lower than 24 BA and 28 BA but higher than 29

BA. This is mostly because 29 BA has larger maximum pore diameter than Toray-90 and

Freudenberg (see PSD curve). Also, the PTFE content does not show an obvious influence

on error between experimental permeability and prediction value. It can be concluded that

the reliability of Carman-Kozeny correlation is influenced by mainly two factors: (1) the

maximum pore diameter, (2) the amount of matrix in GDL, i.e., small-sized pores (less

than 2 μm). The discussion above also provides an idea for simulation studies that the

morphology of the sample should be fully understood before Carman-Kozeny correlation is

used for permeability prediction.

Table 2.8: Volume fraction in carbon matrix vs. least-square error between experimental
permeability and Carman-Kozeny equation

GDL type Fibre diameter (μm) kK Volume fraction in matrix Error

Toray-90 (0%PTFE) 7.4±0.4 2.08 0% 12.9±3.5%
Toray-90 (20%PTFE) 7.4±0.4 1.33 0% 13.0±3.4%

H2315 10.5±0.2 3.84 0% 11.6±11.0%
24BA 7.6±0.3 1.50 26.50% 60.1±18.8%
28BA 6.5±0.3 0.74 19.80% 42.7±16.9%
29BA 8.5±0.2 2.11 5.34% 5.7±3.8%
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(a) Toray-90 (0%PTFE) (b) Toray-90 (20%PTFE)

(c) Freudenberg H2315 (d) SIGRACET 29 BA

(e) SIGRACET 24 BA (f) SIGRACET 28 BA

Figure 2.15: Comparison of experimental permeability to the Carman-Kozeny equation. (a)
Toray-90 (0%PTFE), (b) Toray-90 (20%PTFE), (c) Freudenberg H2315, (d) SIGRACET 29
BA, (e) SIGRACET 24 BA, (f) SIGRACET 28 BA
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2.5.3 GDL in-plane diffusivity

2.5.3.1 Validation studies: In-plane diffusivity of Toray-90 GDL and comparison

with literature

To validate the accuracy of the diffusivity setup, the Toray-90 GDL in-plane diffusibility

is measured and the result is compared to literature data. The sample is measured at

various thickness in order to estimate the variation of diffusivity with compression. Figure

2.16 shows the in-plane diffusibility at varying porosity where diffusibility is defined as the

ratio of effective diffusivity to bulk diffusivity. Three replicates of Toray-90 GDL samples

are measured and experimental results show good repeatability. Figure 2.17 shows the

experimental results agree with literature results at most of porosities (with 8% error in the

gap), except the results reported by Mangal et al. [28]. The value for Mangal et al. under

compression might not be accurate due to a defeat on the diffusion bridge leading to uneven

compression of the sample. The slight difference between experimental and literature results

reported by Rashapov et al. [45] at low compression may be caused by the sample differences

and different porosity used in their study.

Figure 2.16: Experimental results for Toray-90 (untreated) in-plane diffusibility
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Figure 2.17: Comparison of experimental in-plane diffusibility to literature results (Rashapov
[45], Kramer [41], Mangal [28])

The discussion above proves that the experimental setup was working properly and able to

reproduce the results in literature.

2.5.3.2 Validation studies: Effect of gas flow rate on in-plane diffusivity

The nitrogen and oxygen flow rates are varied to study the effect of diffusive boundary

layers in the channel on diffusivity results. One untreated Toray-90 sample is tested at

different porosities at flow rates of 0.2, 0.3, 0.4, 0.5 and 0.6 SLPM. Figure 2.18 shows the

in-plane diffusibility at different porosities with different flow rates. It can be found that

the diffusibility changed slightly at low flow rates of 0.2 - 0.4 SLPM and remained stable at

higher flow rates from 0.4 - 0.6 SLPM. Same trend can also be found for other GDL types.

Therefore, the gas flow rate does not affect diffusibility predictions as long as the flow rate

is higher than 0.4 SLPM. In this thesis, a 0.5 SLPM was used as default value.
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Figure 2.18: Toray-90 (untreated) in-plane diffusibility at different porosities with different
flow rates

2.5.3.3 Validation studies: Pressure difference between oxygen and nitrogen

channel

The experimental results are obtained based on the assumption that oxygen gas transport

through the sample is only by diffusion and therefore convection has a negligible contri-

bution to oxygen transport. In order to validate this assumption, the pressure difference

between the two channels is measured during several experiments. The pressure transducer

is connected to both nitrogen and oxygen channels while the experiment is being performed.

The experiment was performed with 0.5 SLPM and 20 data points were obtained (every 10

seconds). Figure 2.19 shows that the average pressure difference between the two channels

is less than 1.2 Pa. The maximum pressure difference is nearly 4 Pa.

The convective molar flux of oxygen through the sample can be calculated using the

following equation:

Ṅconvection =
PO2V̇p

RT
=

PO2

RT
vA (2.38)

where, A is the sample cross-sectional area and V̇p is the volume convective flux through

porous media. Velocity, v, can be obtained using equation Darcy’s law. The diffusive molar

flux of oxygen through sample can be calculated using equation (2.13). Combining the three
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equations, the ratio of diffusive molar flux to convective molar flux can be written as:

Ṅdiffusive

Ṅconvective

=
Deff

N2,O2 η

Bv ΔP
(2.39)

where Deff
N2,O2 and Bv are measured from experiments and ΔP is the pressure difference

between channels. Substituting experimental data into equation (2.39) and taking ΔP as

1.2 Pa, a curve of the ratio of diffusion to convection vs. porosity can be obtained as shown

in Figure 2.20. In the case of Toray-90 (0%PTFE) and 28 BA, the diffusive flux contribution

is more than 10 times higher than convective flux contribution, which proves that the oxygen

transport through the sample is diffusion-dominated. If take the maximum value 4 Pa as

the ΔP in equation (2.39), the ratio will be approximately 5 - 35 from porosity 0.75 to 0.5.

As a result, the average error in diffusibility would be 0.7% - 7% and maximum error would

be 2% - 17%.

Figure 2.19: Pressure difference between nitrogen and oxygen channel at 0.5 SLPM gas flow
rate
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Figure 2.20: Ratio of diffusive to convective flux

2.5.3.4 Validation studies: In-plane diffusivity using different pairs of gases

The GDL diffusibility should not be expected to vary with the pair of working gases because

it is a geometric property of the pore structure. Toray-90 (0%PTFE) was tested with two

different pairs of gases i.e., N2 −O2 and He−O2. The bulk diffusion coefficient for N2 −O2

and He−O2 at atmospheric pressure are 2.2 ×10−5 [65] and 7.4 ×10−5 m2/s [66] respectively.

As shown in Figure 2.21(a), the GDL effective diffusivity for He−O2 is 3 to 4 times higher

than N2 − O2 since He − O2 has a higher bulk diffusion coefficient than N2 − O2. Figure

2.21(b) shows the GDL diffusibility for He − O2 is found to be close to N2 − O2, which is

in accordance with our expectation and indicates that the GDL diffusibility is an intrinsic

property that only depends on the pore structure. It can be observed that the diffusibility

for He−O2 is slightly higher than N2 −O2 at high porosity, which is most possibly caused

by the smaller diffusive layer in He−O2.
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(a) In-plane diffusivity (b) In-plane diffusibility

Figure 2.21: In-plane diffusivity and diffusibility of a Toray-90 (0%PTFE) sample

2.5.3.5 In-plane diffusivity of other types of GDL samples

The GDL samples tested in this study include 24 BA, 28 BA, 29 BA, Toray-90 (0%PTFE)

and Freudenberg H2315. The reason for choosing different samples is to study the effect

of morphology and matrix on in-plane diffusivity. The in-plane diffusibility of all measured

samples are shown in Figure 2.22. Compression has a negative influence on the in-plane

diffusibility and details will be discussed in the following sections.

Figure 2.22: In-plane diffusibility of different type of GDL samples

Figure 2.22 shows that at the same porosity, Freudenberg H2315 has a higher diffusibility
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than other samples, which is in accordance with the results reported by Rashapov et al. [45].

The reason may lie in the unique morphology of Freudenberg H2315. From Figure 2.8, it

can be seen that Freudenberg H2315 shows an entangled fibre structure while other samples

show a structure of straight carbon fibres piling up layer by layer. This unique structure of

H2315 may be beneficial for the connectivity between pores, as explained by Rashapov et

al. [45]. This conclusion can also be proved by the comparison between H2315 and Toray-90

(0%PTFE). From Figure 2.7, it can be seen that H2315 and Toray-90 (0%PTFE) have very

similar pore size distribution, as a result, the effect of PSD on diffusibility is minimized.

Therefore, the most possible reason for H2315 having a higher diffusibility than Toray-90

(0%PTFE) and other samples lies in the entangled fibre structure in Freudenberg H2315.

SGL-29 BA shows a higher diffusibility than 24 BA and 28 BA at the same poros-

ity because it contains less matrix. 29 BA also shows a higher diffusibility than Toray-90

(0%PTFE) even though it contains more matrix than the latter, which can be explained by

its larger maximum pore diameter that has a positive effect on diffusibility.

From this section, it can be concluded that H2315 and 29 BA have higher diffusibility

because: (1) H2315 has a entangled fibre structure which is beneficial for pore connectivity,

(2) 29 BA has smaller volume fraction in matrix than other BA series GDLs and larger

maximum pore diameter.

2.5.3.6 Comparison of in-plane diffusibility to theoretical model

Several commonly used models for estimating the effective diffusion coefficient of porous

media have been introduced in the literature review. The models used for comparison with

experimental data in this study are shown in Table 2.9, where ε is the porosity. The fitting

parameters are shown in Table 2.10 and εth was found to be very small for both Tomadakis

and Sotirchos (T-S) model and percolation theory. As a result, all the models become exactly

the same and provide same estimation for diffusibility. The fitting results using Bruggeman

type approximation are shown in Figure 2.23.
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Table 2.9: Models used for comparison with experimental data

Model Description

Bruggeman type approximation εa

Tomadakis and Sotirchos ε
(

ε−εth
1−εth

)r

Percolation theory
(

ε−εth
1−εth

)μ

Table 2.10: Fitting parameters in the model

GDL type a εth r μ

Toray-90(0%PTFE) 2.48 � 10−10 1.46 2.49
Freudenberg H2315 1.58 � 10−10 0.58 1.58

24 BA 2.51 � 10−10 1.49 2.51
28 BA 1.80 � 10−10 0.79 1.80
29 BA 1.72 � 10−10 0.72 1.73
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(a) Toray-90 (0%PTFE) (b) Freudenberg H2315

(c) SIGRACET 24 BA (d) SIGRACET 28 BA

(e) SIGRACET 29 BA

Figure 2.23: Comparison of experimental in-plane diffusibility to model estimates

The least-square error between experimental diffusibility and prediction is presented in
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Table 2.11. Obviously, the error increases with higher carbon matrix and 29 BA has the

lowest error among BA series samples. Meanwhile, Toray-90 (0%PTFE) and Freudenberg

H2315 show smaller error than BA series GDLs. From Figure 2.23, it can be seen that the

error gets bigger at lower porosity, which may be caused by two reasons: (1) The model is

developed for random porous structure and it is not appropriate for the tested samples, (2)

Knudsen diffusivity might start to play an important role at lower porosity. As shown in

Figure 2.14, the ratio of Bv,He/Bv,N2 is nearly 1.2 at high compression level, which indicates

that the Knudsen diffusivity is not small enough to be ignored.

Table 2.11: Volume fraction in carbon matrix vs. least-square error between experimental
diffusibility and model

GDL type Volume fraction in matrix Error

Toray-90(0%PTFE) 0% 3.5±1.6%
Freudenberg H2315 0% 7.1±4.4%

24 BA 26.5% 12.6±17.6%
28 BA 19.8% 14.6±16.4%
29 BA 5.3% 10.0±8.3%

2.6 Conclusions

An in-plane diffusion bridge is proposed to measure the transport properties of GDLs, i.e.,

in-plane permeability and molecular diffusivity. To validate the setup accuracy, Toray-90

(0%PTFE) is tested and experimental results are used to compare to literature. In order to

study the effect of pore size distribution and matrix loading on permeability and diffusivity

of GDLs, several GDL types are measured and results are compared with each other.

The GDL permeability is obtained by measuring the pressure drop across the GDL

sample and the GDL diffusivity is obtained by measuring oxygen mole fraction in nitrogen

channel. The permeability and diffusibility of Toray-90 (0%PTFE) obtained in the experi-

ments were in good agreement with literature. It was found that the pore size distribution

and carbon matrix had a significant effect on permeability. Knudsen slip is more significant

for those GDL samples containing a high matrix loading, such as 24 BA and 28 BA. In

contrast, the samples with less carbon matrix, such as Freudenberg H2315 and SGL-29 BA,

exhibited less Knudsen slip effect. In addition, the error between experimental permeability

and Carman-Kozeny model increases with higher volume fraction in carbon matrix.

In terms of diffusivity, SGL-29 BA and Freudenberg H2315 show the highest diffusibility
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at same porosity or compression level, which is attributed to less carbon matrix and large

pore diameter. The error between experimental diffusibility and model can be significant at

low porosity or high compression level. As a result, Knudsen diffusivity might need to be

considered at high compression level and its effect on GDL diffusivity needs to be further

studied by compressing the sample into lower thickness.
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Chapter 3

Measurement of through-plane PEM

fuel cell catalyst layer gas transport

properties

3.1 Introduction

In this chapter, the experimental technique utilized for the purpose of measuring the through-

plane gas transport properties of GDLs and CLs is described. Prior to the CL measurements,

Toray-90 GDL samples measurements are discussed in order to compare experimental results

to literature data to validate the accuracy of the setup. The setup was originally presented

by Pant et al. [26] and extensively modified by Mangal et al. [29] by introducing a different

set of pressure sensors, pressure controllers, and oxygen sensors, however CL permeability

and diffusivity measurements have not previously been reported using this setup. Further,

permeability results for a CL have seldom been reported in literature. Zhao et al. [48] mea-

sured CL permeability but Knudsen diffusivity was ignored.

Section 3.2 discusses the experimental setup for the through-plane permeability and

effective molecular diffusivity as well as the catalyst layer characterization. Section 3.3

describes the theory and mathematical models for estimating the gas transport properties.

Section 3.4 discusses measurement uncertainty for through-plane permeability and diffusivity

of GDL and CL. In Section 3.5, the experimental results of Toray-90 GDL samples are

compared with literature to validate measurement reliability. CL permeability and diffusivity

results are presented next.
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3.2 Experimental setup

3.2.1 Through-plane diffusion bridge

The diffusion bridge is made up of two acrylic plates with flow channels machined into them.

Figure 3.1 shows the photograph of one acrylic plate. The cross-sectional area of the channel

is 15 × 2 mm2 and the length is 15 cm. The channel length is selected to ensure that the

gas flow field is fully developed before it reaches the sample [27].

Figure 3.1: Photograph of one acrylic plate

3.2.2 Sample preparation

GDL preparation - For the purpose of testing GDLs, samples are cut into 1.1 × 2 cm2 using

a precision knife. Three layers of sample are then stacked together to form the specimen

to test. The reason for using multiple layers is two fold [26]: (a) to have sufficient pressure

drop across the porous media, and (b) to ensure that a representative elementary volume

of GDL exists [67]. A 3 mil lamination sheet with a hole of diameter 8 mm punched in the

center to allow the gas to flow through the sample in the through-plane direction was used

as a lamination sheet. The sample was introduced between lamination sheets at the location

of the hole and the sample was then laminated (HeatSeal H220 laminator) between the two

sheets where the hole was located. Examples of prepared samples are shown in Figure 3.2.

The thickness of the sample was measured before and after lamination and the amount of

compression was calculated to be less than 1% of the thickness of the uncompressed sample.

As a result, its effect on the porosity was ignored. Unless otherwise stated, 3 layers of GDL

samples are stacked together for testing. The hole diameter for gas transport is fixed as 8

mm.
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Figure 3.2: Prepared GDL samples

Catalyst layer fabrication and preparation - An inkjet printer (Dimatix 2831) is used to

fabricate the CLs. Compared to traditional catalyst fabrication method, such as ultrasonic

spray, inkjet printing has advantages of high precision and reduced catalyst waste [68].

Catalyst inks were first prepared by mixing 37.5 mg of platinum supported on carbon

black (Alfa Aesar Vulcan 20%Pt/C and 40%Pt/C or TKK Ketjen 46.7% Pt/C) with a mix-

ture of isopropanol (IPA) and propylene glycol (PG) as solvent. The mixture was bath

sonicated for 30 minutes and then the desired amount of 5 wt% of Nafion ionomer solution

(Ion Power, LQ-1105 1100EW) was added drop-wise during sonication. The ink was then

probe sonicated (S-4000, Q-Sonica) to further help in breaking any catalyst particle aggre-

gates for 15 minutes (Amplitude 20, 2 minutes on, 1 minute off). Further details on the

preparation method can also be found in Ref. [69].

To measure the permeability and diffusivity of CL, each CL sample needs to be deposited

on a substrate. An ideal substrate should fulfil the following functional requirements: (1)

small pore diameters such that the catalyst inks would not penetrate into the substrate dur-

ing printing, and (2) considerably similar or higher permeability and diffusivity than that

of the CL such that the pressure drop or diffusion resistance that arises from the CL can

be easily detected. We found that a PTFE filter satisfied both requirements. The filter is

hydrophobic and inert to most chemically aggressive solvents, has a small pore diameter,
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i.e., 0.1 μm, and relatively high porosity, i.e., 68%.

A Fujifilm Dimatix 2831 inkjet printer was used to print the CL on the PTFE filter.

The ink was intruded in a cartridge that has 16 square nozzles in order to deposit the ink

drop-by-drop. The printer and cartridge are shown in Figure 3.3. 1.3×1.3 cm2 CLs were

printed directly on the PTFE filter that was fixed to an aluminium foil piece (see Figure

3.4) and the loading was controlled by the number of layers printed on the filter. The total

weight of the catalyst was measured by an electronic balance with accuracy of 0.1 mg. To

avoid compressing the CL/filter sample, the sample is placed between two transparent tapes

with a hole of diameter 8 mm in the center. Figure 3.5 shows the schematic of CL sample

assembly.

Figure 3.3: Images of: (a) Dimatix 2831 inkjet printer, (b) Printer cartridge

Figure 3.4: Pictures of: (a) PTFE filter fixed on aluminum foil, (b) Catalyst printed on
PTFE filter
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Figure 3.5: CL sample assembly

The prepared GDL or CL/filter samples were placed between the top and bottom plates.

A 10 mil silicon gasket was placed between lamination sheet and plate to prevent any leakage.

The bolts were then tightened using a torque value of 4 N-m (4 inch-lb) in a cross cyclic

manner to create a uniform compression. The whole assembly is shown in Figure 3.6. To

detect leakage, the bridge was filled with nitrogen, pressurized up to 50 psig, and placed in

water. No bubbles were visible leaving the diffusion bridge, which proved that there was no

leakage.

Figure 3.6: Through-plane diffusion bridge assembly
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3.2.3 Through-plane permeability and Knudsen diffusivity setup

The through-plane diffusion bridge has two channels with each channel having five ports. In

the permeability experiment, one port is connected to the bottle via a mass flow controller

(MFC) and another port is connected to a pressure transducer (PT). The other three ports

of the channel are closed so that the gas is forced to flow from one channel to the other

through the porous media in the through-plane direction. One port of the low-pressure

channel is then connected to the low-pressure port of the PT and the other ports are open

to the atmosphere. A schematic diagram of the setup is shown in Figure 3.7.

Figure 3.7: Experimental setup for through-plane permeability

Compressed nitrogen (PRAXAIR, UHP 5.0) from a gas cylinder at 50 psig flows to

the mass flow controller (Cole-Parmer, Serial Number: 62704, range: 0-5 SLPM) which is

used to control the gas flow rate. A pressure transducer (OMEGA, Serial Number: 422542,

range: 0-70 mbar; OMEGA, Serial Number: 418617, range: 0-3.5 bar) is connected to both

channels so that the pressure drop across the porous media at different flow rates can be

measured. The MFC is connected to a computer via an RS-232 communication port. A

data acquisition card (National Instruments USB 6221) is used to read data from the PT

and MFC. LabWindows/CVI is used to communicate with the setup and log data from the

MFC and PT into a text file. The data is logged for 125 seconds (25 readings) for each flow

rate to ensure steady state.

The average pore size in the CL is much smaller than that in the GDL and it is com-

parable to the gas mean free path. As a result, the Knudsen slip effect can be significant in

CLs [26]. To measure the through-plane permeability and Knudsen diffusivity of CL sam-

ples, the permeability experiments are performed with gases with varying mean free path,

i.e., nitrogen and helium. Even though the permeability is an intrinsic property that only
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depends on the pore structure, the permeability results are different for nitrogen and helium

because of the influence of Knudsen slip. The Knudsen diffusivity can be estimated based

on the difference in the permeability between nitrogen and helium and it will be discussed

in the theory section.

3.2.4 Through-plane diffusivity setup

GDL diffusivity measurement - In the through-plane diffusivity experiment, nitrogen and

oxygen gases are input into each one of the channels. The two compressed gases are ad-

justed to 50 psi before flowing through the MFCs. Nitrogen (Cole-Parmer, Serial Number:

62704, range: 0-5 SLPM) and oxygen mass flow controllers (Cole-Parmer, Serial Number:

62661, range: 0-5 SLPM) are used to control the flow rate of the gases.

A back pressure controller (Cole-Parmer, Serial Number: 84800, range: 0 - 100 psi) is

connected to the outlet of the nitrogen channel and used to maintain the system pressure at

a stable value. A differential pressure controller (Cole-Parmer, Serial Number: 84801, range:

0 - 500 pascals) is connected to the outlet of the oxygen channel and used to control the

static pressure difference between the two channels using a differential pressure gauge. The

oxygen pressure is set to be higher than nitrogen in order to enhance oxygen mass trans-

port through the porous media via convection. A diagram of the setup is shown in Figure 3.8.

To measure the oxygen mole fraction in the gas mixture at the outlet of the nitrogen

channel, a NEOFOX oxygen sensor (Ocean Optics, Model: FOSPOR-600-32MM, range: 0

- 21% in gas) is used. To achieve accurate measurements, the oxygen sensor is recalibrated

every day before running the experiment. Two mass flow controllers are used to create a gas

mixture of known oxygen levels, and the results are compared to the measured oxygen levels

by the NEOFOX sensor in order to calibrate the sensor by changing oxygen levels. Calibrated

compressed nitrogen-oxygen gas mixtures (PRAXAIR, Accuracy:±2% Rel) containing 1%

and 10% oxygen respectively are finally used to validate the calibration results. The sensor

is considered to be properly calibrated when for the two gas mixture, the measurement

results are 1%±0.02% and 10%±0.1%, respectively. The calibration file is uploaded in the

NEOFOX software, and the calibration is done.
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Figure 3.8: Experimental setup for through-plane diffusivity

The MFC, DPC and BPC are connected to a computer via an RS-232 communication

port. A data acquisition card is used to read data from the pressure transducer. LabWin-

dows/CVI is used to log data and store the data in a text file. The data is logged every 5

seconds for 5 minutes. The NEOFOX software logs data from the oxygen sensor and stores

oxygen volume fraction vs. time in a CVS file every 5 seconds for 5 minutes. The real

time is also recorded by both LabWindows/CVI and NEOFOX software and it is used to

correlate oxygen volume fraction to its corresponding differential pressure. The data in the

text and CVS file are merged manually and used for data processing. Figure 3.9 shows the

photograph of the setup.
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Figure 3.9: Photograph of the through-plane setup (Data acquisition card is not shown in
this picture)

CL diffusivity measurement - To measure the through-plane diffusivity of CLs, nitrogen and

oxygen gases are input into each one of the channels. The two compressed gases are adjusted

to 50 psi before flowing through the MFCs. Nitrogen and oxygen MFCs (Cole-Parmer, Serial

Number: 62704, range: 0-5 SLPM; Serial Number: 62661, range: 0-5 SLPM respectively)

are used to control the flow rate of the gases. The oxygen channel outlet is open to ambient

and nitrogen channel outlet is connected to the oxygen sensor.

The BPC and DPC were not used in the CL through-plane diffusivity measurements

because of the following: (1) Removing the DPC and BPC simplifies the setup and reduces

the uncertainty arising from the controllers; and, (2) The permeability of CL is low enough

that oxygen transport through the CL by convection is negligible. Figure 3.10 shows differ-

ential pressure and oxygen mole fraction measurements of a CL sample. The oxygen mole

fraction decreases from around 5.17% to 5.15% with differential pressures of 100 to 20 Pa.

This difference is within the calibration error of the sensor and results in a difference of the

predicted diffusivity of 0.05%. As a result, the pressure difference was not found to affect

the oxygen diffusion results. A schematic diagram of the setup is shown in Figure 3.11.
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Figure 3.10: Pressure difference and oxygen concentration readings for a CL sample

Figure 3.11: Experimental setup for CL through-plane diffusivity measurement

To measure the oxygen mole fraction in the gas mixture at the outlet of the nitrogen

channel, a NEOFOX oxygen sensor (Ocean Optics, Model: FOSPOR-600-32MM, range: 0 -

21% in gas) is used. The detailed information of the sensor has been discussed before.
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The MFC is connected to a computer via an RS-232 communication port. A data

acquisition card is used to read data from the pressure transducer. LabWindows/CVI is

used to communicate with the MFC. The NEOFOX software logs data from the oxygen

sensor and stores oxygen volume fraction vs. time in a CVS file every 5 seconds for 5

minutes after oxygen concentration is stabilized. Then, the flow rate of the gas and average

oxygen concentration are used to estimate the oxygen flow rate through the CL and details

will be discussed in section 3.3

3.2.5 Experimental conditions

To measure the through-plane permeability of GDLs, the mass flow rate of nitrogen is varied

from 0 to 1 standard liters per minute (SLPM) in 10 even intervals. For measuring the

permeability and Knudsen diffusivity of the CL sample, the mass flow rate varies from 0 to

0.1 SLPM in 10 even intervals. Low flow rates are used in CL measurements to minimize

any inertial effect. The experiment is run at zero flow rate to estimate the offset of the PT.

For measuring the through-plane diffusivity of the GDL, the mass flow rate of both

gases is set to 1 SLPM. The reason for using high mass flow rate is two fold: (1) to make

sure that the oxygen that flows to the nitrogen channel is swept away very quickly and the

effect of the diffusive boundary layer is minimized; and, (2) to make sure that the oxygen

volume fraction falls in a reasonable range, i.e., 1%-5%. The back pressure of the system is

maintained at 10 psig pressure unless otherwise stated. The pressure difference between the

two channels is varied from 2-10 Pa in 5 intervals.

For measuring the CL through-plane diffusivity, the mass flow rate of both gases are

set to 0.5 SLPM. Different flow rates were also used for validation and it was found that the

through-plane diffusivity is nearly independent on the flow rate, within an error 1.3% - 4.5%.

Permeability and diffusivity experiments are performed three times using three different

samples. For each sample, the permeability and diffusibility are measured three times with-

out opening/closing the diffusion bridge. An analysis of the experimental error from various

sources is provided in section 3.4.

3.2.6 Catalyst layer characterization

To get permeability and diffusivity of the CLs, it is necessary to measure the CL thickness.

Two approaches were employed to measure the CL thickness and the results were compared
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with each other. The first approach was simple and fast: the catalyst was printed on a piece

of aluminium foil first and the thickness was obtained by measuring the thickness of alu-

minium foil before and after printing. A micrometer (Mitutoyo Japan, Series NO.:008395)

with an accuracy of 2 μm was used for the measurement.

To validate the first method, SEM imaging was used to measure the thickness. Samples

were placed in epoxy (see Figure 3.12) and taken to the SEM for imaging. Figure 3.13 shows

the SEM images for different CLs (taken by Manas Mandal, a PhD student in my research

group). The position of CL and PTFE filter are marked in the picture. The bright area

is caused by sample charging. The thickness was measured at ten different locations. The

measured thicknesses are shown in Table 3.1. The thicknesses measured by micrometer and

SEM imaging are in good agreement and, due to the higher accuracy, SEM thickness is used

as CL thickness. In addition, surface images were also taken using a stereoscopic optical

microscope (Leica MC170 HD), shown in Figure 3.14, and no obvious macro-cracks were

found. The white spots are considered to be contaminants or dusts.

Figure 3.12: Catalyst layer placed in epoxy
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Figure 3.13: Catalyst layer SEM images deposited on PTFE filter: (a) 20%Pt/C, 20%Nafion,
(b) 20%Pt/C, 30%Nafion, (c) 20%Pt/C, 40%Nafion, (d) 40%Pt/C, 30%Nafion

Table 3.1: Properties of catalyst: Pt/C ratio, Nafion loading, number of layers, thickness
measured by Micrometer and SEM

Carbon support Nafion loading Pt loading #of layers Micrometer SEM

Vulcan 20%Pt/C 20% 0.123 mg/cm2 15 6.0±0.5μm 5.8±0.4 μm
Vulcan 20%Pt/C 30% 0.124 mg/cm2 15 6.1±0.6μm 5.5±0.3 μm
Vulcan 20%Pt/C 40% 0.085 mg/cm2 15 3.5±0.5μm 3.9±0.3 μm
Vulcan 40%Pt/C 30% 0.215 mg/cm2 15 4.0±0.5μm 3.9±0.3 μm
Ketjen 46.7%Pt/C 30% 0.251 mg/cm2 15 5.5±0.5μm 5.5±0.4μm
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(a) 20%Pt/C, 20%Nafion (b) 20%Pt/C, 30%Nafion

(c) 20%Pt/C, 40%Nafion (d) 40%Pt/C, 30%Nafion

(e) 46.7%Pt/C, 30%Nafion

Figure 3.14: Surface images of catalyst layers: (a) 20%Pt/C, 20%Nafion, (b) 20%Pt/C,
30%Nafion, (c) 20%Pt/C, 40%Nafion, (d)40%Pt/C, 30%Nafion, (e) 46.7%Pt/C, 30%Nafion

CL Porosity was calculated using following process. First, the total weight of the catalyst
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sample was measured which can be expressed as:

mT = mPt +mcarbon +mNafion (3.1)

where mPt, mcarbon and mNafion are the weight of Pt, carbon black and Nafion respectively.

The volume of Nafion can be calculated as:

VNafion =
mNafion

ρNafion

=
mT wt%Nafion

ρNafion

(3.2)

where wt%Nafion is the weight percentage of Nafion in the inks and ρNafion is the density

of Nafion which is taken as 2 g/cm3 [70]. The percent of Pt in Pt/C powder, wt%Pt/C is

expressed as:

wt%Pt/C =
mPt

mPt +mcarbon

=
mPt

ms

(3.3)

then, solid volume, Vs, in the catalyst can be written as:

Vs = VPt + Vcarbon =
mPt

ρPt

+
mcarbon

ρcarbon
=

wt%Pt/C ms

ρPt

+
(1− wt%Pt/C)ms

ρcarbon
(3.4)

where ρPt is the density of platinum and ρcarbon is the density of carbon. Equation (3.4) can

also be rearranged such that:

Vs = (1− wt%Nafion)mT

(
wt%Pt/C

ρPt

+
1− wt%Pt/C

ρcarbon

)
(3.5)

Finally, porosity of CL can be calculated as:

εCL =
Vbulk − Vs − VNafion

Vbulk

(3.6)

where, Vbulk, the total volume, is equal to the product of the CL thickness and area of the

sample which is measured directly. The total weight, mT is measured by an electronic bal-

ance (Sartorius ENTRIS124I-1S, accuracy 0.1 mg). The porosities calculated using equation

(3.6) are shown in Table 3.2. Here, ρcarbon, ρPt and ρNafion are taken as 2 g/cm3, 21.5

g/cm3 [71] and 2 g/cm3 [70], respectively. Ionomer-carbon (I/C) ratio, is calculated and

shown in Table 3.2 as well as porosity. The experimental porosity is compared to literature

data from Ref. [36, 46, 69, 72] in Figure 3.15. It can be seen that experimental porosity is in

agreement with literature data from Ref. [69,72] since same fabrication method is used in the

studies. However, CLs fabricated using other methods show higher porosities [36, 46]. Also,

the experimental data and Ref. [69,72] show that CLs using Ketjen black as a support have
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a higher porosity than CL using Vulcan support for the same I/C ratio, which is because

Ketjen carbon black is more porous than Vulcan carbon black.

Table 3.2: Porosity and I/C ratio of measured CLs

CL components Total weight Porosity I/C

Vulcan 20%Pt/C, 20%Naf 1.3 mg 42.98% 0.31
Vulcan 20%Pt/C, 30%Naf 1.5 mg 31% 0.54
Vulcan 20%Pt/C, 40%Naf 1.2 mg 20.01% 0.83
Vulcan 40%Pt/C, 30%Naf 1.3 mg 26.84% 0.71
Ketjen 46.7%Pt/C, 30%Naf 1.3 mg 50.88% 0.80

Figure 3.15: Variation in CL porosity with I/C ratio obtained experimentally and reported
by Shukla et al. [69, 72], Yu et al. [36], Inoue et al. [46]

3.3 Governing equation and data analysis

3.3.1 Governing equation

3.3.1.1 GDL permeability

The governing equation for GDL through-plane permeability is obtained using the same

process as in section 2.3.1.1.
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3.3.1.2 CL permeability and effective pore diameter

Equation (2.7) is used for the uncompressed GDL samples. However, for the CL sample,

the pore diameter is much smaller and Knudsen slip effects are found to be significant.

Therefore, the Darcy’s law can not accurately predict the permeability even at low Reynolds

numbers. In the absence of inertial effects, the total flux is made up of two parts: viscous

flux and Knudsen slip flux. In the experiment, very low mass flow rates (0-0.1 SLPM) were

used to measure the permeability of the CL so that inertial effects could be ignored. This

is expected to be the regime where the CL would operate. Knudsen proposed an semi-

experimental expression to predict gas transport in the regime where Kn >>1, as explained

by Cunningham and Williams [73]. At sufficiently high pressures, the Knudsen’s expression

for a capillary can be simplified to [25, 73]:

ṅ = − r2c
8η

P1 + P2

2

1

RT

P2 − P1

x2 − x1

−DK
ck1
ck2

1

RT

P2 − P1

x2 − x1

= −
(
r2c
8η

P1 + P2

2
+DK

ck1
ck2

)
1

RT

P2 − P1

x2 − x1

(3.7)

where rc is the radius of the capillary, ck1 and ck2 are constants that depend on the gas and

capillary, DK is Knudsen diffusivity (m2/s). The first term in equation (3.7) represents

viscous flux and second term is Knudsen slip flux. Adzumi [74] [75] calculated ck1/c
k
2 for

several materials and Kerkhof [76] suggested that for engineering purposes:

ck1
ck2

≈ 0.89 (3.8)

Also, the Knudsen diffusivity in a capillary is given by [73]:

DK =
2rc
3

√
8RT

πM
(3.9)

In order to apply Knudsen’s expression to porous media, the following substitutions are

made [26]:
r2c
8

=> Bv (3.10)

Applying equation (3.8) and (3.10) to equation (3.7) and accounting for effective Knudsen

diffusivity gives:

ṅ = −
(
Bv

η

P1 + P2

2
+ 0.89Deff

K

)
1

RT

P2 − P1

x2 − x1

(3.11)
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where x2 − x1 is equal to the thickness of the sample, L. Applying ideal gas law to equation

(3.11) gives: [25]

v =
Bv

2ηL

(
P 2
1 − P 2

2

P1

)
+0.89

Deff
K

L

(
P1 − P2

P1

)
=

Bv

2ηL

(
P 2
1 − P 2

2

P1

)
+0.89deffp

1

3

√
8RT

πM

1

L

(
P1 − P2

P1

)
(3.12)

where the effective Knudsen diffusivity Deff
K is equal to deffp

1
3

√
8RT
πM

and deffp is the ef-

fective pore diameter. Experimental data is fitted to equation (3.12) to obtain deffp and

gas-independent Bv.

The effective Knudsen diffusivity is dependent on the molar mass of the working fluid

and pore geometry. To obtain the pressure drop across the CL, three filter replicates are

measured prior to measuring the CL/filter sample and the pressure drop across the filter is

recorded. The pressure drop across the CL is then obtained by subtracting ΔPfilter from

ΔPtotal. Experimental data are used to fit equation (3.12) to extract the permeability and

CL effective pore diameter.

3.3.1.3 GDL through-plane diffusivity

In my experimental setup, oxygen transport in the GDL is driven by both diffusion and

convection. Fick’s first law is used to describe diffusion transport of species i assuming an

infinite dilute mixture, defined as [59]:

ṁD
i = −ρtDij

dwi

dx
(3.13)

where ṁD
i is the diffusive mass flux of the species i with respect to a reference frame moving

with mixture velocity v. The total mass flux ṁi, given as the sum of convective flux ṁC
i and

diffusive flux ṁD
i , is then:

ṁD
i = ṁi − ṁC

i = ρivi − ρiv (3.14)

Then equation (3.14) can be written as:

ṁD
i = ρivi − ρiv = −ρtDij

dwi

dx
(3.15)

where v is the mass-average mixture velocity, defined as:

v =

∑
ρivi∑
ρi

=

∑
ρivi
ρt

=
∑

wivi (3.16)
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Assuming the gas mixture (oxygen and nitrogen) flow in one-direction, in the absence of

chemical reaction, equation (3.15) can be expressed as,

ρtD
eff
N2,O2

dwO2

dx
= ρO2v − ρO2vO2 (3.17)

where Deff
N2,O2

is the effective diffusivity of oxygen in nitrogen. Equation (3.17) can be further

rearranged as:

ρtD
eff
N2,O2

dwO2

dx
= ρO2

ṁt

ρt
− ρO2

ṁO2

ρO2

=>
dwO2

dx
=

1

Deff
N2,O2

(
wO2

ṁt

ρt
− ṁO2

ρt

)
(3.18)

where wO2 is the mass fraction of oxygen, ṁt and ṁO2 are the mass flux of gas mixture

and mass flux of oxygen across sample. Applying mass conservation to the flow path in

the porous media, assuming steady state flow in one-direction, in the absence of chemical

reaction, the mass flux of oxygen and gas mixture is given by:

dṁO2

dx
= 0 (3.19)

dṁt

dx
= 0 (3.20)

Based on the discussion in section 3.3.1.1, for one-dimension flow, Darcy’s equation can be

written as:
dPt

dx
= − η

Bv

v = − η

Bv

ṁt

ρt
(3.21)

where ρt is expressed as:

ρt =
Pt

RT

∑
wiMi = − Pt

RT
(wO2MO2 + (1− wO2)MN2) (3.22)

Equations (3.18)-(3.21) are used as governing equations for through-plane diffusivity, with

four unknowns to solve: (1) ṁO2 : oxygen mass flux in the porous media, (2) ṁt: total mass

flux in the porous media, (3) Pt: total gas pressure, (4) wO2 : oxygen mass fraction in the

porous media. The equations are solved using the MATLAB bvp4c solver which requires

four boundary conditions. Assume that the oxygen flux is swept away very quickly in the

nitrogen channel, the following boundary conditions are used: (1) the oxygen mass fraction

is zero, wO2=0, in the nitrogen channel, (2) the oxygen mass fraction is one, wO2=1, in

the oxygen channel, (3) the total pressure is equal to the nitrogen pressure in the nitrogen

channel, Pt=PN2 , (4) the total pressure is equal to the oxygen pressure in the oxygen channel,

Pt=PO2 . Here, PN2 is equal to the system back pressure which is controlled by BPC; PO2 is
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equal to the back pressure plus the pressure difference which is controlled by the DPC. The

MATLAB code is available in the appendix.

3.3.1.4 CL diffusibility

As discussed before, diffusibility is a term used to describe gas diffusion in porous media and

defined as:

D̂ =
Deff

D
(3.23)

where D̂ is diffusibility, Deff is effective diffusivity (m2/s) and D is gas bulk diffusivity

(m2/s). In the case of a GDL, only molecular diffusion is considered so D is equal to

molecular diffusivity. However, in the case of a CL, gas diffusion is in the transition region

as discussed in previous sections and both molecular diffusion and Knudsen diffusion need

to be considered. In this case, gas bulk diffusivity, D, is written as [36]:

1

D
=

1

DK

+
1

DM

(3.24)

where DM is molecular diffusivity, DK is Knudsen diffusivity which is calculated as [36]:

DK =
dp
3

√
8RT

πM
(3.25)

where dp is local pore diameter, M is molar mass of the gas, R is gas constant, T is temper-

ature. The relation between CL effective diffusivity and bulk diffusivity is always expressed

as a function of porosity ε:

Deff = f(ε)D (3.26)

Combining equation (3.26) and (3.24) gives:

1

f(ε)D
=

1

f(ε)DK

+
1

f(ε)DM

=>
1

Deff
=

1

Deff
K

+
1

Deff
M

(3.27)

where Deff
K is the effective Knudsen diffusivity obtained from permeability experiment, Deff

is measured in the diffusivity experiment and Deff
M is the effective molecular diffusivity.

Fick’s first law is widely used to estimate the diffusive flux of a species in a steady state

system. In this case, Fick’s first law is written in one dimension as [59]:

ṁD
i = −ρtDij

dwi

dx
(3.28)
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where ṁD
i is the diffusion flux in kg/m2·s, ρt is total density in kg/m3, Dij is the diffusion

coefficient or diffusivity in m2/s. In porous media, Dij is usually replaced by Deff
ij in order to

account for the porous media. In the experiment, oxygen is transported across the CL/filter

by diffusion from the oxygen channel to the nitrogen channel. Assuming a linear variation

in mass fraction, equation (3.28) can be written in discrete form as:

ṁD
O2

= Deff
N2,O2

ρt ΔwO2

L
(3.29)

where ṁD
O2

is superficial oxygen diffusive mass flux in CL sample (kg/m2·s), Deff
N2,O2

is the

effective diffusivity of CL/filter sample (m2/s), wO2 is oxygen mass fraction, L is the thick-

ness of sample and ρt is the interstitial gas mixture density in the sample. The latter is

approximated to be
ρO2

+ρN2

2
.

According to the mass conservation, the mass of oxygen that flows into the nitrogen

channel through the CL sample is equal to the mass of oxygen that leaves the nitrogen

channel. The mass flux of oxygen flowing out of the nitrogen channel is:

Ṁ out
O2

= ρO2 V̇O2 = V̇t xO2 ρO2 ≈ V̇N2 xO2 ρO2 (3.30)

where Ṁ out
O2

is oxygen mass flow rate out of nitrogen channel (kg/s), xO2 is the oxygen molar

fraction in nitrogen channel measured by oxygen sensor, V̇t is volume flow rate of gas out of

channel and V̇N2 is the volume flow rate of N2 controlled by MFC (LPM). Equation (3.30)

is based on the assumption that an equal amount of N2 diffuses through CL sample into O2

channel as O2 diffuses through GDL into N2 channel, then V̇N2 is approximately the same

as the total volume rate in the N2 channel.

Since oxygen transport through the CL sample is driven only by diffusion because of the

very low permeability of CLs, the mass flux of oxygen flowing into nitrogen channel through

the CL/filter sample can be simply written as:

Ṁ in
O2

= ρtD
eff
N2,O2

A
ΔwO2

L
(3.31)

where Ṁ in
O2

is the oxygen diffusive mass flow rate into the nitrogen channel through the

CL/filter sample (kg/s) and A is the cross-sectional area. Assuming wO2 is 0 in the nitrogen

channel and 1 in the oxygen channel, equation (3.31) results in:

Ṁ in
O2

= Deff
N2,O2

A
ρt
L

(3.32)
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According to mass conservation, Ṁ in
O2

= Ṁ out
O2

, then:

Deff
N2,O2

A
ρt
L

= V̇N2 xO2 ρO2 (3.33)

Deff
N2,O2

is finally written as:

Deff
N2,O2

=
V̇N2 ρO2 xO2 L

Aρt
=

2V̇N2 ρO2 xO2 L

A (ρO2 + ρN2)
(3.34)

Equation (3.34) is used to calculate the through-plane effective diffusivity of the CL/filter.

Matlab code is available in the appendix. Three filter replicates were measured prior to

measuring the CL/filter and the filter diffusivity was obtained. To obtain the CL diffusivity,

the diffusion resistance network needs to be analysed first, shown in Figure 3.16.

Figure 3.16: Diffusion resistance network of CL/filter sample

Diffusion resistance that arises from the filter can be expressed as:

Rfilter =
Lfilter

Deff
filter A

(3.35)

Similarly, diffusion resistance of the CL is :

RCL =
LCL

Deff
CL A

(3.36)

Then, total diffusion resistance can be written as:

Rtotal =
Ltotal

Deff
total A

=
Lfilter

Deff
filter A

+
LCL

Deff
CL A

(3.37)
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Therefore, effective diffusivity of CL is expressed as:

Deff
CL =

LCL

Ltotal

Deff
total

− Lfilter

Deff
filter

(3.38)

where A is the cross-sectional area, LCL and Lfilter are the thickness of CL and filter,

respectively.

3.3.2 Data analysis

3.3.2.1 GDL permeability

In order to obtain viscous and inertial permeability in equation (2.7), the inlet channel

pressure P1, and the molar flux of gas ṅ are measured. The molar flux ṅ in equation (2.7) is

calculated using ṅ = Pstandard v/RT ◦, where Pstandard is the standard atmospheric pressure,

i.e., 101325 Pa and T ◦ is 298K. The inlet gas velocity v is obtained using v = V̇
A
, where V̇ is

the volume flow rate at standard conditions controlled by the MFC in SLPM. P1 is measured

directly by the pressure transducer and P2 is at ambient pressure. The experimental data

is used to fit to equation (2.7) using a Python code to extract viscous permeability Bv and

inertial permeability Bl. The code is used for the data fitting by employing a least squares

regression technique. Simulations at different gas velocity with different permeability values

are performed and a residual function is defined as:

Res =
n∑

i=10

(P1,exp − P1,num(Bv, Bl))
2 (3.39)

where P1,exp is the experimental inlet pressure measured by PT, and P1,num is the numerical

estimate of the inlet pressure obtained from equation (2.7). The values of Bv and Bl which

minimize the residual function represent the permeabilities of GDL.

3.3.2.2 CL permeability

In order to obtain the viscous permeability and Knudsen diffusivity of the CL samples,

permeability experiments are performed using both nitrogen and helium respectively. Inlet

velocity and pressure drop are measured in the experiment. A volume flow rate of 0-0.1

SLPM, considered to be small enough to make the inertial effect negligible, is controlled

with the MFC. The experimental data is used to fit simultaneously deffp and Bv in equation

(3.12). A loop is run for different values of deffp , and each value of deffp combines with different
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values of Bv to calculate the residual using the combined experimental data of nitrogen and

helium. The residual is defined as:

Res =
n∑

i=10

(
P1,exp − P1,num(Bv, d

eff
p )

)2
(3.40)

where P1,exp and P1,num are the experimental inlet gas pressure measured by PT and nu-

merical estimate of inlet gas pressure computed from equation (3.12). The corresponding

combination of deffp and Bv is taken as final fitting result when the residual is minimized.

3.3.2.3 GDL diffusivity

In order to obtain the effective diffusivity of the GDL sample, the pressure drop is controlled

by DPC and the oxygen molar fraction in the nitrogen channel is measured by the oxygen

sensor. The total molar flux in the nitrogen channel is then calculated using the channel

flow rate and oxygen molar fraction at the outlet in order to obtain the oxygen flux across

the sample. The total net molar flux leaving the nitrogen channel consists of four parts: (1)

the nitrogen flow into the nitrogen channel from the MFC, (2) the gas flow into the nitrogen

channel across the GDL due to convection, (3) the oxygen flow into the nitrogen channel

across the GDL by diffusion, and (4) the nitrogen flow out of the channel across the GDL

by diffusion. Then, the total net molar flux leaving the nitrogen channel is (1)+(2)+(3)-(4).

The molar flux of nitrogen out of the nitrogen channel and the molar flux of oxygen into the

nitrogen channel are very small compared to the nitrogen flux from the MFC, i.e., (3)<<(1)

and (4)<<(1). Also, since the molar flux of the two gases by diffusion are very close, i.e.,

(3)≈(4), thus (3)−(4) is negligible compared to (1)+(2). As a result, the total molar flux

leaving the nitrogen channel is equal to (1)+(2). The nitrogen molar flux into the channel

from MFC is calculated by:

ṅch =
ρN2V̇

MN2A
(3.41)

where ṅch is nitrogen molar flux from MFC (mol/m2 s), ρN2 is density of nitrogen at system

pressure, V̇ is the volume flow rate at experimental condition set by MFC (LPM), MN2

is molar mass of nitrogen. The molar flux of gas into the channel through the sample is

calculated as:

ṅsample =
Ptv

RT
(3.42)

where ṅsample is molar flux of gas through the sample (mol/m2 s) by convection, Pt is total

pressure controlled by back pressure controller and differential pressure controller, A is the
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flow area of the sample, v is the superficial gas velocity in the porous media, calculated as
Bv

η
ΔP
L
, where η ≈ (ηO2 + ηN2)/2 and Bv is calculated in permeability experiment. Then,

the total oxygen mass flux in the porous media calculated using experimental data can be

estimated as:

ṁO2,exp = xO2(ṅch + ṅsample)MO2 (3.43)

where ṁO2,exp is experimental oxygen mass flux across the sample (kg/m2 s), xO2 is the

oxygen volume faction measured by oxygen sensor.

To estimate ṁO2 , ṁt, Pt and wO2 , equations (3.18)-(3.21) are solved using the MATLAB

bvp4c solver. A loop is run for effective diffusivity Deff
N2,O2

, and the residual is calculated as

the square of the difference between the numerical mass flux ṁO2 and experimental mass

flux ṁO2,exp at different pressure drop, as shown in equation (3.44).

Res =
5∑

i=1

(
ṁO2 − ṁO2,exp(ΔPi, D

eff
N2,O2

)
)2

(3.44)

The estimated effective diffusivity, Deff
N2,O2

is the value that minimizes the residual.

3.3.2.4 CL diffusivity

In order to obtain the through-plane effective diffusivity of the CL sample, the volume flow

rate of nitrogen and oxygen are controlled by two MFCs (Cole-Parmer, model: RK-32907-

69, range: 0 - 5 SLPM) and the oxygen molar fraction in the nitrogen channel is measured

by an oxygen sensor (Ocean Optics, Model: FOSPOR-600-32MM, range: 0 - 21% in gas).

Assuming that the diffusive flux of oxygen and nitrogen across the CL sample are equal, and

both of them are much less than the nitrogen flow from the MFC (details in results section),

then the total volume flux in the nitrogen channel is considered to be approximately equal to

the value from MFC. The PTFE filter was measured before measuring CL/filter sample, then

the through-plane effective diffusivity of CL is obtained using equation (3.34) and (3.38).

3.4 Uncertainty analysis

In this section, the uncertainty analysis of through-plane permeability and diffusivity will

be conducted by following the steps for in-plane permeability and diffusivity uncertainty

analysis. DPC and BPC will also be discussed as they are used in through-plane diffusivity
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experiment of GDL.

3.4.1 Mass flow controller uncertainty

Mass flow controller uncertainties have been presented in previous chapter.

3.4.2 Pressure transducer uncertainty

Pressure transducer uncertainties have been presented in previous chapter.

3.4.3 Differential pressure controller uncertainty

The differential pressure controller is produced and calibrated by Cole-Parmer. The full

range is 500 Pa, and the accuracy is 0.25% of full scale=0.25%×500 Pa=1.25 Pa. The

precision uncertainty is provided by manufacturer as 0.05%×500 Pa=0.25 Pa. The overall

uncertainty of DPC was then calculated as:

wDPC =
√
B2

DPC + P 2
DPC =

√
1.252 + 0.252 = 1.27 Pa (3.45)

3.4.4 Back pressure controller uncertainty

The back pressure controller is from Cole-Parmer. The accuracy is 0.25% of full scale=0.25%×100

Psi=0.25 Psi, and the provided precision uncertainty is 0.05%×100 Psi=0.05 Psi. The overall

uncertainty was then:

wBPC =
√
B2

BPC + P 2
BPC =

√
0.252 + 0.052 = 0.255 Psi = 1758 Pa (3.46)

3.4.5 Oxygen sensor uncertainty

The oxygen sensor uncertainty and calibration have been discussed for the case of in-plane

diffusivity measurements of GDL. In the case of through-plane diffusivity experiment of GDL

and CL, the overall uncertainty of oxygen sensor was taken as 5% of the reading.

3.4.6 Thickness measurement uncertainty

The thickness of sample is measured by a micrometer (Mitutoyo Japan, Series NO.:008395)

at a load of 0.5 N. As discussed in chapter 2, the uncertainty of the micrometer has been

validated by shims of different thickness and the overall accuracy is provided by manufacturer

as 2 μm. As discussed in catalyst layer characterization section, the thickness measured by
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the micrometer is in good agreement with SEM imaging thickness and therefore, the CL

thickness uncertainty can be calculated using the SEM imaging data shown in Table 3.1.

3.4.7 Permeability uncertainty

Based on the discussion above, the uncertainty in function f is computed using the uncer-

tainties in each variable, shown as equation (2.17). Ignoring the Forcheimer term due to its

insignificant effect on permeability, the permeability can be expressed as:

Bv = 2RTη

(
ṅL

P 2
1 − P 2

2

)
(3.47)

Taking R, T , η and P2 as constants, then the permeability uncertainty is given as:

wBv = 2RTη

√(
wṅ

L

P 2
1 − P 2

2

)2

+

(
wL

ṅ

P 2
1 − P 2

2

)2

+

(
wΔPPT

2ṅLP1

(P 2
1 − P 2

2 )
2

)2

(3.48)

as P1 = P2 +ΔPPT and using equation (3.47), then:

wBv

Bv

=

√(wṅ

ṅ

)2

+
(wL

L

)2

+

(
2wΔPPT

ΔPPT

(P2 +ΔPPT )

(2P2 +ΔPPT )

)2

(3.49)

The through-plane permeability uncertainty for GDL and CL are different due to the different

experimental conditions. In the experiment, the flow rate varies from 0-1 SLPM for GDL

and 0-0.1 SLPM for CL. According to the overall uncertainty provided in Table 2.1 and 2.2,

the average overall uncertainty in the flow rate is taken as 4% for GDL and 15% for CL.

The pressure drop across sample under experimental condition usually varies from several

hundred to several thousand pascals. Therefore, the average overall uncertainty in pressure

transducer is taken as 1% for GDL and 0.5% for CL. The uncertainty in thickness is taken

as 0.5% for GDL based on micrometer uncertainty and 8% for CL based on SEM imaging

data shown in Table 3.1. As ΔPPT is much smaller than air pressure P2,
(P2+ΔPPT )
(2P2+ΔPPT )

can be

approximately taken as 0.5, then

For GDL :
wBv

Bv

=
√
(4%)2 + (1%)2 + (0.5%)2 = ±4.2% (3.50)

For CL :
wBv

Bv

=
√

(15%)2 + (0.5%)2 + (8%)2 = ±17% (3.51)

Precision experiments were also conducted following the same step shown in previous chapter
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and the deviation fell in the accepted range.

3.4.8 Experimental permeability precision uncertainty

In order to experimentally measure the permeability precision uncertainty of the setup, six

experiments are repeated for the same Toray-90 (0%PTFE) sample without opening/clos-

ing the diffusion bridge and the results are compared. Results are shown in Table 3.3.

The through-plane permeability for Toray-90 (0%PTFE) is 1.05 ± 0.004 ×10−11(m2). The

standard deviation is calculated using equation (2.18), therefore Px in equation (2.19) is

calculated to be 0.004×10−11(m2). The measurement uncertainty, Px/Bv is calculated to

be 0.38%, thus the setup precision is better than the theoretical precision calculated using

equation (3.50).

Table 3.3: Toray-90 (0%PTFE) through-plane permeability

Bv(N2) ×10−11(m2)

Measurement 1 1.06
Measurement 2 1.05
Measurement 3 1.05
Measurement 4 1.05
Measurement 5 1.06
Measurement 6 1.05

3.4.9 Diffusivity uncertainty

GDL diffusivity uncertainty - Recall that the oxygen mass flux in the porous media can be

calculated using equation (3.43) from which it is known that the diffusivity uncertainty is

decided by two terms and it can be calculated separately. Take MO2 , R, T , η and A as

constants, then:

First term:

ṁ1 = xO2ṅchMO2 (3.52)

Second term:

ṁ2 = xO2ṅsampleMO2 = xO2MO2

Pt ΔP Bv

R T η L
(3.53)

Uncertainty in the first term:

wṁ1 = MO2

√(
wxO2

ṅch

)2
+ (wṅch

xO2)
2 (3.54)
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wṁ1

ṁ1

=

√(
wṅch

ṅch

)2

+

(
wxO2

xO2

)2

(3.55)

Uncertainty in the second term :

(3.56)
wṁ2 =

MO2

RTη

(
(wxO2

PtBvΔP

L
)2 + (wPt

wxO2
BvΔP

L
)2 + (wBv

wxO2
PtΔP

L
)2

+ (wΔP

PtBvwxO2

L
)2 + (wL

wxO2
PtBvΔP

L2
)2
) 1

2

wṁ2

ṁ2

=

√(
wxO2

xO2

)2

+

(
wPt

Pt

)2

+

(
wBv

Bv

)2

+
(wΔP

ΔP

)2

+
(wL

L

)2

(3.57)

To measure the GDL diffusivity, pressure difference ΔP is controlled to be 2 to 10

Pa, gas flow rate is set at 1 SLPM, the system pressure is maintained at 10 Psig. Under

experimental conditions, the uncertainty in ṅch is about 1.5% (see table 2.1), xO2 is 5%, Pt

is 1.1% (controlled by BPC), Bv is 4.15%, ΔP is 15% and L is 0.5%, then the uncertainty

for GDL will approximately be:

wṁ1

ṁ1

=
√
1.5%2 + 5%2 = 5.2% (3.58)

wṁ2

ṁ2

=
√
5%2 + 1.1%2 + 4.15%2 + 15%2 + 0.5%2 = 16.4% (3.59)

In summary, the diffusivity uncertainty is always decided by two terms, so it should be

described by a range instead of a single constant. The diffusivity uncertainty varies from

5.2% - 16.4% for GDL and the biggest error source is the differential pressure controller.

CL/filter diffusivity uncertainty - The analysis of diffusivity uncertainty for CL/filter follows

the same procedure of in-plane diffusivity of GDL. According to equation (3.34), the overall

uncertainty of through-plane diffusivity for CL/filter is calculated as:

wDeff
N2,O2

=
2ρO2

ρO2 + ρN2

√√√√(
wV̇

xO2L

A

)2

+

(
wxO2

V̇ L

A

)2

+

(
wL

xO2V̇

A

)2

+

(
wA

xO2V̇ L

A2

)2

(3.60)

Dividing both side by Deff
N2,O2

gives:

wDeff
N2,O2

Deff
N2,O2

=

√(
wV̇

V̇

)2

+

(
wxO2

xO2

)2

+
(wL

L

)2

+
(wA

A

)2

(3.61)
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Here are four terms of uncertainties: (1) the overall uncertainty in flow rate is 1.5% under

experimental condition, (2) the overall uncertainty in oxygen sensor is 5% of reading, (3) The

uncertainty in thickness of CL/filter is 2μm/80μm=2.5%, and (4) the error in cross-sectional

area is less than 4%. Substituting all the values into (3.61) gives the overall uncertainty of

through-plane diffusivity of CL/filter:

wDeff
N2,O2

Deff
N2,O2

=
√
(1.5%)2 + (5%)2 + (2.5%)2 + (4%)2 = ±7% (3.62)

CL diffusivity uncertainty - The CL diffusivity is calculated using equation (3.38) with Deff
filter

and Deff
total obtained from diffusivity experiment. Taking Ltotal

Deff
total

and
Lfilter

Deff
filter

as one entity re-

spectively, equation (3.38) is rewritten as:

Deff
CL =

LCL

Ltotal

Deff
total

− Lfilter

Deff
filter

=
LCL

a− b
(3.63)

here, a is equal to Ltotal

Dtotal
and b is equal to

Lfilter

Deff
filter

. For simplicity, Deff
filter and Deff

total are written

as Df and Dt, and Ltotal and Lfilter are written as Lt and Lf in this subsection. The uncer-

tainty in a and b are calculated respectively.

For a which is Ltotal

Deff
total

:

a =
Ltotal

Dtotal

=
ρt A

ρO2 V̇N2 xO2

(3.64)

the uncertainty in a is expressed as:

wa

a
=

√(
wV̇

V̇

)2

+

(
wxO2

xO2

)2

+
(wA

A

)2

(3.65)

the uncertainty in each parameter has been discussed before and the uncertainty in a is

calculated as:
wa

a
=

√
(1.5%)2 + (5%)2 + (4%)2 = ±6.5% (3.66)

and the uncertainty in b is calculated to be the same:

wb

b
=

√
(1.5%)2 + (5%)2 + (4%)2 = ±6.5% (3.67)

To calculate the uncertainty in Deff
CL , the partial derivative with respect to each parameter
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is expressed as:
∂Deff

CL

∂LCL

=
1

a− b
(3.68)

∂Deff
CL

∂a
=

−LCL

(a− b)2
(3.69)

∂Deff
CL

∂b
=

LCL

(a− b)2
(3.70)

Then, the overall uncertainty in Deff
CL is expressed as:

wDeff
CL

=

√√√√(
wLCL

∂Deff
CL

∂LCL

)2

+

(
wa

∂Deff
CL

∂a

)2

+

(
wb

∂Deff
CL

∂b

)2

(3.71)

The equation (3.71) is further written as:

wDeff
CL

Deff
CL

=

√(
wLCL

LCL

)2

+

(
wa

a− b

)2

+

(
wb

a− b

)2

(3.72)

The uncertainty in a and b has been calculated to be 6.5%, so wa and wb are equal to 0.065a

and 0.065b respectively. The uncertainty in LCL is measured to be 8% by SEM imaging,

therefore:

wDeff
CL

Deff
CL

=

√√√√(8%)2 +

(
0.065

1− b
a

)2

+

(
0.065

1− a
b

)2

(3.73)

It can be seen that the overall uncertainty is dependent on the ratio of a
b
, i.e.,

LtDf

LfDt
. The

CL thickness is between 4 and 6 μm and the filter thickness is around 80 μm so
Lf

Lt
is taken

as 0.94. The filter diffusivity is approximately 20% higher than CL/filter entity based on

experimental raw data which will be shown in the results and discussion section, then the

value of
Df

Dt
is taken as 1.2. The uncertainty in Deff

CL is finally calculated as:

wDeff
CL

Deff
CL

=

√
(8%)2 +

(
0.065

1− 0.78

)2

+

(
0.065

1.3− 1

)2

=

√
(8%)2 + (22.3%)2 + (30.5%)2 = 38%

(3.74)

Based on the uncertainty analysis in this section, the uncertainty in CL diffusivity is higher

than CL/filter diffusivity because
Lf

Lt
and

Df

Dt
affect the CL diffusivity. According to equation

(3.73), the uncertainty might be reduced to some degree by printing more number of layers

of CL sample in order to decrease
Lf

Lt
and increase

Df

Dt
, however, increasing number of printed

layers reduces the CL porosity and transport properties so 15 layers are printed in this study.
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The high uncertainty means that our filter might not be the best material for this study,

and the uncertainty could be reduced by selecting another filter with bigger pore diameter,

so that the value of
Df

Dt
will increase and the uncertainty can be reduced to some degree.

However, the filter pore diameter can not be too big otherwise more inks will penetrate into

the filter pores and affect the results. The appropriate filter pore diameter should be around

200 nm because it gives higher filter diffusivity and prevents inks penetrating into the filter.

3.4.10 Experimental diffusivity precision uncertainty

In order to experimentally measure the diffusivity precision uncertainty of the setup, six

experiments are repeated for the same material without opening/closing the diffusion bridge

and the results were compared. A Toray-90 (0%PTFE) sample was measured and the ex-

perimental results are shown in Table 3.4. The through-plane diffusibility for the Toray-90

(0%PTFE) is 0.247±0.006. The standard deviation is calculated using equation (2.18), there-

fore Px in equation (2.19) is calculated to be 0.006. The measurement uncertainty, Px/Bv

is calculated to be 2.42%, thus the setup accuracy is better than the theoretical accuracy

calculated using equation (2.33).

Table 3.4: Toray-90 (0%PTFE) through-plane diffusibility

Diffusibility

Measurement 1 0.255
Measurement 2 0.243
Measurement 3 0.243
Measurement 4 0.243
Measurement 5 0.255
Measurement 6 0.243

3.5 Results and discussion

3.5.1 Experimental results for Toray-90 samples and comparison

with literature

This chapter mainly focuses on the measurements permeability and diffusivity for CL. How-

ever, before discussing the experimental results of CL, it is necessary to compare our GDL

permeability and diffusivity results with literature in order to validate the reliability of the

measurements. We move to discuss CL results later after making sure the setup is working

properly.
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3.5.1.1 Toray-90 GDL through-plane permeability and comparison to literature

To validate the reliability of the permeability measurement, the through-plane permeability

of Toray-90 (0%PTFE) and Toray-90 (20%PTFE) is measured and results are compared

to literature. Three replicates are measured for each type of sample and the pressure drop

and gas flow rate vs. time are recorded during the experiment. The fluctuation of measured

pressure is very small (shown in Figure 3.17). Figure 3.18 shows that the pressure drop across

the GDL increases with higher gas velocity. It was also found that at the same gas velocity,

the Toray-90 (20%PTFE) sample shows higher pressure drop than Toray-90 (0%PTFE). The

through-plane permeability was found to decrease with increasing PTFE loading in GDL,

which is consistent with literature results [27]. Permeability estimates are shown in Table

3.5 as well as literature data. Good agreement was found.

Figure 3.17: Inlet pressure vs time for Toray-90 with 0%PTFE

94



Figure 3.18: Pressure drop vs velocity for Toray-90 with 0%PTFE and 20%PTFE

Table 3.5: Toray-90 through-plane permeability

Sample Bv (10
−11m2) Literature Bv (10

−11m2)
Toray-90 (0% PTFE) 0.92±0.07 1.1 [25], 0.9 [19], 0.8 [29]
Toray-90 (20% PTFE) 0.66±0.08 0.73 [25], 0.66 [29]

3.5.1.2 Toray-90 GDL through-plane diffusivity and comparison with literature

To validate the reliability of the diffusivity measurement, the through-plane diffusivity of

Toray-90 (0%PTFE) and Toray-90 (20%PTFE) are measured. Three replicates are mea-

sured for each type of sample and oxygen concentration vs pressure difference are shown in

Figure 3.20. It can be seen that increasing the pressure difference can increase the oxygen

transport through the sample. It was also found that 90 (0%PTFE) shows higher oxygen

concentration than Toray-90 (20%PTFE). The through-plane diffusibility was found to de-

crease with increasing PTFE loading in GDL, which is consistent with the conclusion in the

literature. The results are shown in Table 3.6 and compared with literature, and they found

to be in good agreement.
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Figure 3.19: Differential pressure and oxygen concentration vs time for Toray-90 with
0%PTFE

Figure 3.20: Oxygen concentration vs pressure drop for Toray-90 with 0%PTFE and
20%PTFE

Table 3.6: Toray-90 through-plane diffusibility

Sample Diffusibility Literature
Toray-90 (0%PTFE) 0.283±0.014 0.24-0.34 [8], 0.25-0.33 [43], 0.27-0.42 [77], 0.237±0.07 [29]
Toray-90 (20%PTFE) 0.204±0.003 0.14-0.19 [8], 0.23-0.25 [43], 0.19-0.3 [77], 0.153±0.03 [29]
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The discussion above proves that the experimental setup was working properly and able to

reproduce the results in the literature.

3.5.2 CL through-plane permeability

3.5.2.1 Measurements of pressure drop across the PTFE filter

As discussed before, to obtain the pressure drop across the CL, the PTFE filter needs to be

measured prior to CL measurements. To get the pressure drop across PTFE filter, different

gases with varying mean free path are used. Three replicates are tested and ΔPfilter vs. gas

velocity were recorded and shown in Figure 3.21. The results showed good repeatability.

The average pressure drop across the filter is used to estimate the pressure drop across the

CL alone and calculate permeability. The pressure drop across the CL is calculated as:

ΔPCL = ΔPtotal −ΔPfilter (3.75)

where ΔPtotal is the total pressure drop across the CL/filter sample and ΔPfilter is pressure

drop across the filter.

Figure 3.21: Filter pressure drop vs. gas velocity using nitrogen and helium

The permeability and effective pore diameter of the filter are also obtained using equation

(3.12). Fitting results are shown in Figure 3.22. The effective pore diameter of the filter,

deffp is calculated as 122±4 nm, which is in close agreement with the pore diameter reported

by the filter supplier, i.e., 100 nm.
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Figure 3.22: Fitting results for PTFE filter

3.5.2.2 CL permeability and effective pore diameter

As discussed before, Knudsen effects can be significant for PTFE filter and CLs because the

pore sizes are very small and the gas flow is in the transition region. As a result, Darcy’s law

can not predict permeability of the PTFE filter and CL accurately. If no Knudsen slip occurs,

the pressure loss across the sample would be independent on the gas type and as a result, the

ratio of Bv,N2 to Bv,He should be close or equal to 1. Table 3.7 shows the permeability of all

CLs under study using nitrogen and helium as working gases. Pressure drop across the CL

vs. gas velocity from the nitrogen and helium tests was calculated using equation (3.75) and

shown in Figure 3.23 and 3.24. 20%Pt/C (40% Nafion) shows the highest pressure drop per

meter. In contrast, 20%Pt/C (20% Nafion) and 46.7%Pt/C (30% Nafion) show the lowest

pressure drop per meter. Bv,He is 40% to 80% higher than Bv,N2 , indicating that Darcy’s law

can not be applied to CL and Knudsen slip should be taken into account. Equation (3.12) is

therefore used to extract gas-independent viscous permeability and effective pore diameter.
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Table 3.7: CL permeability using Darcy’s law with nitrogen and helium

CL components Bv,N2(10
−16 m2) Bv,He (10

−16 m2) Bv,He/Bv,N2

Vulcan 20%Pt/C, 20%Naf 8.6±1.0 15.1±2.0 1.76
Vulcan 20%Pt/C, 30%Naf 5.7±0.5 8.6±0.9 1.52
Vulcan 20%Pt/C, 40%Naf 2.1±1.0 3.3±1.4 1.62
Vulcan 40%Pt/C, 30%Naf 2.7±0.16 3.9±0.4 1.46
Ketjen 46.7%Pt/C, 30%Naf 15.0±7.0 24.2±11.9 1.61

Figure 3.23: CL pressure drop vs. gas velocity using nitrogen

Figure 3.24: CL pressure drop vs. gas velocity using helium
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As shown in Table 3.8, permeability and effective pore diameter decrease with increasing

I/C ratio and Pt/C ratio. In addition, catalysts supported on Vulcan XC carbon black show

lower permeability and smaller effective pore diameter than Ketjen carbon black at same

I/C ratio. The effective pore diameter vs. porosity for CLs is plotted in Figure 3.25 and

it can be seen that the effective pore diameter increases with increasing porosity because

ionomer fills up or blocks some pores.

Table 3.8: Measured CL permeability and effective pore diameter

CL components Bv × 10−16 (m2) deffp (nm)

Vulcan 20%Pt/C, 20%Naf 5.6±0.6 16.0±4.0
Vulcan 20%Pt/C, 30%Naf 4.1±0.5 7.0±1.0
Vulcan 20%Pt/C, 40%Naf 2.6±1.6 3.3±0.6
Vulcan 40%Pt/C, 30%Naf 2.4±0.3 3.5±0.1
Ketjen 46.7%Pt/C, 30%Naf 7.7±2.4 12.8±1.2

Figure 3.25: Effective pore diameter vs. CL porosity

3.5.2.3 Validation of Knudsen’s expression using krypton and carbon dioxide

To validate the experimental results, the pressure drop vs. gas velocity is predicted for other

gases using the effective pore diameter and gas-independent permeability shown in Table 3.8.

Krypton and CO2 are used for validation because they have different mean free path and

viscosity than nitrogen and helium. The dynamic viscosity of krypton and CO2 are taken as

2.5 × 10−5 Pa·s and 1.5 × 10−5 Pa·s at 25 ◦C [78].
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Figure 3.26 compares pressure drop vs. gas velocity obtained experimentally and pre-

dicted using equations (2.3) with Bv obtained for He tests and (3.12) using data from Table

3.8. Equation (3.12) predictions for pressure drop vs. gas velocity are in good agreement

with experimental data. In contrast, the compressible form of Darcy’s law, equation (2.3),

underestimates the pressure drop because Knudsen effect is ignored. Knudsen’s expression

is therefore able to provide a gas-independent and accurate prediction of gas transport in

CLs.

(a) 20%Pt/C, 20%Nafion (b) 20%Pt/C, 30%Nafion

(c) 40%Pt/C, 30%Nafion (d) 46.7%Pt/C, 30%Nafion

Figure 3.26: Comparison of experimental pressure drop vs. gas velocity using Krypton and
CO2 to estimated profiles using Knudsen’s expression and Darcy’s law for different catalyst:
(a)20%Pt/C, 20%Nafion (b)20%Pt/C, 30%Nafion (c)40%Pt/C, 30%Nafion (d)46.7%Pt/C,
30%Nafion
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3.5.3 CL through-plane diffusivity

3.5.3.1 Measurements of PTFE filter diffusivity

In order to obtain the through-plane diffusivity of the CL, the PTFE filter diffusivity is

measured prior to CL measurements. To estimate PTFE filter effective diffusivity, oxygen

and nitrogen are introduced into each flow channel of the diffusion bridge. The gas flow

rates are kept at 1 SLPM to minimize the diffusive layer effect and maintain a measurable

oxygen concentration in the nitrogen channel, i.e., a value between 1% and 5%. Three filter

replicates are tested and diffusivity is estimated using equation (3.34). Table 3.9 shows the

estimated effective diffusivity and diffusibility for 3 different filters. The Px is 2.2×10−8 m2/s

and ratio of Px/D
eff
filter is 1.9% so the results are highly repeatable. Here, Knudsen diffusivity

is not separated from bulk diffusivity and D̂filter is still calculated as Deff/DM .

Table 3.9: PTFE filter through-plane diffusibility

Sample Deff
filter (m

2/s) D̂filter

Filter 1 1.23×10−6 0.0522
Filter 2 1.24×10−6 0.0526
Filter 3 1.16×10−6 0.0492

3.5.3.2 Measurements of PTFE filter diffusivity at different pressure

To verify the setup measurements, the filter is measured at different gauge pressure of 5, 10

and 15 psi. The molecular diffusivity at atmospheric pressure for N2 − O2 is taken as 2.2

× 10−5m2/s [65]. Results in Table 3.10 show the effective diffusivity and diffusibility for

the filter at various absolute pressure. The deviation of results is very small, i.e., less than

2%. D̂filter, defined as Deff
filter/DM , is found to increase with pressure from 0.0526 to 0.0560

by 7.0%. The increase is likely due to Knudsen effects. The effective molecular diffusivity,

Deff
M is extracted from equation (3.27) and Deff

M /DM is calculated and shown in Table 3.10.

Compared to Deff
filter/DM which increases by 7%, Deff

M /DM increases by only 3.6%, which

means Bosanquet equation can provide more accurate estimation for gas transport in CLs.

Table 3.10: PTFE filter through-plane diffusibility and effective diffusivity for different pres-
sure

Pressure (psig) Deff
filter (m

2/s) D̂filter (D
eff
filter/DM) Deff

M /DM

5 0.846×10−6 0.0526±0.001 0.0560±0.001
10 0.688×10−6 0.0542±0.002 0.0568±0.001
15 0.590×10−6 0.0560±0.002 0.0580±0.001
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3.5.3.3 CL diffusivity measurements

To calculate CL diffusivity, nitrogen and oxygen are introduced into the bridge at 1 SLPM

and oxygen concentration is measured. The effective diffusivity of CL/filter assembly is

calculated and then CL effective diffusivity is calculated using equation (3.38). The oxygen

concentrations in the nitrogen channel for different CL/filter assemblies are measured and

shown in Figure 3.27. The X-axis represents porosity of the CL that is calculated in the

previous section. Three replicates are measured for each type of CL/filter assembly and

experimental raw data shows good repeatability.

Figure 3.27: The oxygen concentrations in nitrogen channel for different CL/filter assembly

Table 3.11 shows the Deff
CL and D̂CL of the measured CL samples, where D̂CL is calcu-

lated as the ratio of effective diffusivity to the molecular diffusivity. It is easy to see that the

Deff
CL and D̂CL decrease with increasing I/C ratio. Meanwhile, Ketjen CL exhibits higher dif-

fusion coefficient than Vulcan CL at same I/C ratio, which is attributed to its high porosity.

This trend is in line with other literature [36, 46].

Table 3.11: CL diffusivity and diffusibility (Working gas: Nitrogen and Oxygen)

CL type I/C ratio Deff
CL (10−6m2/s) D̂CL

Vulcan 20%Pt/C, 20%Naf 0.31 2.07±0.54 0.090±0.024
Vulcan 20%Pt/C, 30%Naf 0.54 0.65±0.07 0.028±0.003
Vulcan 20%Pt/C, 40%Naf 0.83 0.48±0.09 0.021±0.003
Vulcan 40%Pt/C, 30%Naf 0.71 0.36±0.14 0.016±0.006
Ketjen 46.7%Pt/C, 30%Naf 0.80 1.47±0.11 0.063±0.005
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The CL effective diffusivity has been studied by some researchers [11, 36, 46]. Shen et

al. [11] tested a CL made with 46.7%Pt/C (graphitized Ketjen) with 30% Nafion loading and

calculated the effective diffusivity using Fick’s second law at experimental condition 25◦C

and 1 atm. Inoue et al. [46] tested 50%Pt/C (Ketjen) with different I/C ratio ranging from

0.4 - 1.4 at 22◦C and 2 atm using a setup with two flow channels. Yu et al. [36] measured

CL of 50%Pt/C (Vulcan) with I/C ratio 0.5 to 1.5 using a PEM fuel cell platform. D̂CL

from literature is calculated based on their experimental raw data and shown in Table 3.13,

Figure 3.28 and Figure 3.29. Compare the diffusivity results in terms of porosity (Figure

3.28), the experimental data are in line with literature data. The CL diffusivity shows an

increasing trend with porosity. The CL diffusivity vs. porosity from experiment is similar

with literature results regardless of the carbon support type. Comparing the results in terms

of I/C ratio, however, the results do not agree. This is likely due to the different carbon

support and different CL fabrication method. The CLs fabricated using inkject printing have

lower porosity than other fabrication methods. Also, the CLs supported on Ketjen black

show higher diffusibility than the CLs supported on Vulcan black at same I/C ratio since

Ketjen black CLs have higher porosity.

Table 3.13: CL diffusivity and diffusibility and comparison to literature results

I/C Porosity D̂CL

Inoue et al. [46], Ketjen 0.4 75% 0.320
Inoue et al. [46], Ketjen 0.7 71% 0.403
Inoue et al. [46], Ketjen 1 58% 0.119
Inoue et al. [46], Ketjen 1.3 41% 0.018
Yu et al. [36], Vulcan 0.5 50% 0.087
Yu et al. [36], Vulcan 1 41% 0.026
Yu et al. [36], Vulcan 1.5 18% 0.004

Vulcan 20%Pt/C, 20%Naf 0.31 43% 0.090
Vulcan 20%Pt/C, 30%Naf 0.54 31% 0.028
Vulcan 20%Pt/C, 40%Naf 0.83 20% 0.021
Vulcan 40%Pt/C, 30%Naf 0.71 27% 0.016
Ketjen 46.7%Pt/C, 30%Naf 0.8 51% 0.063
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Figure 3.28: CL diffusibility vs porosity and comparison to literature results reported by Z.
Yu [36] and G. Inoue [46]

Figure 3.29: CL diffusibility vs I/C ratio and comparison to literature results reported by Z.
Yu [36] and G. Inoue [46]

The equation (3.27) can be used to examine the contributions to gas transport resistance.

The gas diffusion resistance come from molecular and Knudsen transport resistance and can

be expressed as:

Rgas = RM +RK =
L

Deff
M

+
L

Deff
K

(3.76)
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where Rgas is the overall gas transport resistance, RM and RK are molecular and Knudsen

transport resistance, respectively. The ratio of RK to RM is computed and shown in Table

3.13. The Knudsen transport resistance is 1 to 20 times higher than molecular transport

resistance in the CLs, which indicates Knudsen transport resistance dominates the overall

gas transport resistance in CLs.

Table 3.13: Knudsen transport resistance vs. molecular transport resistance

CL type I/C ratio RK/RM

Vulcan 20%Pt/C, 20%Naf 0.31 5.1±1.0
Vulcan 20%Pt/C, 30%Naf 0.54 2.0±0.2
Vulcan 20%Pt/C, 40%Naf 0.83 19.7±1.7
Vulcan 40%Pt/C, 30%Naf 0.71 1±0.2
Ketjen 46.7%Pt/C, 30%Naf 0.8 3.5±1.81

3.6 Conclusions

A through-plane diffusion bridge is proposed to measure the transport properties of CLs,

i.e., through-plane permeability, Knudsen diffusivity, effective pore diameter, and molecular

diffusivity. To validate the setup accuracy, Toray-90 (0%PTFE) and Toray-90 (20%PTFE)

are tested and experimental results are compared to literature. The CL samples, fabricated

using inkjet printing, are printed on a PTFE filter. The effect of Nafion loading and I/C

ratio on permeability and diffusivity are studied.

The gas-independent permeability and effective pore diameter are obtained by mea-

suring the pressure drop across the CL sample. It was found that high Nafion loading or

I/C ratio has a negative effect on permeability and effective pore diameter. Meanwhile,

Ketjen carbon support has better transport properties than Vulcan carbon support. The

experimental results are validated using Krypton and CO2 and the Knudsen’s expression

can accurately predict the pressure drop using experimental permeability and effective pore

diameter.

The CL diffusivity measurement uncertainty is analysed and it is found that choosing

a better filter with appropriate pore diameter can reduce the uncertainty. The effective

diffusivity of the CL is obtained by measuring oxygen mole fraction in nitrogen channel.

Increasing Nafion loading or I/C ratio has a negative influence on CL diffusivity. Also, Ketjen

carbon support shows higher diffusivity than Vulcan carbon support and this trend can also

be found in the case of permeability. Experimental diffusibility is compared to literature data
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and good agreement is found. The molecular transport resistance is compared to Knudsen

transport resistance and it is found the majority of contribution to gas transport resistance

is caused by Knudsen transport.
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Chapter 4

Conclusion and future work

4.1 Conclusion

In the first chapter, a detailed literature review on transport properties of PEM fuel cell

porous media identified two research gaps:

• even though many GDLs contain a large amount of carbon matrix material, few studies

have analyzed the effect of gas diffusion layer carbon matrix on its transport properties,

such as permeability and diffusivity

• CL transport properties, especially permeability and Knudsen diffusivity, have not

been well studied.

The second chapter addresses the first literature gap by measuring the in-plane trans-

port properties of GDLs with different amount of carbon matrix. The experimental setup

developed by Mangal [28] was enhanced to accurately measure in-plane permeability and

diffusivity of GDLs. Improvements in the setup included: (1) removing BPC and DPC, and

(2) using more number of layers to get better oxygen signal. MIP technique is employed to

obtain the PSD and carbon matrix of GDLs. SEM imaging is also used for better observing

the GDL pore structure. It was found that expression used to estimate permeability for

fibrous media are not appropriate for materials with large amount of carbon matrix. The

Knudsen slip effect is also more significant in GDLs with large amount of carbon matrix,

such as 24 BA and 28 BA. The samples with largest pore diameter and low amount of carbon

matrix, i.e., 29 BA, had higher diffusibility at same porosity/compression level than other

samples. Freudenberg also showed very high diffusibility, which may be attributed to its

unique pore structure and zero carbon matrix.
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Chapter 3 studies through plane mass transport in CLs. In order to study the effect of

CL structure on transport properties, CL with different porosity, i.e., I/C ratio, and type of

carbon support were fabricated and studied. The through-plane diffusion bridge developed

by Mangal [27] is modified to measure the transport properties of CLs by: (1) removing BPC

and DPC, (2) replacing the lamination sheet with transparent tapes to avoid compressing

CLs. Knudsen’s expression is used to calculate permeability and effective pore diameter of

the CL. The model is validated by measuring pressure drop vs gas velocity for different gases.

The effective diffusivity is calculated using Fick’s law. It was found that increasing I/C ratio

had a negative effect on CL transport properties. In addition, Ketjen carbon support shows

better transport properties than Vulcan carbon support due to the higher porosity of the

former.

4.2 Future work

In this study, the GDLs were measured in the in-plane direction at compression level 0%

to 50% and Knudsen effects are found in 24 BA and 28 BA. However, this work can be

further extended by increasing the compression level to 70% to 80% to obtain more data in

the region where Knudsen effects are more dominant. A better relation between diffusibility

and porosity would also be obtained as GDL transport properties would be measured over

a wider range of porosities.

The CL diffusivity measurement uncertainty is higher than expected due to the filter

selection, so the accuracy can be improved by looking for a better filter with appropriate

pre diameter. Even though Vulcan type CL with different Nafion loading is measured in

this study, Ketjen CL is measured with only one Nafion loading. As Ketjen shows better

transport properties than Vulcan, it would be beneficial to study Ketjen CL with different

Nafion loading to confirm our conclusion that the use of Ketjen carbon black leads to layers

with better porosity and morphology.

CL transport properties have been measured in the through-plane direction because of

its thin thickness. Hence, the current setup can be modified to measure CL in the in-plane

direction. This could be achieved by printing CL on an impermeable material and placing

the sample into the in-plane diffusion bridge. A new in-plane diffusion bridge needs to be

made with very high precision.

All the measurement in this study are done in dry condition, however, the PEM fuel cell
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media always works in humid conditions. The setup can be modified to saturate the gases

using a water bath to measure transport properties at different humidities.
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Appendix A

GDL through-plane diffusivity
analysis software

1 % This i s the main .m f i l e used to es t imate D e f f
2 %
3 % This f i l e reads exper imenta l data f o r d i f f e r e n t i a l p re s sure ( from DPC)
4 % and mole f r a c t i o n ( from Neofox sensor ) , reads the equa t i ons ( from
5 % MODEL ODEfun.m) , boundary cond i t i on s ( from MODEL bcfun .m) , and es t imate
6 % the D e f f f o r a pa i r o f gases
7 %
8 % Input parameters : D i f f e r e n t i a l pressure , oxygen mole f r a c t i o n
9 % -
10 %
11 % Please update the d i f f e r e n t i a l p re s sure and oxygen mole f r a c t i o n data
12 % from exper iments in the matr ices ’ d e l t a p ’ and ’ x O2 ’ , r e s p e c t i v e l y .
13 %
14 % Please make sure to update the parameters in the f i l e ’ l o ad con s t an t s ’
15 %
16 % Parameters t ha t g en e r a l l y need update are v i s cou s pe rmeab i l i t y , t h i c k n e s s
17 % of the sample . Other parameters might be changed l i k e f l ow rate , D bulk
18 % etc , depending on the exper iments
19 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
20
21 function main
22
23 clear
24 close a l l
25
26 [ D bulk , dia , t ,w, L , R, T, M O2, M N2, eta O2 , eta N2 , B v , zeta O2N2 ,
27 zeta N2O2 , zeta O2O2 , zeta N2N2 , p N2 r , rho o , vv , rho O2]= load con s t an t s ( ) ;
28 eta mix = eta O2 ∗0 .8 + eta N2 ∗ 0 . 2 ;
29 %eta mix = eta O2 ∗0.5 + eta N2 ∗0 . 5 ;
30 GDL.L=L ;
31
32
33 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
34 %%%%%%%%% exper imenta l data %%%%%%%%%%%%%%%%%
35 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
36 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

118



37 de l t a p=[ % D i f f e r e n t i a l p re s sure Pa(measured from DPC)
38 10
39 8
40 6
41 4
42 2
43 ] ;
44
45
46 x O2=0.01∗ [ % Oxygen mole f r a c t i o n (measured from Neofox sensor )
47 3.31426596
48 2.88893959
49 2.48698791
50 2.13536631
51 1.78179271
52
53 ] ;
54
55
56 p O2 l = p N2 r + de l t a p ; % Oxygen ’ s a b s o l u t e pre s sure Pa
57
58 % CHANGE area formula
59 A=3.14∗ dia ˆ2/4 ;% Area o f the porous media (Only f o r T- p lane exps )m2
60 %A=t ∗w;% Area o f the porous media (Only f o r In - p lane )
61
62 rho N2=rho o ∗( p N2 r (1 , 1 ) /101000) ; %N2 dens i t y at back pre s sure p N2 r (1 ,1)
63 rho OO=1.429∗( p N2 r (1 , 1 ) /101000) ;%O2 dens i t y at back pre s sure p N2 r (1 ,1)
64 m=rho N2∗vv∗1e - 3/60 ;%Mass f l ow ra t e in n i t rogen channel e s t imated ( in kg/ s )
65 % vv i s Flow ra t e o f gases in LPM
66
67 tx n=s ize ( x O2 ) ; %tx n=5
68 n=max( tx n ) ; % n=5
69 n O2 exp=zeros (n , 1 ) ; %n=5
70 mol extra=zeros (n , 1 ) ;%n=5
71 v=zeros (n , 1 ) ;%n=5
72
73 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
74 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
75 %%% Est imat ing exper imenta l oxygen mass f l u x %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
76 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
77 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
78
79 D i j v e c = 1 .3 e - 7 : 1 . 5 e - 7 : 1 . 2 e - 5 ;
80 % Modify the range o f D e f f here , c l o s e to the expec ted va l u e s
81
82 tmp1=s ize ( p O2 l ) ; %temp1=5
83 tmp2=s ize ( D i j v e c ) ;
84 N 1=max( tmp1) ;%N 1=5
85 N 2 = max( tmp2) ;
86 n O2 = zeros (N 1 , N 2 ) ;
87 r e s=zeros (N 1 , N 2 ) ;
88 Res = zeros (N 2 , 1 ) ;
89
90
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91 for i = 1 : length ( D i j v e c )
92
93 D i j = D i j v e c ( i ) ;
94
95 for j =1:N 1
96 p O2 l a r ray=p O2 l ( j , 1 ) ;
97 x O2 array=x O2 ( j , 1 ) ;
98 v ( j , 1 )=B v/ eta mix ∗( d e l t a p ( j , 1 ) /GDL.L) ;
99 %gas v e l o c i t y across media , ob ta ined by B v experiment
100 mol extra ( j , 1 ) = p O2 l ( j , 1 ) /(R∗T) ∗A∗v ( j , 1 ) ; %molar f l u x across media
101 mol = m/M N2; %molar f l u x in n i t rogen channel
102 n O2 exp ( j , 1 )=(x O2 ( j , 1 ) ∗(mol+mol extra ( j , 1 ) ) /A) ∗M O2;
103 %oxygen mass f l u x across media
104
105 % I n i t i a l mesh -
106 L1 = 0 ;
107 L2 = GDL.L ; % sample t h i c kn e s s
108 n GDL = 1e3 ; %number o f po in t s in the i n i t i a l mesh ,
109
110 x i n i t = L1 : ( L2 - L1) /n GDL : L2 ;
111
112 % Cal l r ou t ine to compute i n i t i a l guess
113 i n i s o l = c ompu t e i n i t i a l s o l u t i o n ( x i n i t ) ;
114
115 %- - - So l ve problem
116 % Use d e f a u l t i n t e g r a t i o n p r o p e r t i e s .
117 opt ions = bvpset ( ’ RelTol ’ , 1e - 5 , ’NMax ’ , 10000 , ’ S ta t s ’ , ’ on ’ ) ;
118
119 s o l = bvp4c (@MODEL ODEfun, @MODEL bcfun , i n i s o l , opt ions , D i j ,
120 p O2 l a r ray ) ;
121
122 x d i r = linspace (L1 , L2 , 1 e3 ) ; % genera t e s a row vec to r o f 50 l i n e a r l y

e q u a l l y
123 % spaced po in t s between 0 and L .
124 So lu t i on .mesh=x d i r ;
125 y = deval ( so l , x d i r ) ; % eva l u a t e s the s o l u t i o n o f the problem
126 % at a l l the e n t r i e s o f the vec t o r x .
127
128 %Create the So lu t i on o b j e c t . Note t ha t the So lu t i on
129 ob j e c t i s obta ined by i n t e r p o l a t i n g the s o l u t i o n from
130 bvp4c to a f i n e r mesh
131 n O2 ( j , i )=y (1 , 1 ) ; %n O2 i s cons tant through GDL
132 %rho O2 ( j , i )=y (3 ,999) ;
133 r e s ( j , i ) = (n O2 ( j , i ) - n O2 exp ( j ) ) . ˆ 2 ;
134
135 end
136 %Res ( i , 1 ) =sum( res ( j , i ) , j ) ;
137 Res ( i , 1 ) =sum( r e s ( : , i ) ) ;
138 end
139
140 [ Res min , I ]=min(Res ) ;
141 min r e s i dua l = Res ( I )
142 D e f f = D i j v e c ( I ) ;
143 D i f f u s i b i l i t y = D e f f /D bulk
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144 f igure (1 ) ;
145 plot ( D i j vec , Res , ’ ko - ’ , ’ Markers ize ’ ,15 , ’ Linewidth ’ , 2 ) ;
146 hold on
147 xlabel ( ’ E f f e c t i v e D i f f u s i v i t y Guess ’ , ’ Font s i z e ’ , 20) ;
148 ylabel ( ’ Res idua l ’ , ’ Fonts i z e ’ , 20) ;
149 f igure (2 ) ;
150 h1=plot ( de l ta p , n O2 exp , ’ kv ’ , ’ Markers ize ’ , 6 ) ;
151 hold on
152 h2=plot ( de l ta p , n O2 ( : , I ) , ’ -k ’ , ’ Linewidth ’ , 2 ) ;
153 legend ( [ h1 h2 ] , ’ Experimental data ’ , ’ F i t ’ )
154 xlabel ( ’ \nabla P ’ , ’ Fonts i z e ’ , 20) ;
155 ylabel ( ’Oxygen Mass Flux ’ , ’ Font s i z e ’ , 20) ;
156 D i j = D i j v e c ( I ) ;
157 for j =1:N 1
158 p O2 l a r ray=p O2 l ( j , 1 ) ;
159 x O2 array=x O2 ( j , 1 ) ;
160
161 % I n i t i a l mesh -
162 L1 = 0 ;
163 L2 = GDL.L ;
164 n GDL = 1e3 ; %number o f po in t s in the i n i t i a l mesh , t r y
165 to keep more than 1e5 to avoid s i n gu l a r Jacobian matrix
166 x i n i t = L1 : ( L2 - L1) /n GDL : L2 ;
167
168 % Cal l r ou t ine to compute i n i t i a l guess
169 i n i s o l = c ompu t e i n i t i a l s o l u t i o n ( x i n i t ) ;
170
171 %- - - So l ve problem
172 % Use d e f a u l t i n t e g r a t i o n p r o p e r t i e s .
173 opt ions = bvpset ( ’ RelTol ’ , 1e - 5 , ’NMax ’ , 10000 , ’ S ta t s ’ , ’ on ’ ) ;
174
175 s o l = bvp4c (@MODEL ODEfun, @MODEL bcfun , i n i s o l , opt ions , D i j ,

p O2 l a r ray ) ;
176
177 x d i r = linspace (L1 , L2 , 1 e3 ) ; %genera t e s a row vec to r o f 50 l i n e a r l y
178 equa l l y spaced po in t s between 0 and L .
179 So lu t i on .mesh=x d i r ;
180 y = deval ( so l , x d i r ) ; % eva l u a t e s the s o l u t i o n o f the problem
181 % at a l l the e n t r i e s o f the vec t o r x .
182
183 %Create the So lu t i on o b j e c t . Note t ha t the So lu t i on o b j e c t i s
184 %obta ined by i n t e r p o l a t i n g the s o l u t i o n from bvp4c to a f i n e r mesh
185 w O2( j , : )=y ( 3 , : ) ; %n O2 i s cons tant through GDL
186 p t ( j , : )=y ( 4 , : ) ;
187
188
189 end
190
191 f igure (3 ) ;
192 [ n param n po in t s ] = s ize (w O2) ;
193 for j j =1:( n param -1 )
194 plot ( So lu t i on .mesh , w O2( j j , : ) , ’ - ’ )
195 hold on
196 end
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197 plot ( So lu t i on .mesh , w O2( n param , : ) , ’ . - ’ )
198 legend ( ’w O2(x ) ’ )
199 t i t l e ( ’ Fract ion o f O2 ’ )
200 xlabel ( ’ x ’ ) , ylabel ( ’ n O2 (x ) ’ )
201 f igure (4 ) ;
202 [ n param n po in t s ] = s ize (w O2) ;
203 for j j =1:( n param -1 )
204 plot ( So lu t i on .mesh , p t ( j j , : ) , ’ - ’ )
205 hold on
206 end
207 plot ( So lu t i on .mesh , p t ( n param , : ) , ’ . - ’ )
208 legend ( ’ p t ( x ) ’ )
209 t i t l e ( ’ Total p r e s su r e ’ )
210 xlabel ( ’ x ’ ) , ylabel ( ’ p t ( x ) ’ )
211 end
212
213 function i n i s o l = c ompu t e i n i t i a l s o l u t i o n ( x i n i t )
214
215 % Constant i n i t i a l guess o f the s o l u t i o n f o r [ y1 ( x ) ; y2 ( x ) ; . . . , y15 ( x ) ]
216 y i n i t =[0.0001
217 0 .0001
218 0 .25
219 (13.7+10) ∗6900+5
220 ] ;
221
222 % In t e r p o l a t e the s o l u t i o n to each po in t in the g r i d
223 i n i s o l = bvp in i t ( x i n i t , y i n i t ) ;
224
225 end
226 %Function c ompu t e i n i t i a l s o l u t i o n
227
228 %=============================================================================
229 %
230 % Various Constants used in main .m
231 % These cons tan t s are r e qu i r ed to s o l v e f o r D e f f in the d i f f u s i o n exps
232 % Created by : P r a f f u l Mangal
233 % NOTE 1:On t h i s page , you need to change sample t h i c kn e s s (L) , p e rmeab i l i t y

o f sample (B v ) , f l ow ra t e o f n i t rogen gas ( vv ) .
234 % NOTE 2: Depending on the experiment condi t ion , you may a l s o need to change
235 % the pre s sure o f n i t rogen ( p N2 r ) , bu l k d i f f u s i v i y ( D bulk )
236
237 ==============================================================================
238 function [ D bulk , dia , t ,w, L , R, T, M O2, M N2, eta O2 ,
239 eta N2 , B v , zeta O2N2 , zeta N2O2 , zeta O2O2 , zeta N2N2 ,
240 p N2 r , rho o , vv , rho O2 ] = load con s t an t s ( )
241
242 p N2 r = (13.7+10) ∗6900∗ ones (5 , 1 ) ;
243 % Pressure o f n i t rogen s e t us ing BPC ( u s ua l l y 10 p s i g )
244 %p N2 r2= (14.64+15) ∗6900∗ ones (6 ,1) ;
245
246 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
247 L = 870e - 6 ; %Thickness o f the GDL ( in m)
248 B v = 1.05E- 1 1 ;
249 % Viscous p e rmeab i l i t y ob ta ined from separa t e p e rmeab i l i t y experiment
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250 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
251 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
252 %Se l e c t proper D bulk f o r s e l e c t e d pa i r o f gas and
253 abso lu t e p r e s su r e ( u sua l l y N2 O2 at 10 ps i g )
254 % The va l u e s are taken from l i t e r a t u r e %%%%%%%%%%%%%%%%%%%%%%%%%
255 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
256 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
257 %D bulk= 2.19 e - 5 ; %at 1atm(m2/s )
258 %D bulk= 1.5352697563e - 5 ; %at 5 p s i g N2 O2(m2/s )
259 D bulk= 1.22697563 e - 5 ; %at 10 p s i g N2 O2(m2/s )
260 %D bulk = 1.019955 e - 5 ; %at 15 p s i g N2 O2
261 %D bulk = 0.872737 e - 5 ; %at 20 p s i g N2 O2
262 %D bulk = 7.33155 e - 5 ; %at 1atm He O2
263 %D bulk = 5.42 e - 5 ; %at 5 p s i g He O2
264 %D bulk = 4.33155 e - 5 ; %at 10 p s i g He O2
265 %D bulk = 3.53 e - 5 ; %at 15 p s i g He O2
266 %D bulk = 3.080993 e - 5 ; %at 20 p s i g He O2
267 %D bulk = 1.158645 e - 5 ; % at 10 p s i g Ar O2
268
269 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
270 %%%%%%%%Se l e c t d en s i t y o f gas used apart from Oxygen ( u s u a l l y Nitrogen )%%%
271 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
272
273 rho o = 1 . 2 5 1 ; %Nitrogen ( kg/m3)
274 rho O2 = 1 . 4 2 9 ; %Oxygen
275 %rho o = 1 .783 ; %Argon
276 %rho o = 0 .179 ; %Helium
277
278 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
279 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
280 %%%%%%%%%%% Se l e c t the proper geometry o f porous media %%%%%%%%%%%%%%%%%%%
281 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
282
283 dia=8e - 3 ; % Diameter o f porous media (For Through - p lane exps ) ,m
284 t=920e - 6 ; % Shim Thickness o f porous media (For In - Plane exps ) ,m
285 w=0.05; % Width o f porous media (m) (For In - Plane exps , f i x e d as 50mm) ,m
286 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
287 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
288
289 vv=0.635; %%%% Flow ra t e o f n i t rogen gases in LPM
290
291 R=8.3144622;% J/(mol∗K)
292 T=298.15; %K
293 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
294 %%%%% Se l e c t the co r r e c t molecu lar mass and v i s c o s i t y f o r the gases used %
295 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
296
297 M O2 = 32e - 3 ; %kg/mol
298 M N2 = 28e - 3 ; %kg/mol
299 %M N2 = 4e - 3 ; %kg/mol
300 eta O2 = 2.06 e - 5 ; % O2, Pa . s
301 eta N2=1.80e - 5 ;%Nitrogen Pa . s
302 %eta N2=2.23e - 5 ; %Argon
303 %eta N2=2.02e - 5 ; %Helium
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304
305 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
306 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
307 %% Below are the equa t i ons to f i nd Lennard Jones parameter t ha t can be used to

f i nd eta -mix%%
308
309 zeta O2N2=(1+(eta O2/eta N2 ) ˆ0 . 5∗ (M N2/M O2) ˆ0 .25 ) ˆ2/(8∗(1+M O2/M N2) ) ˆ 0 . 5 ;

% Lennard Jones parameters c a l c u l a t e d us ing equa t i ons from Reid e t a l .
310 zeta N2O2=eta N2∗M O2∗zeta O2N2 /( eta O2∗M N2) ;
311 zeta O2O2=1;
312 zeta N2N2=1;
313 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
314 end
315
316 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
317 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
318 %%%%%%%%%%%% Apply the boundary cond i t i on s here %%%%%%%%%
319 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
320 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
321
322 function r e s = MODEL bcfun(YL,YR, x O2 array , p O2 l a r ray )
323 M O2 = 32e - 3 ;
324 M N2 = 28e - 3 ;
325 R=8.3144622;
326 T=298.15;
327
328 %v=B v/ eta mix ∗( d e l t a p /GDL.L) ;
329 % mol ex t ra = p O2 l /(R∗T)∗A∗v ;
330 r e s = [
331 YR(3) -0 % Mass f r a c t i o n o f oxygen at 10 p s i g at x=L, N2 channel
332 YL(3) -1 % Mass f r a c t i o n o f oxygen at 10 p s i g at x=0,O2 channel
333 YL(4) - p O2 l a r ray % Mixture pre s sure at x=0,O2 channel
334 YR(4) -(13.7+10) ∗6900 % Mixture pre s sure at x=L,N2 channel
335 ] ;
336 end
337
338
339 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
340 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
341 %%% This f i l e shows system of equa t i ons used to es t imate D e f f%%
342 %%%%%%%%%%%%%%% Created by : P r a f f u l Mangal %%%%%%%%%%%%%%%%%%%%%
343 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
344 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
345
346 function dydx = MODEL ODEfun(x , y , D i j , p O2 l a r ray )
347
348 %- - - I n i t i a l i z e g rad i en t v e c t o r :
349 dydx = zeros ( 4 , 1 ) ;
350
351 %- - - Read the s o l u t i o n :
352 n O2 = y (1) ; % Oxygen mass f l u x
353 n t = y (2) ; % Total mass f l u x
354 w O2 = y (3) ; % Oxygen mass f r a c t i o n
355 p t = y (4) ; % Total p re s sure
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356
357
358 %Some cons tan t s are as s i gned va l u e s here
359 [ D bulk , dia , t ,w, L , R, T, M O2, M N2, eta O2 , eta N2 , B v , zeta O2N2 ,
360 zeta N2O2 , zeta O2O2 , zeta N2N2 , p N2 r , rho o , v ] = l oad con s t an t s ( ) ;
361
362
363 %rho t = p t ∗M N2/(R∗T) /(1 -( (M O2 - M N2)/M O2)∗w O2) ; % Mixture d en s i t y
364 rho t = 1 . 429∗ ( ( p N2 r (1 , 1 ) +50) /101000) ∗0.5+ rho o ∗( p N2 r (1 , 1 ) /101000) ∗ 0 . 5 ;
365 %rho O2 = w O2∗ r ho t ; % Mass f r a c t i o n o f oxygen
366 w N2 = 1 -w O2 ; % Mass f r a c t i o n o f n i t rogen
367 M = 1/(w O2/M O2 + w N2/M N2) ; % Molecular we igh t o f the mixture
368
369 % x O2 = w O2∗M/M O2; % Mole f r a c t i o n o f oxygen
370 % x N2 = (1 -w O2)∗M/M N2; % Mole f r a c t i o n o f n i t rogen
371
372 %eta mix = ( x O2∗ eta O2 ) /( x O2∗ zeta O2O2 + x N2∗ zeta O2N2 ) +
373 ( x N2∗ eta N2 ) /( x N2∗zeta N2O2 + x N2∗zeta N2N2 ) ; %Chapman- Enskog equat ion
374
375 eta mix = eta O2 ∗0 .5 + eta N2 ∗ 0 . 5 ; % Pa . s
376
377
378 % Bui ld system of equa t i ons :
379 dydx (1 ) = 0 ;
380 dydx (2 ) = 0 ;
381 dydx (3 ) = (1/ D i j ) ∗(w O2∗( n t / rho t ) - n O2/ rho t ) ;
382 %dydx (4) = (1/ D i j ) ∗( rho N2∗ n t / rho t - ( n t - n O2) ) ;
383 dydx (4 ) = - ( eta mix /B v ) ∗(1/ rho t ) ∗ n t ;
384 end
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Appendix B

CL/filter through-plane diffusivity
analysis software

1 clear
2 clc
3 %%%Experimental data%%%
4 %change the va lue accord ing to exper imenta l cond i t i on%
5 L=80E- 6 ;%th i c kn e s s in m
6 P=13.7;%exper imenta l pressure , p s i
7 VMFC=1.1;%volume f l ow ra t e from MFC in LPM, exper imenta l cond i t i on
8 V=1.1∗0 .001/60 ;%volume f l ow rate , m3/s , exper imenta l cond i t i on
9 d=0.008;%dimaeter in m
10 A=3.14/4∗dˆ2 ;%cross - s e c t i o n a l area
11 x=0.0373;%oxygen mole f r a c t i o n measured by sensor (0 .05 means 5%)
12
13 %%%Constant%%%
14 rho N2 STP=1.25;%N2 dens i ty , kg/m3, STP
15 rho He STP=0.179;%He dens i ty , kg/m3, STP
16 rho O2 STP=1.43;%O2 dens i ty , kg/m3, STP
17 P STP=14.7;%standard pres sure 101325/6900=14.7 p s i
18 rho N2=rho N2 STP∗P/P STP ;%N2 dens i ty , kg/m3, exper imenta l cond i t i on
19 rho He=rho He STP∗P/P STP ;%N2 dens i ty , kg/m3, exper imenta l cond i t i on
20 rho O2=rho O2 STP∗P/P STP ;%N2 dens i ty , kg/m3, exper imenta l cond i t i on
21
22 %%%choose gases%%%
23 rho t=(rho N2+rho O2 ) /2 ;%mixture den s i t y f o r N2-O2, use N2-O2 or He-O2
24 %rho t=(rho He+rho O2 )/2;%mixture d en s i t y f o r He-O2, use N2-O2 or He-O2
25 D bulk STP=2.2E- 5 ;%bu l k d i f f u s i v i t y o f N2-O2(m2/s ) STP, use N2-O2 or He-O2
26 %D bulk STP=7.4E-5;% bu l k d i f f u s i v i t y o f He-O2(m2/s ) STP, use N2-O2 or He-O2
27 D bulk=D bulk STP∗P STP/P; %bu l k d i f f u s i v i t y at exper imenta l cond i t i on
28 D e f f=V∗ rho O2∗x∗L/A/ rho t ;%e f f e c t i v e d i f f u s i v i t y
29 D i f f=D e f f /D bulk ;
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Appendix C

CL through-plane permeability and
effective pore diameter

1 clear
2 clc
3 L=80E- 6 ; %in m, sample t h i c kn e s s
4 eta N2=1.82E- 5 ; % N2, in Pa . s
5 eta He=2.02E- 5 ; %He , in Pa . s
6 M N2=28E- 3 ; %N2, in kg/mol
7 M He=4E- 3 ; %He , in kg/mol
8 T=300; % gas temperature
9 p2=94500; %ou t l e t p re s sure
10
11 p1 N2=94500+[
12 790
13 1550
14 2300
15 3020
16 3740
17 4505
18 5217
19 5900
20 6610
21 7278
22
23
24 ] ;%%%matrix f o r p1 , v e l o c i t y
25
26 p1 He=94500+[
27 380
28 840
29 1280
30 1750
31 2150
32 2587
33 3031
34 3465
35 3857
36 4324
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37
38 ] ;%%%matrix f o r p1 , v e l o c i t y
39
40 y N2=1.07∗ [
41
42 0.00342932
43 0.0068074
44 0.0102196
45 0.01352944
46 0.01706106
47 0.020473265
48 0.02390262
49 0.027246565
50 0.0306076
51 0.03407098
52
53
54 ] ; %%%matrix f o r v1 , v e l o c i t y
55
56 y He=1.07∗ [
57 0.0034805
58 0.00682446
59 0.0101343
60 0.01361474
61 0.01706106
62 0.020456205
63 0.02388556
64 0.02729775
65 0.03062466
66 0.03412216
67
68
69 ] ; %%%matrix f o r v1 , v e l o c i t y
70 po int=s ize ( p1 N2 ) ; %number o f da tapo in t
71 datapo int=max( po int ) ; %number o f da tapo in t
72
73 x1 N2=zeros ( datapoint , 1 ) ;
74 x2 N2=zeros ( datapoint , 1 ) ;
75 x1 He=zeros ( datapoint , 1 ) ;
76 x2 He=zeros ( datapoint , 1 ) ;
77
78
79 dp e f f g u e s s = linspace (1E-9 , 3E-7 , 600) ; %0.5 e - 8 : 0 . 5 e - 8 : 0 . 2 e - 5 ;
80 Bv guess= linspace (1E-16 , 3E-14 , 1100) ; %4e -13 :1 e - 1 5 : 4 . 5 e - 1 2 ;
81 tmp1=s ize ( dp e f f g u e s s ) ;
82 N 1=max( tmp1) ;
83 tmp2=s ize ( Bv guess ) ;
84 N 2=max( tmp2) ;
85 tmp3=s ize ( x1 N2 ) ;
86 N 3=max( tmp3) ;
87 p moedl N2=zeros (N 3 , 1 ) ;
88 p moedl He=zeros (N 3 , 1 ) ;
89 r e s=zeros (N 2 , 1 ) ;
90 Res Bv=zeros (N 1 , N 2 ) ;
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91
92
93 for i = 1 : N 1
94 dpe f f=dpe f f g u e s s ( i ) ;
95 for j =1:N 2
96 Bv=Bv guess ( j ) ;
97 for k=1:N 3
98 A1=Bv/2/ eta N2/L ; %so v l i n g A∗pˆ2+B∗p+C=0 to ge t i n l e t p1 , N2
99 B1=0.89∗ dpe f f ∗sqrt (8∗8 .314∗300/3 .14/M N2) /3/L- y N2 (k ) ;
100 C1=-Bv∗p2ˆ2/2/ eta N2/L-0 . 8 9∗ dpe f f ∗sqrt (8∗8 .314∗300/3 .14/M N2) /3/L∗p2 ;
101
102 A2=Bv/2/ eta He/L ; %so v l i n g A∗pˆ2+B∗p+C=0 to ge t i n l e t p1 , He
103 B2=0.89∗ dpe f f ∗sqrt (8∗8 .314∗300/3 .14/M He) /3/L- y He (k ) ;
104 C2=-Bv∗p2ˆ2/2/ eta He/L-0 . 8 9∗ dpe f f ∗sqrt (8∗8 .314∗300/3 .14/M He) /3/L∗p2 ;
105 p moedl N2 (k ) =(( -B1)+sqrt (B1ˆ2 -4∗A1∗C1) ) /(2∗A1) ; %so l v i n g quadra t i c

equat ion
106 p moedl He (k ) =(( -B2)+sqrt (B2ˆ2 -4∗A2∗C2) ) /(2∗A2) ; %so l v i n g quadra t i c

equat ion
107 r e s ( k )=(p moedl N2 (k ) - p1 N2 (k ) ) ˆ2+(p moedl He (k ) - p1 He (k ) ) ˆ2 ;
108 end
109 Res Bv ( i , j )=sum( r e s ) ;
110 end
111 end
112 min(min(Res Bv ) )
113 [ Number dpeff , Number Bv]= find (Res Bv==min(min(Res Bv ) ) ) ;
114 d p e f f f i n a l=dpe f f g u e s s ( Number dpeff ) ;
115 Bv f i n a l=Bv guess (Number Bv) ;
116
117 [X,Y] = meshgrid ( dpe f f gue s s , Bv guess ) ;
118 f igure (1 )
119 contour (X,Y, Res Bv ’ , 1 000 )%, ’ ShowText ’ , ’ on ’ )
120 grid on
121 xlabel ( ’ E f f e c t i v e pore diameter [m] ’ )
122 ylabel ( ’ Permeab i l i ty [mˆ2 ] ’ )
123 hold on
124 plot ( dp e f f g u e s s ( Number dpeff ) , Bv guess (Number Bv) , ’ x ’ )
125 legend ( ’Optimum So lu t i on ’ , ’ Locat ion ’ , ’ SouthEast ’ )
126 f igure (2 )
127 mesh(X,Y, Res Bv ’ )
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Appendix D

Factory certificates

Figure D.1: Factory certificate of pressure transducer
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Figure D.2: Factory certificate of mass flow controller 1
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Figure D.3: Factory certificate of mass flow controller 2
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