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Abstract

One of the main obstacles to overcome regarding the uptake of re-

newable energy technologies, speci�cally wind and solar energy, is

their intermittency. Current energy storage techniques are costly and

in-e�cient. Fuel cells are a promising candidate for future energy

storage, as part of an integrated system combining renewable energy

with hydrogen production as the storage vector with reconversion.

The Polymer Electrolyte Fuel Cell (PEFC) has the greatest poten-

tial for use with micro-generated renewable power and is suitable for

the widest range of applications. Hence it has received a great deal

of attention from research institutions and industry over the last few

decades. However, they su�er performance limitations due to �ooding

by liquid water in the porous components forming the electrodes of

the cell.

Two numerical investigations utilising di�erent methods to probe mul-

tiphase transport in porous media, and one experimental investigation

into the �ow through partially saturated porous media, are presented.

The porous media under investigation are typical materials for PEFC

gas di�usion layers (GDLs), and the in�uence of compression of the

material on the multiphase transport is investigated. In addition, a

further study assessing the suitability of pore-scale capillary pressure

models for predicting multiphase �ow behaviour is included as a �nal

research chapter.
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Chapter 1

Introduction

1.1 Energy

Climate change is one of the great challenges facing mankind. The impacts are

now being felt and can be seen in changing weather patterns, an increasing fre-

quency of extreme weather events and melting polar ice-caps [19]. However, the

worst e�ects might still be avoided if current energy and transport systems are

changed to less polluting ones. Renewable energy sources have great potential

to displace emissions of greenhouse gases from the combustion of fossil fuels and

thereby to mitigate climate change. If implemented properly, renewable energy

sources can contribute to social and economic development, to energy access, to

a secure and sustainable energy supply, and to a reduction of negative impacts

of energy provision on the environment and human health.

The infrastructure, supply lines and markets for fossil fuels are all well estab-

lished and new technologies are slow to come on board. The general increase in

energy consumption, and dominance of the traditional energy sources over the

past �ve decades can be seen in �gure 1.1. However, we now know that burning

fossil fuels releases greenhouse gases which contribute to climate change. The

IPCC's Fourth Assessment Report concluded that most of the observed increase

in global average temperature since the mid-20th century is very likely due to

the observed increase in greenhouse gas concentrations. The term �very likely�

refers to a greater than 90% probability of occurrence. Sceptics point to the fact

that climate change has previously happened without anthropogenic cause but
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the link between CO2 concentration and temperature is now held in general sci-

enti�c consensus, [20]. The concentration of CO2 in the atmosphere has increased

unnaturally to around 390 ppm, which is 39% above pre-industrial levels. At the

time of writing, the most recent (5th) report from the IPCC puts the scienti�c

evidence for climate change beyond doubt stating that: "Warming of the climate

system is unequivocal, and since the 1950s, many of the observed changes are un-

precedented over decades to millennia. The atmosphere and ocean have warmed,

the amounts of snow and ice have diminished, and sea level has risen." [21].

Figure 1.1: Global Energy Consumption by Resource, [4].

Figure 1.1 shows that, whilst the overall contribution from renewable energy

sources to global energy consumption is still relatively small, interest and uptake

is growing rapidly. This is primarily due to three reasons: Firstly, a growing

awareness and public pressure on governments to de-carbonise the energy supply

for environmental reasons. Secondly, a growing uncertainty about fossil-based

energy supply in terms of existing capacity (e.g peak oil) and security issues

surrounding external trade partnerships. Thirdly, the falling cost of producing

energy from renewable sources, especially in comparison with other low-carbon

technologies such as nuclear power. The �nal reason concerning cost is especially

encouraging as renewable energy has historically been prohibitively expensive to
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implement in developing countries, where it could have the most bene�t. Clean

and e�cient energy production and storage is key to achieving global carbon re-

duction targets aimed at mitigating climate change. The trend towards electricity

as the primary source of energy means that storage of electrical energy is par-

ticularly important. Currently the production of electricity is highly centralized

and often far away from the consumer but in the next few decades we will see a

move towards the decentralisation of heat and power generation, primarily from

renewable sources.

Arguably the largest drawback of renewable energy sources is their intermit-

tent output and inability to easily match supply and demand. This problem only

increases when trying to integrate a large renewable contribution into the power

network which has strict regulations on voltage and frequency [22]. For example,

the impact of integrating a large number of wind turbines into an electricity grid

is to reduce the overall generation e�ciency, as conventional generating units may

need to operate at sub-prime levels. A greater level of reserve power may also

need to be maintained on standby, should a sudden drop in wind occur for a

sustained period. In periods of strong wind the power output from the turbines

may need to be curtailed, especially when local demand is low and transmission

capacity is reaching a thermal limit [23]. The problem is lessened when a natural

correlation between supply and demand exists, air conditioning and solar energy

for example, but these correlations are too small to be relied upon.

Greater deployment of smart energy storage devices and techniques will one

day solve the problem of intermittency and lead to far greater uptake of renewable

energy. The fate of renewable energy is inextricably linked to the development of

e�cient, clean, reliable and a�ordable energy storage. Also, an important point

to make is that energy storage must also be practical across a range of power

scales and applications, including stationary and portable. Hydrogen storage

with fuel cell conversion could be implemented on any number of scales due to the

modularity of the fuel cell. Together with renewable energy producing hydrogen

through electrolysis, the use of fuel cells in transport and stationary power could

result in a permanent sustainable energy system. Although one technology alone

is unlikely to provide the �silver bullet�, much progress has been made in the

general �eld of electrochemical energy storage (EES) [24], [25]. In addition to
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grid level or stationary power solutions, fuel cells are likely to have the biggest

market penetration in the transport sector [26], [27]. Technologies for hydrogen

production, storage and utilization have already been developed, and although

these technologies are not mature, the lack of widespread adoption is largely

economic. There is a �chicken-egg� scenario with hydrogen production and fuel

cells where the development of each technology is intrinsically linked to the other.

Currently small-scale niche applications such as small bus �eets and o�-grid power

are the most common for these technologies, although a growth in commercial

development in the automotive sector, especially in Japan, is very promising.

Toyota have recently released a new fuel cell electric vehicle (FCEV) called the

�Mirai�, meaning future in Japanese. The company states that performance has

been increased by 2.5 times compared with their prototype model developed in

2008 [28].

1.2 Fuel Cells

A fuel cell is an electrochemical device that continuously converts fuel (typically

hydrogen and oxygen) into energy in the form of electricity and heat. Fuel cells

are therefore similar to batteries and conventional engines but with the impor-

tant di�erence that they are not thermodynamically constrained by the Carnot

e�ciency [29]. Fuel cells are considered by many to be the most promising energy

conversion device currently in development. This is primarily due to the advan-

tage of having an electrochemical conversion rather than a thermal combustion

to generate mechanical energy via a Rankine or Otto cycle. They are static,

highly e�cient, and in the case of the Polymer Electrolyte Fuel Cell (PEFC),

will only produce potable water and heat as a by-product of the reactions taking

place. Many of the fuel cell components are also easily recovered and recycled

after use, unlike conventional batteries. If the 19th century was de�ned by the

proliferation of steam power, and the 20th by the internal combustion engine,

many believe that the 21st century will be de�ned by the fuel cell [30]. It is also

worth mentioning that recent progress in other electrochemical devices such as

Li-air batteries [31] and Redox Flow Batteries [32] is promising too, but is out of

the scope of this thesis.
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The term �zero-emission engine� is often used to describe a fuel cell when

operated with pure hydrogen. However, pure hydrogen exists very rarely on

Earth, as the gas is light enough to escape from the atmosphere. Therefore,

hydrogen must be reformed or produced by electrolysis using electricity from a

primary generator and stored in a controlled environment. Extensive research

into hydrogen storage is currently being undertaken, as summarized by [33]. If

the primary generator is renewable then the fuel cell converting the hydrogen

into energy can be considered truly zero-emission, if emissions associated with

the construction, installation of the generator and transport of fuel are neglected

or balanced. However, the most common form of hydrogen production is steam

reforming of natural gas, of which methane (CH4), is the main component. The

following reactions take place in succession [34]:

CH4 + H2O −−→ CO + 3 H2 (1.2.1)

and

CO + H2O −−→ CO2 + H2 (1.2.2)

The �rst reaction involves a catalyst (usually nickel) and a temperature of

around 850 ◦C and a pressure of around 2.5 MPa. CO is then fed to a second

reactor and combined with ambient steam to extract more hydrogen and produce

carbon dioxide. Heat is recovered from the second stage and fed back to the �rst

to increase e�ciency but the majority of the heat energy required to drive the

primary reaction is usually obtained from the direct combustion of the methane

gas which also produces carbon dioxide. Hydrogen production in this way is

therefore very energy intensive and has a large carbon-footprint but is currently

the most wide-spread method. A cost analysis of the di�erent methods of hydro-

gen production currently places coal as the cheapest feed-stock, but the author's

acknowledge that alternative fuel sources may become cheaper than fossil fuels

in the future [35]. Although very important to the future of fuel cell technology,

a discussion of hydrogen production, storage and distribution is out of the scope

of this thesis.

It is now becoming clear that fuel cells will become prevalent through three

major applications: portable devices, stationary power and transportation. There

5



1. INTRODUCTION

are di�erent types of fuel cells and they can be grouped by the type of electrolyte

they use. The various fuel cells are reviewed by [36] along with typical output

power and applications. The PEFC, which is the subject of this investigation,

is best suited to portable devices and transportation but could also be used in

small scale stationary power generation up to 100 kW, for example as a back-

up generator. The PEFC has a low operating temperature, quicker start-up,

longer durability and equivalent power density compared with other fuel cells

[37]. PEFC can easily be combined into stacks of varying power outputs, making

them very versatile. For these reasons, the PEFC has received the greatest atten-

tion from researchers and industry and it is likely that developments within the

PEFC industry will lead to cost-savings across the fuel cell industry as a whole.

Therefore, it was decided to focus research e�orts on the PEFC to enable greater

understanding of its performance limitations.

The UK H2 Mobility project was established by the UK government to evalu-

ate the bene�t of FCEVs to the UK and develop a roadmap for the introduction

of the vehicles and re-fuelling stations [38]. Their �rst major report published

in 2013 predicts that 1.6 million FCEVs will be operational by 2030 in the UK,

with annual sales of 300,000. The report also �nds that hydrogen should be

immediately cost competitive with diesel, with 60% of the carbon footprint by

2020 reducing over time as electrolysis increases and the electricity supply de-

carbonises. If the uptake �gures are correct then by 2030 the net reduction in

carbon dioxide emissions from FCEVs could be three million tonnes per annum.

Several auto-manufacturers including Daimler, Hyundai, Toyota and Honda have

released prototype FCEVs, and most are now stating that the �rst production

batches will be available to the general public in the immediate future. The Toy-

ota Mirai was released in Japan in December 2014 and at the time of writing

the UK has also received a small number of deliveries to �early adopters� such

as Transport for London. The main goals of research into fuel cells are to im-

prove their power density, reduce their cost, improve durability and simplify their

operation.

For the PEFC the following anodic and cathodic half-cell reactions take place

respectively:
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H2 −−→ 2 H+ + 2 e− (1.2.3)

2 H+ + 2 e− + 1
2

O2 −−→ H2O (1.2.4)

The components of the PEFC are summarised in Table 1.1 and a schematic

diagram of a single cell with pertinent transport processes is shown in Figure 1.2.

The PEFC is comprised of a semi-permeable membrane, sandwiched between two

porous electrodes connected to current collector plates, often referred to as bipolar

plates. The reactant gases are distributed via the current collectors which have

channels machined into them, and then di�uses through the gas di�usion layer

(GDL) and microporous layer (MPL), if one is applied, towards a central catalyst

layer (CL) where reactions take place. Once the protons are liberated from the

hydrogen supplied on the anode side of the cell, they are transported across the

membrane to the cathode side where they combine with oxygen and electrons

to form water. This proton transport is coupled with liquid water transport

and requires a hydrated membrane to function well. The electrons produced at

the anode conduct back through the GDL and current collector plate, follow an

external circuit producing work, and enter the cell on the cathode side to complete

the reaction.

The key to good cell performance is ensuring that the transport processes

described are as facile as possible. Starting with the membrane, protons only

migrate across if the membrane is hydrated; although water is produced in the

cathodic reaction, often the reactant streams are also humidi�ed to aid the hy-

dration of the membrane. At high current density water vapour pressure may

exceed saturation pressure in parts of the cell and liquid water may form. This

blocks the reactant gases and reduces the power output of the cell. Therefore,

water balance is critical to cell performance where too little or too much will lead

to decreased performance. This is especially true when operating at high current

density and power, as more water is produced inside the cell. The need for water

management has implications for the materials used in the cell. A highly porous

gas di�usion layer in the electrode will aid the supply and removal of reactants

and products, but will have reduced thermal and electrical conductivity compared

7
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Figure 1.2: Schematic of a PEFC assembly illustrating mass transport and phase
change mechanisms [5].
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1.3 Structure of this Thesis

with a less porous material. The design of the �ow �elds in the collector plates

is also important for managing the performance of the cell whilst minimising the

pressure required to distribute the gases. Certain designs, such as the serpentine

�ow �eld, facilitate the removal of water but require larger pressure di�erentials

between inlets and outlets. Some of the major advances in the new Mirai fuel

cell stacks have come from a new �ow �eld design which enhances convection

in the porous electrodes and new water management strategies based on using

non-humidi�ed gases and recycling the purged water from the cathode side back

into the anode to keep the membrane hydrated [28].

In the broad sense, the optimisation of fuel cell performance by increased

understanding of water management is the focus of this thesis. However, the

subject of water management is multi-faceted and the narrower focus of the thesis

is elaborated in Chapter 2, as a study of the e�ects of compressing cell components

on multiphase �ow. Both numerical and experimental tools are used to investigate

the phenomena a�ecting water distribution and transport within the fuel cell

with a particular focus on the gas di�usion layer, as the GDL is really the key to

managing water e�ectively.

1.3 Structure of this Thesis

This thesis is organized into seven chapters. An introduction and summary of

the background and motivation have been presented in Chapter 1, along with an

overview of the contributions of the thesis. In Chapter 2, an extensive literature

review provides an overview of the major topic of water management in PEFCs,

the broader theme of this thesis. The literature review covers an overview of trans-

port mechanisms in the various fuel cell components, a critical review of two-phase

�ow modelling approaches, a summary of common visualisation techniques, which

are not a direct focus of this research but serve as an important validation tool for

modelling work, and a critical review of experimental characterization techniques

for fuel cell components. The literature review concludes with a summary and

explanation for the choice for the narrower topic of the e�ects of compression on

multiphase �ow in GDLs. Chapter 3 covers the �rst major research topic which

is a computational �uid dynamics study of the e�ects of compression on liquid

9
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water transport in a model PEFC GDL, this chapter lays the initial groundwork

for the second modelling approach and provides useful insights on the key struc-

tural parameters important for capillary dominated �ow. Chapter 4 covers the

pore network modelling approach and extends the work covered in Chapter 3 to

investigate the e�ect of compression on the constitutive relations used in multi-

phase fuel cell modelling, namely the relative permeability and di�usivity of the

GDL. The e�ect of spatially varying porosity caused by compression of the GDL

by the grooved bipolar plates on the fuel cell performance is also investigated. In

Chapter 5 an experimental method for measuring relative in-plane di�usivity is

presented with results for some common GDLs and the e�ect of wet-proof coating

is discussed. The method is extended from work on dry materials with the build-

ing of a custom sample holder that regulates the temperature and saturation of

partially �ooded GDLs. An oxygen sensor is used to monitor transient changes

to concentration at the sample boundaries and Fick's 2nd Law is used to calculate

the di�usion coe�cient. Chapter 6 covers in greater detail the consequences of

choosing the correct pore-scale capillary pressure model for use in pore network

modelling. Light is shed on the e�ect of saturation distribution on the relative

di�usivity of GDLs for drainage and imbibition scenarios. This is important to

consider when di�erent percolation and drying processes occur within the cell,

under di�erent operating conditions. Finally, conclusions and recommendations

for future research are presented in Chapter 7. Figures and tables are provided

in-line with the text for each chapter.
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Chapter 2

Literature Review

2.1 Fuel Cell Overview

Springer describes water management in his seminal paper on modelling the

PEFC [39] as �walking a tightrope between the two extremes� of membrane de-

hydration, leading to a loss of proton conductivity, and electrode �ooding leading

to a blocking of reactant gas. Water is usually transported into the cell via the

humidi�ed inlet streams, electro-osmotic drag (EOD) transports water across the

cell coupled with proton migration from anode to cathode, and back-di�usion

occurs along the concentration gradient from cathode to anode. Water is pro-

duced at the cathode catalyst layer by the reduction of oxygen when combined

with the migrated protons and electrons which �ow around an external circuit to

complete the redox reactions (Equations 1.2.3 and 1.2.4). Optimum performance

and current density is achieved when the membrane is fully hydrated and water

is expelled at the same rate that it enters and is created without saturating the

porous media of the electrodes.

Since water can exist in both a liquid and vapour phase, when talking of

water management it should be understood that we are talking about the liquid

phase. Careful thermal management can also be used to e�ectively manage water

by producing vapour. Water vapour will transport with su�cient ease along

the pressure gradient existing between the inlet and outlet of each �ow stream.

On the other hand, liquid water is liable to remain within the porous media,

�ooding the electrodes and also forming droplets on the surface of the GDL.

13



2. LITERATURE REVIEW

Under di�erent �ow channel con�gurations and gas-phase �ow rates, droplets

may grow to form slugs that block the �ow streams or �lms which may travel in

strati�ed con�gurations with the gas streams towards the outlets. When vapour

pressure exceeds saturation pressure a phase change will occur and vapour will

condense into liquid water. This may happen in regions of the cell where di�usion

is limited, such as the catalyst and microporous layers, or where permeability in

the porous media is reduced or temperature decreased such as portions of the

GDL that have become compressed by the �ow channel ribs.

Water management strategies can be broadly categorised into the following

three areas [40]:

i Optimisation of the operating conditions such as temperature and pressure

between the inlet and outlet, which can lead to parasitic losses in fuel cell

performance or degradation of materials.

ii Cell design and balance of plant such as the inclusion of humidi�ers, pumps

and �ow �eld design within the bipolar plates.

iii Membrane Electrode Assembly (MEA) component materials (which includes

the membrane, CL, MPL and the GDL) structure and design: such as hy-

drophobic treating, inclusion of a microporous layer or coating of the catalyst

layer with an anti-�ooding material.

The classic indicator of fuel cell performance is the polarisation curve which

can be seen in Figure 2.1 to dip sharply in voltage at high current density due

to the mass transport limitations of reactant gases. Other polarization losses are

also shown in separated form in Figure 2.1 as deviations from the equilibrium po-

tential, which is dependent on temperature and pressure. Brie�y, activation losses

are the potential losses required to start the electrochemical reactions and are as-

sociated with sluggish kinetics. The oxygen reduction reaction (ORR) occurring

at the cathode is much slower than the hydrogen oxidation reaction (HOR) at the

anode, and much research is focused on improving these losses for conventional

platinum catalysts and non-conventional cheaper alternatives [41], [42]. Ohmic

losses occur due to resistance to �ow of ions through the membrane electrolyte and
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electrons around the electrically conducting circuit formed by the fuel cell com-

ponents. Bulk resistance to electronic �ow is almost negligible, however contact

resistance between components is of the same order as ionic resistance through

the membrane. Membrane water content decreases ionic resistance and clamping

pressure decreases contact resistance. Over clamping of the components, how-

ever, reduces di�usive transport and damages components. Performance losses

due to a lack of water management are broadly categorised as mass transport or

concentration loss which dominate the voltage and performance drop at higher

current densities. The presence of liquid in the porous media reduces porosity

and creates more barriers to reactant gas transport. Therefore, e�ective water

management will mitigate mass transport loss and lead to greater power output.

This has implications for fuel cell performance and cost, as greater power per unit

cell will result in fewer cells and fewer materials.

Figure 2.1: Typical Polarisation curve for PEFC [6].

The polarisation curve is usually measured as an average over the entire ter-

minal area. In general, designers will aim to create uniform distribution of gases

and current, but certain �ow �eld designs inevitably lead to non-uniformities in

concentration, which in turn lead to non-uniform current distributions. Cell po-

tential, φ, depends upon the partial pressures, P , of the reactants and products

as shown by the Nernst equation:
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φ = φ0 −
RgT

neF
ln

 PH2O

PH2P
1/2
O2

 (2.1.1)

where φ0 is the reversible cell potential, Rg is the universal gas constant, T is

the temperature, ne is the number of electrons in the electron transfer step and

F is Faraday's constant. As the partial pressure of oxygen decreases and water

increases towards the outlet the voltage will decrease. Concentration loss is also

termed mass transport loss as the blocking of reactant gas by liquid water has

the same detrimental e�ect [7].

The simplest form of fuel cell operation is to use un-humidi�ed gases. The

relative humidity of the atmosphere, when not using pure oxygen, and product

water is used to humidify the membrane. In this situation a balance is usually

created by supplying the gases in counter-�ow con�guration but inevitably por-

tions of the membrane will remain dryer than others, especially at higher current

densities. This method of operation imposes a limit on the temperature at which

the cell can function without drying out which is typically 60◦C and this limits

the electrochemical activity and proton conductivity. In practice, fuel cells are

typically operated at around 80◦C which means that humidi�ed gases are required

to maintain a hydrated membrane [7]. However, when humidifying the gases the

risk of �ooding is greatly increased and management of excess water will usu-

ally rely on pumping the reactant gases at greater pressure to clear the channels.

This method is e�ective but also energy intensive and a preferable solution is to

minimise the accumulation of liquid water passively by enhancing the properties

of the MEA components. This review will analyse water management strategies

for each of the fuel cell components comprising a single cell, as listed in Table 1.1

but will not extend discussions to balance of plant and stack design.

For a discussion about water management it is also useful to know the average

pore sizes and typical thickness of each component, which are listed in Table

2.1. The fact that the length scales are very small and that average pore size

varies by several orders of magnitude presents challenges when modelling the

fuel cell. As a result, di�erent modelling techniques are often most suitable for
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Fuel Cell Component Typical Thickness Average Pore Size
µm µm

Membrane 200 NA
Catalyst Layer (CL) 50 0.05
Micro-porous layer (MPL) 100 0.5
Gas Di�usion Layer (GDL) 400 10
Gas Flow Channel 1500 500

Table 2.1: Fuel Cell Components: Typical Thickness and Pore Sizes.

di�erent parts of the fuel cell and when modelling a whole fuel cell, instead

of representing the physical geometry of each component it is more common to

work with average properties for simplicity and to save on computational expense.

However, macro-scale models for two-phase transport cannot fully describe the

processes occurring in the porous media of the fuel cell because the discretisation

of the computational domain is often on a scale larger than the average pore size of

the media. These models must therefore employ empirical relationships between

microscopic features and macroscopic averaged behaviour and properties.

A review of the dominant water transport mechanisms in each of the PEFC

components is presented in this section followed by a detailed discussion of dif-

ferent modelling approaches. To put the modelling in context and overview of

common visualisation techniques is also presented and a review of experimental

characterisation of porous media. Finally the subject of porous structure and

the in�uence of compression of the porous components during cell assembly is

discussed and a brief note on phase change is given.

2.2 Water Transport in PEFC Gas Di�usion Lay-

ers (GDL)

The main transport mechanisms in the gas di�usion layers on both sides of the

cell are di�usion along concentration gradients and convection due to the pressure

di�erence in the �ow channel adjacent to the di�usion layers and within the pores

due to the capillary e�ect. Logically it follows that a higher �ow rate will exert
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greater pressure on the reactants and products of the reactions ensuring greater

dispersion and removal. However, the parasitic power required to operate with

high �ow rates may reduce the overall e�ciency of the cell, so di�usion and

capillary action are the dominant transport mechanisms. Two-phase �ow exists

and �ooding occurs when the liquid water volume fraction begins to dominate

the gaseous phase. A review of gas di�usion layer properties and characterisation

is provided by Park et al. [43]. The most common materials used as GDLs are

carbon-based �brous woven cloths and non-woven papers, pictured in Figure 2.2.

(a) SGL 10 BA carbon paper (b) Typical woven carbon cloth

Figure 2.2: SEM micrographs of two typical carbon based GDLs, courtesy of Dr.
Mohammed Ismail

Park investigated the e�ect of using the di�erent carbon-based GDLs and

found that paper gave better all round performance as electrical conductivity

is higher and when an MPL is applied the water management properties led to

better oxygen distribution and higher limiting current [44]. Under certain condi-

tions, however, such as high RH, carbon cloths are found to perform better [43].

Many of the physical properties of common GDLs have been studied [45], [46]

with ex-situ methods, such as the porosity, pore-size distribution, Polytetra�uo-

roethylene (PTFE) content, wetting properties, permeability and di�usivity yet

gaps in knowledge still remain concerning multiphase transport properties. GDLs

are thin and have anisotropic structure due to the general alignment of �bres

along the in-plane direction. This alters the transport properties in favour of

the in-plane direction which has increased permeability, electrical and thermal
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conductivity, compared with through-plane [47], [48]. The thin nature of GDLs

and their anisotropic properties make multiphase characterisation a challenge,

and this has led to a general focus on modelling approaches. The key transport

mechanisms relevant to the GDL are now summarized in greater detail.

2.2.1 Di�usional Transport

The di�usional �ux through the porous GDL is proportional to the porosity,

ε, and inversely proportional to the tortuosity, τ , of the media as a straighter

pathway will create fewer physical barriers. The general conservation of mass

equation for a species in a �uid passing through porous media, without source

terms since no reactions or phase changes are taking place, is given by Shen and

Chen [49] as:

∂(εcρ)

∂t
= −∇.(cρu− ρD∇c) (2.2.1)

where ρ is the �uid density (assumed to be constant), u is the Darcy velocity

which is zero in the absence of a pressure gradient across the sample, c is the

concentration of the species, andD is a general di�usion-dispersion tensor de�ned

as:

D = ε

{
dmI + |u|

[
dlE(u) + dtE

⊥(u)
]}

(2.2.2)

where I is the identity tensor, dm is the molecular di�usion coe�cient and is

assumed to be spatially constant for a given temperature. The other terms inside

the square brackets are dispersion related and can be ignored for the purposes

of this study. The GDL is assumed to be isotropic in the cross-sectional plane

normal to di�usion, so Equation 2.2.1 can be simpli�ed to its one dimensional

form, known as Fick's 2nd Law of Di�usion:

∂(c)

∂t
= dm∆c (2.2.3)

Note that ε has disappeared because the impact of the reduction in pore

volume on the time-dependent accumulation term (LHS) and the reduction in
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�ux of species incorporated into D (RHS) cancel each other. Shen and Chen

warn that cancelling of the porosity term leads to identical concentrations at a

given point in space and time regardless of the material's porosity, an incorrect

result. This implies that an e�ective di�usion coe�cient should be used instead

and must scale inversely with tortuosity as:

DEFF = dm
ε

τ
(2.2.4)

where tortuosity τ represents the increase in di�usion path length in the pres-

ence of obstacles. A simple de�nition of tortuosity follows from considering a

porous medium as a bundle of tubes or capillaries which are winding and parallel

and is de�ned here as:

τ =

(
∆l

∆x

)2

(2.2.5)

where ∆l is the di�usion path length and ∆x is the physical length of the

medium. Using the e�ective di�usion coe�cient Equation 2.2.3 becomes:

∂(c)

∂t
=
dm
τ

∆c = D′∆c (2.2.6)

Here we have used the notation D′ to represent a reduced di�usion coe�cient,

dependent only on tortuosity. There is much confusion surrounding the de�nition

of tortuosity owing to the inconsistent mathematical treatments throughout the

literature as documented by Epstein [50]. It is common in fuel cell literature to

express the normalised e�ective di�usivity of dry materials purely in terms of

porosity such as:

DEFF

dm
= f(ε) =

ε

τ
(2.2.7)

since the tortuosity is some function of porosity. A common expression for τ

is ε−0.5 leading to the commonly used Bruggeman correlation [51]:

f(ε) = ε1.5 (2.2.8)

Other common expressions for f(ε) are presented by Shen and Chen [49] and
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Hwang and Weber [18]. The e�ective di�usivity is also reviewed by Zamel and

Li [52] and Ismail et al. [53] who �nd the Bruggeman correlation to be a poor

approximation for anisotropic �brous GDLs, as it was originally conceived for the

electrical conductivity of a porous medium composed of uniformly distributed

spheres. Ismail et al. model the e�ects of the di�erent relations and �nd that the

Bruggeman relation, and others that do not incorporate a percolation threshold,

over-predict the di�usive �ux by up to a factor of two.

When considering a partially saturated domain, liquid can be treated in a

similar fashion to the solid phase, with the e�ect of both reducing the pore volume

and increasing the tortuosity. So if saturation, S, is the fraction of the pore

volume occupied by water, then all the porosity terms can be multiplied by (1−S)

and the e�ective di�usivity can be formulated as follows:

DEFF

dm
= f(ε).g(S) =

ε

τε
.
(1− S)

τS
(2.2.9)

In Equation 2.2.9 we have decoupled the contributions of gas phase blockages,

from solid and liquid respectively, into: 1) volume reduction as the numerators

and 2) tortuosity increase as the denominators. When Equation 2.2.9 is substi-

tuted into Equation 2.2.1 the following is obtained:

∂(c)

∂t
=

dm
τετS

∆c = D′S∆c (2.2.10)

Note that as before, where porosity related terms cancel for Equation 2.2.6,

so does the contribution of saturation to a reduction in pore volume in Equa-

tion 2.2.10. The transient experiment, detailed in Chapter 5, only measures

the reduced di�usion coe�cient (D′S) due to an increase in tortuosity i.e. dif-

fusional path-length. Therefore, by normalising the measured reduced di�usion

coe�cients by the dry values, one obtains the saturation dependent tortuosity:

τS = D′/D′S. This relation is often described using a power-law function such as:

τS = (1− S)−m (2.2.11)

Therefore, the combined saturation dependent function in Equation 2.2.9 can

be expressed as follows, with n = 1 +m:
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g(S) =
(1− S)

τS
= (1− S)n (2.2.12)

This is the familiar form used throughout the fuel cell literature, but it must

be remembered that it includes both saturation dependent modi�cations to the

e�ective di�usion coe�cient. This is particularly important when used in tran-

sient simulations, where the reduced coe�cient should be used.

Di�erent relations for the e�ects of structure and multiple phases are possible

and have also been reviewed by Zamel and Li [52]. Understanding how the

multiphase relationship, g(S), is in�uenced by the anisotropic nature of GDLs,

and how it may change under compression is the central topic of investigation

for Chapters 3 and 4. Measuring the relationship for the in-plane direction is the

focus of Chapter 5 as all previous experiments have focused on the through-plane

direction.

2.2.2 Convective Transport

Convective �ow will su�er resistance from the porous media and undergo a pres-

sure drop according to Darcy's Law which applies to each phase (i):

vs =
−Ki

µi
∇P (2.2.13)

where vs,i is the �ux of each phase, measured as the volumetric discharge per unit

area so has units of ms-1, also referred to as the super�cial velocity (vs = uε). Ki

is the e�ective permeability of the media and µi is the dynamic viscosity of each

phase. At high �ow rates inertial e�ects become important and the �ow rate may

depend non-linearly upon the pressure drop. An additional term is then added

to the Darcy equation to make the Forchheimer equation:

∇P = − µi
Ki

vs,i − βFρiv2s,i (2.2.14)

where βF is the inertial permeability.

The e�ective permeability, Ki, is related to the absolute permeability, K0, by

dimensionless relative permeability functions dependent on the saturation equiv-
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alent to Equation 2.2.12 for di�usivity:

Ki = KriK0 (2.2.15)

Krg = (1− S)n (2.2.16)

Krl = (S)n (2.2.17)

Values for the exponent ranging from 1 to 7 (normally 3) ([54], [55], [56]) have

been reported and a straight-forward dependence on saturation alone may be

too simplistic. Kaviany states that relative permeability is a function of matrix

structure, saturation, surface tension, wettability (contact angle) of the solid

phase, the ratio of the liquid and gas phase densities and history of the system as

drainage and imbibition will often produce hysteresis in the capillary pressure vs.

saturation curves [57]. If the �ow is Darcean then the intrinsic permeability should

be a property of the porous structure and not depend on the phase �owing through

it, this is re�ected in Equation Kri by noticing that both e�ective permeabilities

reduce to the intrinsic permeability when saturation is zero and one respectively.

It is therefore implied that, when n is equal to one, the sum of the relative

permeability of each phase is:

Krg

K0

+
Krl

K0

= 1 (2.2.18)

However, at intermediate saturation it is found that the presence of both

phases presents a signi�cant resistance to the �ow of each phase where:

Krg

K0

+
Krl

K0

< 1 (2.2.19)

and has sometimes been found to be less than 0.1, and therefore n is usually

greater than one. Kaviany states that the wetting phase tends to cover the solid

surface area in a manner that results in the smallest liquid��uid interfacial area

and this results in a large resistance to the �ow of this phase; as the minimisation

of the interfacial area requires spreading over many pores this results in a more

tortuous �ow path for the wetting phase [57].

In general, Darcy's law can only be applied to �ow with low Reynolds number
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which is true for both phases under typical fuel cell operation in the GDL [58].

Intrinsic permeability itself is not straightforward to measure and has been shown

by Fishman and Bazylak to vary though-out the GDL in both through-plane and

in-plane directions [59]. When comparing GDLs of di�erent material, the tortu-

osity of felt exhibited a more uniform core region than paper GDLs, however both

core regions had approximately the same tortuosity. Convective contributions to

mass transfer through the GDL are typically small [60]. However, with certain

�ow-�eld designs considerable pressure gradients may exist between channels and

this is discussed later in Section 2.3.4.

2.2.3 Capillary Pressure Transport

The capillary e�ect occurs in the GDL when both phases are in contact with

the pore walls. It results from the surface tension between the phases and wall

adhesion force which in turn depends on the surface wettability. Surface tension

arises from the intermolecular forces of the �uid molecules. Molecules within the

bulk of a �uid will have a net force of zero where the mutual attraction of all the

neighbouring molecules is balanced. Molecules at the interface between a liquid

phase and a gas phase will have fewer neighbours and therefore more free energy.

Surface tension is an expression of this free energy per unit area (but is also

commonly expressed by the equivalent force per unit length) and is minimised

by a tendency to reduce the overall surface area of the �uid phase. A perfectly

spherical surface will have the smallest surface area to volume ratio which is why

spherical droplets will form when liquid emerges from the pores of the GDL into

the �ow channels of the fuel cell.

Pore Scale Models of Capillary Pressure

In straight capillary tubes, the shape of the interface between the liquid and

gas phases inside a pore or capillary is in�uenced by the surface wettability and

characterised by the contact angle made by the liquid phase with the surface

walls, as shown in �gure 2.3. A completely �at surface inside a capillary tube

makes a contact angle of 90◦. A concave surface curved towards the liquid phase

makes a contact angle less than 90◦ and will occur when the surface is hydrophilic
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or wettable. Liquid is drawn up the sides of the tube overcoming gravitational

forces which creates a pressure di�erence in favour of the gas phase. Conversely,

a convex interface will form when the surface is hydrophobic creating a contact

angle greater than 90◦ and an adverse pressure di�erence in favour of the liquid

phase.

Figure 2.3: Two-phase behaviours in small pores with di�erent surface wettabili-
ties [7].

It is this pressure di�erence which drives the �uid motion and is quanti�ed

by the Young-Laplace equation which, for a spherical interface, simpli�es to:

∆P = σ( 1
R1

+ 1
R2

) = 2σ
R

(2.2.20)

where σ is the surface tension between the liquid and gas phases and R is the

radius of curvature of the interface. A good approximation between the radius of

curvature and the pore diameter for relatively uniform continuous pores is:

R =
d

2cosθ
(2.2.21)
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which leads to the following relation for capillary pressure, PC , referred to here-on

as the Washburn relation [61]:

PC = −2σcosθ

r
(2.2.22)

where r is the radius of the capillary tube. In real porous media used for GDLs

the �brous geometry is not uniform and liquid phases will be dispersed at random.

The Purcell model for capillary pressure accounts for the converging-diverging

nature of �brous material structures by imagining the meniscus passing through

the centre of a torus as follows:

PC =
(−2σ)

r

(cos(θ − β))

(1 +R/r(1− cosβ))
(2.2.23)

where r is half the minimum �bre spacing or pore/throat radius, R is the �bre

radius and β is the �lling angle, de�ned as zero when the interface reaches the

smallest constriction.

The �lling angle at which the maximum meniscus curvature occurs was shown

by Mason and Morrow [62] to be:

βmax = θ − π + arcsin[sin(θ)/(1 + r/R)] (2.2.24)

The implications for choosing an appropriate pore scale model are explored in

Chapter 6.

Constitutive Relations for Capillary Pressure and Saturation

The semi-empirical Leverett J-function is widely used in fuel cell modelling to

represent the capillary pressure in a porous media is given by [63]:

PC =
σcosθ

( ε
K0

)0.5
J(S) (2.2.25)

J(S) = [1.42(1− S)− 2.12(1− S)2 + 1.26(1− S)3] (if θ < 90)

J(S) = [1.42(S)− 2.12(S)2 + 1.26(S)3] (if θ > 90)

This equation accounts for the average pore size and includes three factors ad-
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justing the pressure based on liquid saturation. However, the Leverett J-function

was originally deduced from studies of various soils with uniform porosity and

wettability. As the di�usion media used in fuel cells is topologically di�erent

from soil, anisotropic, often treated with hydrophobic PTFE, contains a wide

distribution of pore sizes and is often multi-layered, improving on the function

has been the subject of research [64], [54], [17] as reviewed by Liu et al [65].

Now many experimentally and numerically determined alternative relations ex-

ist. However, because there are many types of di�usion media used in fuel cells

no single function has been considered favourable to any other and the Leverett

J-function remains the most widely used [7].

A physical description of the transport of liquid water was presented by

Pasaogullari and Wang [8] in which the wetting properties of the �brous GDL

material was considered. Condensation results in a �branching tree�-like liquid

pattern formed by percolation in the GDL. When the liquid reaches the surface of

the GDL droplets form. Inside the GDL liquid is wicked by capillary action and

the pressure di�erence caused by the saturation build-up at the catalyst layer.

Figure 2.4 shows the dependence of capillary pressure on saturation in porous

media with di�erent wetting characteristics. Gas phase pressure is assumed con-

stant and the driving force behind the capillary action is the gradient of the liquid

phase pressure. In both cases capillary pressure acts to drive water towards lower

saturation but the magnitude of this force is di�erent for the di�erent media. A

hydrophobic surface has a greater driving force at lower saturation, i.e. near the

evaporation front, than a hydrophilic exhibiting better water removal ability.

Treatment of the �bres within the di�usion media with hydrophobic sub-

stances (such as PTFE) is known to have a positive e�ect on water management

at high current densities but until recently, very little was known about the actual

mechanism by which this happens. Measurements, made by Gostick et al. [55]

of the water-air capillary pressure curve with varying water saturation using a

porosimetry technique show that water withdrawal is associated with negative

capillary pressure. The conclusion was this behaviour could be attributed to the

presence of a network of hydrophilic pores. However, Benziger et al. [66] found

that the converse, i.e. a positive capillary pressure is required to inject water,

was true even without the presence of a hydrophobic coating. If the presence of
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Figure 2.4: Schematic illustration of liquid and gas-phase pressure pro�les in
hydrophilic and hydrophobic porous media [8].

the coating had been the dominant factor determining water uptake then spon-

taneous water-uptake would have been expected at negative capillary pressures,

but this was not observed. Furthermore, the report highlighted that pressure

(likely from membrane swelling) is required to force the water into the GDL and

this pressure is greater than the capillary pressure required to drive the water

inside the pores.

In later work Gostick et al. con�rmed that GDL samples show a signi�cant

hysteresis whereby water injection occurs at positive capillary pressure while wa-

ter withdrawal occurs at negative capillary pressure [17], [9]. This hysteresis is

pictured in Figure 2.5 and includes internal scanning loops for intermediate satu-

ration produced using the method of Gostick et al. [67]. Furthermore in materials

with hydrophobic treatment, much higher pressure was required for water injec-

28



2.2 Water Transport in PEFC Gas Di�usion Layers (GDL)

tion, whereas water withdrawal occurred at considerably less negative capillary

pressure. No di�erence was observed between the capillary pressure-saturation

curves for samples containing more than 10% PTFE, suggesting that there is

no advantage to adding more polymer. This behaviour corresponds to a switch

in wettability where the media resists both uptake and extraction. This would

indicate that the material is relatively neutral in terms of wettability (contact

angle close to 90◦) and the Washburn relation between contact angle and capil-

lary pressure may not be the best description. An alternative, mentioned in the

previous section, that accounts for the converging-diverging nature of the con-

strictions between �bres was proposed by Purcell [68] and was shown by Gostick

[69] to �t well with experimental data when used in a pore network model when

replicating water injection.

Figure 2.5: Air-water capillary pressure curves for treated Toray 120 carbon paper
showing scanning loops and hysteresis [9].

The focus of Chapter 6 is to explore the e�ect of choosing the correct pore-scale

capillary pressure model in order to produce the capillary pressure characteristic

curves under drainage and imbibition. Consequently the predicted liquid satu-

ration distribution and resulting transport characteristics are also investigated

under these di�erent scenarios.
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2.3 Water Transport in other PEFC components

2.3.1 Membrane

The main water transport mechanisms occurring within the membrane are dif-

fusion and electro-osmotic drag (EOD). Back-di�usion (referring to the opposing

direction of proton exchange and EOD) occurs when a concentration gradient

between the anode and cathode side exists and is dependent on the water con-

tent (λ) of the membrane which is de�ned as the number of water molecules per

sulphuric proton exchange site [7]. The di�usional water �ux JDiff is de�ned as:

JDiff = −ρmem
EW

D∇λ (2.3.1)

where water content is de�ned as:

λ =
EW

ρmem
cH2O (2.3.2)

and the e�ective weight is de�ned as:

EW =
dry ionomer mass in g

Mole of proton exchange sites (SO−3 )
(2.3.3)

where ρmem is the density of the dry membrane, EW is the e�ective weight, cH2O

is the water concentration. The di�usion coe�cient is a function of temperature

and water content with peak di�usion rates occurring at higher temperatures

and a water content of 3 [39], [70]. Na�on is the most common material used

for PEFC membranes, although membrane development is an intensive area of

research [71], and can vary structurally depending on the required application. A

smaller e�ective weight will facilitate water and proton transport but will have

a lower mechanical and thermal strength than a membrane with higher e�ective

weight.

The water �ux caused by the electro-osmotic drag of water by migrating
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protons JEOD is de�ned as:

JEOD = nd
Iion
F

(2.3.4)

where Iion [Am−2] is the ionic current density and nd is the electro-osmotic drag

coe�cient; nd depends on the water content of the membrane and has been

experimentally measured at many di�erent values for various membranes but is

generally approximated to be [39]:

nd =
2.5λ

22
(2.3.5)

The main �ndings of Springer's investigation were that the net water �ux is

from anode to cathode. Increasing relative humidity and stoichiometry of the

anode inlet stream leads to a higher membrane water content and lower ionic

resistance, and therefore better cell performance. Springer also showed that a

thinner membrane will perform better than a thicker one, as the back-di�usion of

water from cathode to anode is higher compared with a thicker membrane, leading

to an overall lower net water �ux towards the cathode. Springer comments on the

suitability of his model and concludes that cathodic water transport is not fully

represented because no need to humidify the cathode inlet stream is predicted,

and this is required in practice to achieve the best performance. Thinner mem-

branes are generally preferred due to the better proton conductivity associated

with better hydration tendencies. However, they are mechanically less stable and

can sometimes permit fuel cross-over which limits the electrochemical reactions.

A practical thickness limit was found to be 25 - 40 µm [72]. Environmental MRI

has been used to investigate the membrane water content pro�les under di�ering

relative humidity conditions [73]. At 40% RH the water content in the membrane

was around 3 and chemical di�usion dominated the water transport. At higher

RH the anode side became dehydrated and a concentration gradient established

due to increased EOD. However, at an RH level of 92% and current density of 0.2

A/cm2 the water content stabilized at around 22 and the content pro�le became

�at, indicating that liquid was permeating into the membrane from the catalyst

layers.
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If a pressure di�erential exists across the membrane, limited hydraulic perme-

ation can occur, but on a scale many orders of magnitude lower than the other

transport factors, so it is usually ignored when modelling fuel cells. The e�ect of

membrane expansion, which can increase the pore sizes and reactant transport or

cross-over, is also usually ignored but may in-fact be important for the expulsion

of water from the catalyst layer. Mason et al. observed signi�cant changes to

membrane thickness from the uptake of water and also found this can increase

GDL degradation through cyclic compression [74]. Some earlier models [75] make

the assumption that, under steady state conditions, the membrane is fully hy-

drated and there is no concentration variance of species across the membrane.

Under this condition no di�usional transport will occur, and water transport is

governed by EOD and pressure driven �ux dependent on the permeability of the

membrane.

In practice the membrane of a fuel cell can take several hours to become fully

hydrated, and a steady state may never be reached, so species concentrations

may vary signi�cantly within the membrane. A branch of membrane models

based on chemical potential simulating transient properties of the membrane has

also been developed whereby a coupled system of water, protons and electric

charge is solved [76]. However, these models are too complex to be implemented

within a full cell model as they depend on interactions with the structure of the

membrane.

Much interest in membrane research surrounds developing alternatives to the

Na�on like materials. Membranes that conduct protons without the require-

ments for liquid water would allow fuel cells to operate at higher temperatures,

therefore helping the water management issue, as water would only exist in the

vapour state. These high temperature PEFCs and the membranes developed

to work inside them are reviewed by [77]. Electrode kinetics would also be en-

hanced at higher temperatures, and waste heat could be recovered and used for

other purposes. However, fuel cross-over is a signi�cant issue for these alternative

membranes, as well as degradation and limited operational life-times. The high

temperature operation has the advantage of having to reject less heat energy as

waste and so requires simpler cooling systems [77]. However, high temperature

operation requires containment which renders the devices unsuitable for many
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low power applications. For these reasons normal PEFCs still receive the great-

est attention and this literature review and subsequent research will focus on

operation below 100◦C.

2.3.2 Microporous Layer (MPL)

The Microporous Layer (MPL) is normally composed of carbon agglomerates

mixed with a hydrophobic agent such as PTFE, applied to the interface between

the GDL and CL in order to smooth the transition in porosity between the

two layers, enhance electrical contact, and increase mechanical stability of the

membrane when compressed [78].

It is well known that the MPL aids water management within the fuel cell but

the mechanism is still up for debate. Some researchers conclude that the MPL

acts like a valve by inducing strong hydraulic capillary pressure which forces water

into the membrane and increases back-di�usion [79]. Other researchers postulate

that hydrophilic regions in the MPL provide a wicking mechanism from CL to

GDL and subsequently force liquid along a well-de�ned path towards the gas

�ow channel [15]. Nam et al. have studied the liquid transport in the MPL with

ESEM [10]. They conclude that it performs two functions bene�cial to water

management and enhancing oxygen transport. Firstly, an MPL reduces the size

of droplets that gather at the CL surface. Secondly, the MPL reduces the number

of liquid water breakthroughs towards the GDL, reducing the overall saturation

in the GDL as pictured in Figure 2.6

Like the CL, the MPL is di�cult to analyse ex-situ, but recent studies have

demonstrated its e�ect on water vapour di�usion by applying an MPL to three

di�erent carbon paper electrodes [80]. The �ndings agreed with numerical sim-

ulations performed by concluding that the di�usion co-e�cient is reduced and

the e�ect is more pronounced in the through-plane direction [81]. The extent

to which the overall di�usion co-e�cient is reduced depends on the thickness of

the layer and its porosity as well as PTFE loading. Studies have found that the

intrinsic permeability of the GDL with applied MPL can decrease by 2 orders of

magnitude owing to the smaller pores [82].
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Figure 2.6: Illustration of water transport in the cathode without (a) and with
(b) an MPL, [10].

Gostick et al. used capillary pressure curves to illustrate the e�ect of the

MPL, and found that liquid water saturation at breakthrough pressure drops to

around 3% in the presence of an MPL, compared with 27% without [83]. In e�ect

the MPL acts as a barrier to mass water transport into the GDL. This increases

the capillary pressure on the CL side until breakthrough and percolation of water

towards the �ow channel occurs. Liquid water breakthrough has been studied in

GDLs with and without an applied MPL [84], [85]. It was observed that dynamic

capillary pressures are present in GDLs without an MPL, and a dynamic change in

breakthrough location occurs repeatedly. Average water saturation is signi�cantly

lower with the MPL, and breakthrough locations remain fairly static, suggesting

stabilised water pathways dependent on the structure of the MPL layer, such

as the presence of cracks. This behaviour also in�uences the development of
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water within the gas channel. Samples without MPLs promote �lm �ow, whereas

samples with an MPL promote droplet and slug �ow. Kang et al. also conclude

by means of similarity experiments that the role of the microporous layer in water

management is to reduce the number of water breakthrough sites from CL to GDL

and thereby reduce the liquid saturation [86]. This theory was recently supported

by a Lattice Boltzmann simulation conducted by Kim et al. [87].

However, if a greater saturation occurs on the CL side of the MPL, one would

expect gas transport to inner regions of the CL to be hindered. Owejan et al. state

that the primary role of the MPL is to prevent liquid water which has condensed

in the pores of the GDL forming �lms in the CL and therefore enabling gaseous

di�usion [88]. They also state that the vapour concentration gradient between CL

and gas �ow channel is enough to evacuate liquid vapour without condensation

into liquid form.

Wang et al. also conclude that GDLs and MPLs with porosity grading can

enhance fuel cell performance by performing multiple functions and separating

transport of the di�erent phases [89]. Hydrophilic micro-pores are required for

the transport of liquid water from CL to MPL to GDL, largely hydrophobic meso-

pores are required for reactant transport to the CL, and hydrophobic macro-pores

are required for bulk di�usion and water �ow under certain pressures. Other

researchers have also found that pore-size distribution in the MPL is a more in-

�uential parameter on �ooding and fuel cell performance than total porosity [90].

Condensation occurs within smaller pores, and larger pores mainly contribute to

gas transport, until all the smaller pores are �lled and liquid begins to penetrate

larger pores. Designers of MPL and GDL material should strive to strike an

optimum balance between micro and macro-pores, as too many macro-pores will

lead to pore electrical and thermal conductivity, whereas too many micro-pores

will lead to excessive condensation of water vapour and �ooding.

An interesting area of research is the use of carbon nano-technology to create

MPLs. Electrospinning techniques have been used to fabricate a carbon nano�bre

sheet (CNFS) which was used inside a working fuel cell [91]. The authors report

enhanced performance and power density owing to excellent electrical conductiv-

ity, gas permeability and hydrophobicity with a static contact angle of 136◦ and

more uniform structure.
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2.3.3 Catalyst Layer (CL)

The gas di�usion layer has received much attention in the literature, partly owing

to its size and relative easiness to study ex-situ. The catalyst layer, on the other

hand is much smaller, both in the size of the pores and the thickness of the layer,

and is more di�cult to study both in-situ and ex-situ due to the fabrication

process. It is also the area where water transport is most complex and possibly

most important. The layer is often referred to as the triple-phase boundary

between solid polymer and catalyst, gaseous reactant and liquid product. The

pore diameters depend on the platinum/carbon fraction used and can range from

several nm to 1 µm [92].

Two types of di�usion occur on signi�cant levels when considering pore diam-

eters on this scale, binary di�usion from the collision of gas molecules with each

other, and Knudsen di�usion from the collision of gas molecules with the pore

walls [52]. The respective di�usion coe�cients are given below for gas species i

in relation to a reference di�usion coe�cient, temperature and pressure:

DB
i = DB,ref

i

(
T

Tref

)1.5(
Pref
P

)
(2.3.6)

DK
i =

1

3

(
8RT

πMi

)0.5

d (2.3.7)

where R is the universal gas constant, Mi is the molecular weight of species i and

d is the pore diameter. The di�usion coe�cients can be combined as:

Di =

(
1

DB
i

+
1

DK
i

)−1
(2.3.8)

The water transfer between the membrane and the CL pore regions plays an

important role in cell performance because a well hydrated membrane is bene�cial

for proton transport. It was �rst observed by Schroeder in 1903 that the amount

of absorption/desorption is di�erent for di�erent phases. The membrane prefers

to absorb water in the liquid phase, which may explain why the presence of an

MPL is bene�cial to water management, as water unable to penetrate the MPL
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will encourage more water in the CL region and therefore membrane uptake is

greater.

Capillary pressure is also an important factor determining the transport of

water in the CL, and is generally treated by modellers in the same way as the GDL

with the same empirical approximations. However, recent experimental evidence

by Das has shown that this assumption is likely not valid, as ex-situ measurements

of saturation vs. pressure reveal less extreme hysteresis than typical GDL samples

[93]. This is most likely caused by the fundamental di�erences in pore structures

where GDLs have a �brous structure and are neutrally wettable, whereas CLs

are particle agglomerates and are hydrophilic.

A technique for visualising water droplet formation at the CL surface has

been devised by making a micro hole in the GDL beneath the �ow channel, and

using a transparent current collector and an optical system with high-resolution

camera [94]. The authors observed periodic droplet emergence and detachment

or evaporation in preferential sites. Their observations don't necessarily re�ect

the true behaviour throughout the region as the method of exposing the layer

undoubtedly changes the forces and dynamics of the surrounding gas �ow. How-

ever, the continuous emergence of droplets at preferential sites is interesting and

the authors recognise that this could be a controllable factor in fuel cell design

to aid the removal of water.

Ji and Wei propose that water �ooding in the catalyst layer is inevitable

because water is produced in liquid form, stating that the CL would be �ooded

as soon as the �rst drop is produced [40]. Wu et al. also argue that water produced

from the ORR is not in the vapour phase, stating that the ionic group (SO −
3 H+)

will retain at least one water molecule and often the water content is rarely below

3 molecules per proton [95]. The water molecules cannot be considered to be in

a gaseous state because the mean free path is closer to that of a liquid. Hence,

when a water molecule is produced, it is already part of a dissolved group of

liquid water molecules.

Ji et al. have proposed a novel anti-�ooding electrode which contains a water-

proo�ng agent, dimethyl silicon oil (DMS), applied to the porous media [96].

Their results indicate that the agent mainly attaches to pores with diameters

ranging from 20 to 80nm (i.e. the catalyst and micro-porous regions). The idea is
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Figure 2.7: Flow characteristics in GDL with di�erent �ow channel designs [7].

that the DMS replaces the water in the pores and acts as a conduit for dissolved

oxygen transport. Their results show promising performance enhancement in

both high and normal current density regimes.

2.3.4 Gas Flow Channels

The geometry and material composition of the �ow channels within the bipolar

plates of the fuel cell have received much attention in the literature. The main

objectives for the bipolar plate designer are to minimise the contact resistance

between the plates and GDL, create uniform gas distribution with minimal ad-

ditional work, and manage the removal of water ensuring the �ow channels do

not periodically block with water at high current densities. Three designs are the

most common and widely accepted; the conventional parallel design, serpentine

and interdigitated designs, as shown in �gure 2.7 with characteristic gas �ows.

Figure 2.7 clearly shows that the channel design has an impact on the domi-

nant �ow regime in the adjacent GDL. The �ow within the channels is convection

dominated and depends on the pressure at the inlets. The conventional parallel
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channel design requires the smallest pressure di�erence but the di�usion domi-

nated �ow within the GDL leads to excessive water accumulation [40]. It has

been observed that the development of blocked channels by the formation of liq-

uid water can also lead to the mal-distribution of gases along those channels as

gas will naturally follow the path of least resistance along the unblocked channels

[97].

Serpentine designs are considered to be the most e�ective conventional design

for water management because the relative pressure drop across parallel channels

is greater than along a single channel. This creates a strong cross-channel convec-

tive �ow, ensuring that reactant gas reaches the catalyst layer and removes the

product water simultaneously. However, due to the length of the connected �ow

path, large di�erences in concentration tend to occur between inlet and outlet; a

large pressure drop is required to force the reactants all the way through, leading

to parasitic power loss. The non-uniform concentration of reactants and products

leads to additional non-uniformities in temperature and liquid water distribution.

This in turn leads to non-uniform membrane hydration with hotspots and degra-

dation developing near the inlet, and large concentration loss due to �ooding near

the outlet. Interdigitated �ow �elds create dead-ends for the reactant gas �ow

which creates convective �ow toward the reaction sites. This strong convective

�ow helps to �ush liquid water out of the GDL and aids water management but

again requires a large pressure drop to be e�ective.

Variations on each of the established designs are numerous and nature-inspired

designs are also promising [98]. A particularly noteworthy example is the con-

vective enhanced serpentine �ow-�eld (CESFF) proposed by Xu and Zhao [11]

shown in Figure 2.8. The CESFF aligns sections of the continuous �ow channel

with greater pressure di�erentials when compared to the conventional serpentine

design without the need to adjust the overall pressure di�erence. This increases

the convective force and leads to better water removal from within the GDL and

consequently stronger performance at high current densities.

As well as the distribution pattern, the channel shape and dimensions are also

important factors to consider when designing the bipolar plate. The geometry

of the channel with key dimensions: channel width (c), land or rib width (l),

channel depth (d) and land angle (a) is shown in Figure 2.9. Many studies have
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Figure 2.8: Convective Enhanced Serpentine Flow-Field (CESFF) [11].

Figure 2.9: Flow Field Geometries [12].

been conducted to optimise the channel geometries w.r.t fuel utilisation/distri-

bution, water removal, operating conditions and current distribution. Scholta et

al. determined that increasing channel depth could lead to a decrease in oxygen

utilisation, and increasing the land width decreased the oxygen concentration

underneath the land for a parallel �ow design [99]. Optimisation of channel ge-

ometry is �ow design and operating condition dependent, with smaller channel

areas preferable for high current densities, and wider channels preferable for low

current densities.

Owejan et al. observed that channel geometry and surface properties both

have appreciable e�ects on the accumulated water and the morphology of water

droplets retained in the �ow �eld [100]. Triangular geometries were found to
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accumulate less water than rectangular, and coating the channels with PTFE

reduced water accumulation.

Droplet dynamics have also been studied by a number of research groups

with emphasis on elucidating the important factors determining the detachment

of the droplet and subsequent entrainment in the gas �ow. Cho et al. studied

the forces on a single droplet in a straight channel and computed the drag forces

under various conditions [101]. They concluded that the viscous force has a

large impact on smaller droplets in low velocity �ow �eld, whereas pressure drag

is more important for larger droplets. Deformation from a spherical shape to

one with greater advancing contact angle than receding contact angle is limited

to larger droplets. A correlation between droplet size and detachment velocity

was derived and validated with experimental and numerical studies, with larger

droplets requiring smaller gas �ow velocities to detach. Whether a droplet will

reach critical detachment size is in�uenced by the water pro�le in the attached

pore network, temperature, humidity of the �owing gas and detachment of other

droplets further upstream. Theodorakakos et al. conducted a parametric study

on droplet detachment factors, including the dynamic and static contact angles of

the GDL surface and location of emergence within the channel (i.e. in the centre

or next to a side wall) [102]. They conclude that uniform air velocity detaches

the droplet at lower mean air velocity, and that temperature was found to be the

most in�uential parameter a�ecting detachment at lower velocity, due to lesser

surface tension and easier deformation.

Chen et al. studied the e�ect of surface roughness on the detachment, and

found that rougher surfaces tended to preferentially in�uence the detachment by

reducing the adhesion forces between droplet and GDL surface [103]. When no

detachment occurs and additional liquid water is allowed to accumulate at the

droplet location, slugs that block the entire �ow channel can occur as shown in

�gure 2.10.

Colosqui et al. studied the transition from droplet to slug �ow [13]. They con-

clude that interfacial forces and geometry are the dominant factors determining

slug formation. Wetting properties of the channel are altered as a result of water

accumulating (especially in the corners). Droplets can grow, deform and become

�lms along the channel and GDL surface, with residual droplets and slugs acting
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Figure 2.10: Droplet and Slug formation in gas �ow channels [13].

as nucleating agents. Gravity was also found to in�uence deformation and slug

behaviour, with smaller slugs resulting from pendant drops compared with ses-

sile drops. They conclude that the orientation of the fuel cell is important, with

cathode facing upwards encouraging the formation of liquid �lms that prevent

the passage of gas through the di�usion media. Gravity also plays a role when

the through-plane is orientated horizontally; channels that �ow upwards tend to

accumulate more water than those �owing downwards.

Corner geometry has been found to in�uence the accumulation of water in

the channels as shown by Kim et al. [104]. The in�uence of rectangular and

smooth circular corners was studied and it was found that hydrophobic smooth

corners were the best for exhausting water through the channel. On the other

hand, hydrophilic rectangular corners retained less water than hydrophilic smooth

corners, due to the formation of longer continuous �lms in hydrophilic smooth

corners. The tendency in hydrophobic channels is for water to form droplets

which become more easily entrapped in a rectangular geometry, hence smoother

geometry is preferable.

An interesting proposal is to �ll the gas �ow channels with porous media, in

order to improve electrical and thermal conductivity and enhance channel design

�exibility [105], [106]. One-dimensional analysis and CFD simulation showed that

at low humidity performance was improved over conventional open channel de-

sign. In two-phase �ow regimes the results were highly dependent on the relative

permeability relation used. However, the impact of capillary action in the �ow

channel was found to be negligible. Instead �ow was dominated by the interfacial
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shear forces between gas and liquid phases. Saturation was found never to exceed

20%, which would not signi�cantly block the reactant gases, making the proposed

porous channel approach superior to open channel designs. Little research into

this �eld has since been conducted and the two-phase analysis was conducted

in one dimension only, so questions over the impact on cell performance remain

unanswered.

2.3.5 Interfaces

Synchrotron X-ray tomography has shown that liquid water transport can be

highly transient, and depends strongly on the interfaces between components.

Hartnig et al. observed so called �Haines jumps� which are discrete drainage

events (i.e. sudden changes in medium saturation), leading to compact cluster

growth in the GDL, followed by eruption into the channel, and choke-o� e�ects

leaving portions of the GDL empty [107]. Gurau and Mann state that while

the capillary pressure-saturation and relative permeability-saturation correlations

determine the pro�le of the saturation �eld in the porous electrode, it is the liquid

pressure in the pendant or sessile droplets which determine the boundary values

and therefore the magnitude of the �eld [108]. More work is clearly needed on the

treatment of interfaces between components, a topic which could be potentially

aided by combining pore-scale models with continuum models and discussed later

in Chapter 7.

2.3.6 Summary

From this brief overview of water transport and management in the various fuel

cell components, one can appreciate the scale of investigative e�orts into the

broad topic. Water is present in some form in all of the fuel cell components and

its management is critical to maintaining/improving fuel cell performance. On

the one hand, water is needed in the membrane to aid proton conduction, but on

the other hand, water is a nuisance in other parts of the cell, reducing the e�ective

di�usivity of the porous components, and blocking convective transport in the

gas channels. The GDL is possibly the most critical component for passive water

management. Altering the characteristics such as structure and wettability of
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the GDL or adjusting the pore size distribution by adding an MPL can have the

greatest e�ect on water transport without external forcing. Whilst computational

�uid dynamics and experimentation has now led to a fairly good understanding

of the dynamics of water in the gas �ow channels, understanding of the processes

occurring within the GDL and how to manage them e�ectively under di�ering

conditions is still lacking.

2.4 Modelling Two-phase Transport

Modelling is essential to understanding the transport phenomena occurring within

the fuel cell. The polarisation curve can only give an indication of performance

under various operating conditions, and cannot explain all the processes or present

a picture of the distribution of various parameters within the cell. Imaging tech-

niques have aided our understanding, but are often limited to observing the most

exposed parts of the cell, or only present a two-dimensional picture. Amongst

the di�erent modelling techniques, CFD stands alone in presenting a full picture

of the fuel cell, accounting for multi-dimensional, multi-component, multiphase

phenomena. Other techniques such as Pore Network Modelling (PNM) and the

Lattice-Boltzmann Method (LBM) have also been used extensively to study par-

ticular phenomenon and particular components in isolation, but have yet to be

used to represent an entire fuel cell owing to computational complexity and re-

sources. The various modelling approaches applied to studying multiphase �ow

in PEFC components are now reviewed.

2.4.1 Computational Fluid Dynamics

CFD encompasses a vast branch of modelling approaches and has evolved sig-

ni�cantly with increasing resources. Three of the most widely used multiphase

models implemented in CFD software over the last two decades are reviewed

in this section, namely the mixture model, two-�uid model and volume of �uid

(VOF) model.
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Mixture Model (M2)

The development of the fuel cell mixture model is credited to C Y Wang and his

research group [109]. One set of governing equations is solved for all the species

including a species representing a mixture of vapour and liquid water over the

entire domain including the membrane. The density and dynamic viscosity of

the mixture phase is calculated based on the respective volume fractions of each

component using a saturation term in the following way:

ρ = ρlS + ρg(1− S) (2.4.1)

µ =
ρlS + ρg(1− S)

[(Kl/νl) + (Kg/νg)]/K0

(2.4.2)

where ρg and ρl are the densities, νg and νl are the kinematic viscosities,

Kg and Kl are the permeabilities of the gas and liquid phases respectively, and

K0 is the absolute or intrinsic permeability of the medium. The liquid water

volume fraction, or saturation, is determined by the partial pressure of the vapour

phase relative to the saturation pressure. Wang et al. formulate it in terms of

concentrations obtained by use of the ideal gas law in the following way:

S =
CH2O − Csat

(ρl/MH2O)− Csat
(2.4.3)

A source term for each species is included as a divergence of the capillary �ux

(Jcap,l) which is treated as a di�usion term based on the relative mobilities of the

gas and liquid phases, and the gradient of the capillary pressure.

Jcap,l =
ΓgΓl
µ

ρK0∇PC (2.4.4)

where relative mobilities are related to relative permeabilities in the following

way:

Γl =
Kl/νl

(Kl/νl) + (Kg/νg)
(2.4.5)

Γg = 1− Γl (2.4.6)
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The individual phase velocities based on the open pore area rather than phase-

occupied areas are then calculated from

ερlul = Jcap,l + Γlερu (2.4.7)

ερgug = −Jcap,l + Γgερu (2.4.8)

One of the earlier implementations of the mixture model describes �ow in

a straight cathode channel under isothermal conditions [110]. The polarisation

curve obtained was in good agreement with experimental results, but with the

on-set of mass transport e�ects due to two-phase �ow occurring at higher than

normal current density. The work describes an advancing evaporating front which

approaches the channel from the reaction site of the cathode. When the front

reaches the channel, the model can no longer predict the physical situation accu-

rately, as water exists in liquid form in the channel. The gas phase behaviour in

the porous media is dominated by di�usion, and the liquid saturation advance-

ment is dominated by the capillary e�ect, with gravity having negligible e�ects

and convective �ow from interfacial drag between phases not accounted for.

One of the �rst three-dimensional implementations of the mixture model was

carried out by Mazumder et al. who presented two papers modelling the same

geometry where a base case neglects the e�ects of water [111] and the second

includes it [112]. The model combined the mixture model with fast �nite-rate

phase transfer (i.e. approximate equilibrium conditions), and produced markedly

di�erent results to previous two-dimensional studies, which signi�cantly over-

predict fuel cell performance at high current density. Even with the inclusion

of water in a 3D representative model the performance was over-predicted. The

authors ascribe this result to several di�erent reasons including: ignoring the

electrical contact resistance between components, making simpli�ed assumptions

about the di�usion pathways such as a Bruggemann correlation for tortuosity,

and ignoring the Knudsen di�usion, ignoring the blocking of active sites by liquid

water, and crucially, setting the capillary di�usion coe�cient to be two orders

of magnitude lower in the open gas channels than in the GDL. This last reason

is highlighted as being physically inappropriate, and was done as a compromise
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between setting the di�usion co-e�cient to zero and trying to properly model

liquid water in the channel.

The mixture model is limited to predicting saturation pro�les in the porous

electrode regions and cannot be extended to liquid in the gas �ow channels.

Mist-�ow is assumed in the channels, and a dirichlet boundary condition of zero

saturation is imposed at the interface between channel and GDL.

Gurau and Mann [113] present a critical review of multiphase approaches

to modelling fuel cells with CFD. They point out that the multiphase model is

strictly only valid when:

i There is no mass transfer across inter-phase boundaries at sub-grid scale.

ii The momentum equation for each individual phase may be reducible to Darcy's

law for multiphase �ows

Gurau and Mann imply that ignoring the inter-phase momentum terms, and

relying simply on Darcy's law to describe momentum loss constrains the validity

of the results. For example when operating the fuel cell at limiting current, the

oxygen is entirely consumed at the GDL/CL interface, which cannot be described

by Darcy's law alone. A major limitation of the mixture model is its inability

to capture complex fuel cell phenomena such as water transfer and saturation

between the fuel cell components, and use of the model restricts it's application

to cases where liquid water evaporates before exiting the di�usion media.

Wang states, in his review of fundamental models for fuel cell engineering

[114], that all models describing liquid water transport through the GDL can

be categorised into two approaches: the mixture model and Unsaturated Flow

Theory (UFT). According to Wang, UFT assumes a constant gas phase pressure

thus e�ectively decoupling the liquid water transport from gas �ow. It is true

that constant gas phase pressure is an assumption often made when modelling

unsaturated �ow, but it is not a pre-requisite. A more general description of the

alternative modelling approach to the mixture model is a multi-�uid model or

two-�uid model which will be covered in the next section.
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Two-�uid Model

The two-�uid model solves a separate equation for liquid water transport, and

does not couple the liquid and vapour phases into a single mixture, as the mix-

ture model does. Phase equilibrium is always maintained in the mixture model

whereby phase change happens instantaneously, whereas the two-�uid approach

allows for non-equilibrium. When phase change is fast the two-�uid model pro-

duces fuel cell performance results comparable with the mixture model.

The gas and liquid phase velocities are both calculated according to Darcy's

law as follows [115].

ug = −K0(1− S)

µ
∇P = −Kg

µg
∇P (2.4.9)

ul =
Kl

µl
∇Pl (2.4.10)

By using the capillary pressure the liquid phase velocity can be calculated as

a function of the gas phase velocity and the saturation. This requires some

constitutive relations between saturation and relative permeability, and between

saturation and capillary pressure:

ul = fug −Dc∇S (2.4.11)

where f is an interfacial shear force de�ned as:

f =
Klµg
Kgµl

(2.4.12)

and DC is a capillary di�usivity term de�ned as:

DC =
Kl

µl

dPC
dS

(2.4.13)

Some of the relationships forming the constituent relations of Equation 2.4.13

were presented earlier in section 2.2 but are not an exclusive list. Wu et al. explore

the e�ects of choosing the various empirical formulas for capillary pressure vs.

saturation [95], and the e�ect of changing the exponent of the power law relation

used for relative permeability. Wu et al. �nd that relations proposed by Kumbur
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et al. [64], [116], [117] and Ye and Nguyen [54], who developed separate relations

for CL and GDL, both result in a less uniform saturation distribution. Wu

et al. also show that higher exponents in the power law relation for relative

permeability result in worse water removal capability, and that this parameter is

more in�uential on the overall saturation than the capillary pressure relation.

The study conducted by He et al. investigated an interdigitated �ow �eld,

concluding that products and reactants are transported through the porous elec-

trodes by di�usion and convection [115]. Having enhanced the convective �ow,

the di�usion distance for gases is reduced, rwsulting in a better distribution un-

derneath the ribs. Also, the shear force of the gas �ow improves liquid water

removal, thus reducing �ooding e�ects. Not having the same phase equilibrium

assumption as the mixture model allows a better estimation of the saturation

pro�le along the length of the gas �ow path. It is shown that when operat-

ing on un-humidi�ed gas streams, a signi�cant amount of water is removed by

evaporation as the �ow becomes more saturated with vapour towards the outlet.

Gurau et al. present a version of the two-�uid model to illustrate the impor-

tance of the interfacial saturation behaviour [118]. At interfaces between com-

ponents of the fuel cell, the phase pressures of vapour and liquid water and in

turn the capillary pressure, must be continuous. Therefore, as porosity changes

so must saturation. By considering the force required to overcome the minimum

surface tension of a droplet at the GDL/channel interface, the model predicts a

related saturation pro�le in the GDL. Correspondingly a related saturation pro�le

in the CL is also determined, which is linked to membrane water sorption/desorp-

tion, EOD and production from the ORR. Streamlines of liquid water transport

from CL to channel show that, over time, water builds up in the section of GDL

directly under the current collector ribs, then emerges into the channel at the

corner of the rib where most streamlines converge. The level of saturation was

also found to depend strongly on the permeability of each layer and the size of

the pores at the GDL/channel interface which determine the size of the pending

droplets, and therefore sets the upper limit for the capillary pressure pro�le.

One recently published two-�uid model attempts to couple the �ow inside

the GDL with the gas channels by assuming the channels are a porous zone with

permeability 4 orders of magnitude higher than the GDL and porosity of 1.0 [119].

49



2. LITERATURE REVIEW

The results show that including saturation in the channel greatly in�uences the

saturation in the GDL and the e�ects of immobile saturation also deteriorate

performance slightly. The �ow of liquid water in the channel was found to be

insensitive to capillary action (as would be expected when there are no capillary

walls) so physically the model is representative.

Volume of Fluid (VOF)

The VOF method is an Eulerian approach to two-phase �ow which solves the

Navier-Stokes equation for a mixture of the phases and the volume fractions of

each phase determines the �uid density in the same manner as the mixture model.

The advantage of the VOF model is the inclusion of a force term accounting for

the surface tension between the phases and any geometrical boundaries such as

walls. This allows the interface between phases to be tracked with precision,

but means that geometry must be real or idealised rather than volume averaged,

which would be almost impossible to implement for an entire fuel cell, due to the

variety of scales as listed in Table 2.1. For this reason, the application of the VOF

method is usually limited to single components, most typically the gas �ow chan-

nels, where detailed water droplet behaviour can be studied. However, a recent

study has utilised the method to study �uid drainage from a computationally

constructed GDL geometry [120]. Another study modelling the GDL structure

in two dimensions as a lattice of spherical �bres illustrates the interaction be-

tween GDL and gas �ow channel [121]. The model shows that when cross �ow

is present in the GDL, considerably less saturation occurs, and droplets emerge

from the GDL with higher frequency before detaching in the channel. Le et al.

have implemented a VOF model for the entire fuel cell, and have published sev-

eral papers examining the distribution of liquid water in various gas �ow channel

designs [122], [123]. They have also published some experimental results visualis-

ing the liquid water dynamics in the �ow channel, showing good agreement with

the model [124]. However, it is not clear from the publications how the interface

between homogeneous porous zone and open channel zones are treated. To save

time, the method developed was to run a single-phase simulation to generate a

saturation pro�le in the porous media, then transpose liquid droplets inside the
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fuel cell, or inject them through the inlet. Conclusions were then drawn about

the intrusion of the liquid water from the channel into the GDL at certain points

along the channel. These simulations do not capture the full physical behaviour

of liquid water emerging from the GDL into the �ow channel, which is an impor-

tant factor determining the pro�le of saturation. In a review paper, Anderson

criticises the �ndings further stating that it is not appropriate to apply the VOF

method to a homogeneous porous region [125]. In a subsequent paper utilising

the same model, liquid emergence from the GDL is studied but not implemented

as part of the electrochemistry of the fuel cell [126]. The model shows liquid wa-

ter emerging and accumulating preferentially at the intersection between rib and

channel which agrees with experimental observations [127]. However, a constant

�ow rate is applied for the liquid at the catalyst layer, and the GDL appears to

be fully saturated before any liquid water emerges into the �ow channel. This

behaviour is unrealistic and over simpli�ed, and does not re�ect the branching

pattern that water takes when traversing the GDL. A recent and comprehensive

review of the VOF model applied to studying fuel cells is given by Ferreira et al.

[128], with suggestions for future work being the development of a model able to

account for water transport from its formation on the CL to accumulation in the

GDL and subsequent removal from the gas channels. Typically the VOF model is

applied to fully resolved porous structures, and the construction of such a model

for an entire fuel cell would be too intensive given the range of scales. Therefore

simpli�cations have been made in the past assuming the GDL is a homogeneous

medium. In the future it could be possible to combine the various modelling ap-

proaches with perhaps a mixture model in the CL and MPL, a pore scale model

such as PNM or LBM for the GDL, and VOF model for the channel.

2.4.2 Pore Scale Modelling Overview

Pore scale models represent the actual geometry of the porous media and can be

broadly categorised as being either rule-based or �rst-principle based. Rule-based

simulations such as pore-network models (PNM) use re-constructed geometries

based on idealised sets of rules, such as �ow through inter-connected sets of cubes

[129], or topologically equivalent skeletal structures representing connected pores
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and throats [58]. First-principle models solve the governing equations, i.e. the

Navier-Stokes equation, and can be classi�ed as top-down which start from a

macro-scale perspective and extrapolate towards �ner length-scales, or bottom-

up which consider molecular behaviour and extrapolate upwards. The biggest

challenge facing the top-down approach is the discretisation of irregular and com-

plex micro-structures. Bottom-up methods such as the Lattice-Boltzmann (LBM)

method are able to treat these micro-structure with greater ease. Recently work

has been undertaken by Chen et al. to utilise several di�erent methods for di�er-

ent fuel cell components in a coupled fashion [130]. Much of the work required for

this technique surrounds the interface between the domains (and models) where

a statistical distribution must be converted into a physical parameter. So-called

reconstruction operators are utilised for each property such as species concentra-

tion, velocity and temperature.

2.4.3 Pore Network Modelling

Pore-network models (PNMs) have been used to describe a wide range of proper-

ties, from capillary pressure characteristics to interfacial area and mass transfer

coe�cients. The void space of a porous material is described as a network of

pores connected by throats as pictured in Figure 2.11. The pores and throats

are assigned some idealized geometry, and rules are developed to determine the

multiphase �uid con�gurations and transport in these elements. The rules are

combined in the network to compute e�ective transport properties on a meso-

scopic scale some tens to thousands of pores across.

PNMs are growing in popularity as tools for analysing the properties and

transport characteristics of porous fuel cell components. They are especially use-

ful for multiphase modelling, as simple percolation algorithms can be performed

when transport is capillary dominated. The advantage of PNMs over the more

widely used continuum models employed within Computational Fluid Dynamics

software have been highlighted by Putz et al. [131]. They state that the dis-

crepancy between observed saturation pro�les and those predicted by continuum

models are large and that transport calculations based on them are suspect. This

is largely because percolation is not represented in the underlying physics.
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Figure 2.11: Pore Network Models (PNM) are a discretization of the void space
in a porous material into larger pores connected by smaller throats.

PNMs help to understand the physics behind liquid water transport in porous

media and have revealed that at extremely low capillary number, corresponding

to a dominance of surface tension over viscous drag, liquid water transport is

governed by fractal capillary �ngering [58]. The resulting saturation distribution

does not correspond to a Darcian �ow regime, which would dictate a compact

invasion pattern, whereby saturation is more uniformly distributed, and has a

well de�ned evaporation front. A study comparing the e�ects of wettability on

the liquid distribution reveals that hydrophobic media promote a fractal �ngering

pattern. This is bene�cial to gas transport to the active sites, as liquid emergence

(and therefore removal) at the surface of the GDL occurs at lower saturation

compared with compact invasion [132].

Early PNMs focusing on fuel cell components were carried out on cubic net-

works with pores and throats represented by square or cylindrical geometry. The

diameters of the pores and throats were set by a statistical distribution imposed

upon the network in order to achieve the desired porosity and variation. Gostick

et al. calibrated and spatially correlated their model to match two commer-

cially available GDLs by generating realistic permeability and capillary pressure

vs saturation (or drainage) curves [129]. Sinha and Wang constructed a network

representing carbon paper composed of randomly stacked regular �bre screens,

with pore and throat sizes assigned randomly according to a cut-o� log normal
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distribution [58]. Luo et al. constructed a topologically equivalent pore network

(TEPN) by �rst reconstructing the �brous geometry of a carbon paper and car-

bon cloth GDL by stochastic methods in 3D [133]. Then image analysis was used

to extract the network, so pore and throat sizes determined by the geometry

were mapped directly into the network, thus providing a topologically equivalent

framework for the simulation. The two-phase characteristics of the two di�erent

materials were analysed and compared. It was found that the bi-modal distribu-

tion of throats and pores in the carbon-cloth led to two distinct regions of the

capillary pressure and relative permeability curves, with the larger pores enabling

much higher liquid transport capability. Recently Fazeli et al. have reported us-

ing X-ray micro-computed tomography (µCT) and image analysis to extract a 3D

TEPN [134], a technique also reportedly used by others to exactly match satura-

tion distributions and experimental drainage data gathered by tomography and

network simulations [135].

A simpler method for constructing realistic networks is to use Delaunay and

Voronoi tessellations [136], [137] and [69]. Thompson showed that random pore

networks can give very good agreement with experiment for single phase perme-

ability over a wide range of solid volume fraction [136]. Thompson also presents

saturation pro�les for imbibition at di�erent �ow rates, and images of drop spread-

ing for models with di�ering morphological characteristics. Although the pore

sizes studied are di�erent to the average GDL relevant conclusions can still be

drawn, particularly that the anisotropic network was found to favour drop spread-

ing in the direction of greatest �bre alignment. Thompson used base-points to

represent pore locations, and connections are de�ned by the Delaunay tesselation.

The Voronoi diagram is used to construct the �brous structure. Hinebaugh et

al. [137] utilised µCT scans [138] to analyse the impact of heterogeneous porosity

distributions on the percolation and breakthrough behaviour of water in a 2D ran-

dom pore network. They found that water tended to accumulate in regions of high

porosity, and that if a low porosity region was placed next to the inlet boundary

the saturation at breakthrough was reduced (mimicking the function of an MPL).

The Voronoi diagram was used directly to de�ne pore connections, with the base

points representing the circular �bres which were randomly located according to

the desired porosity distribution. Gostick [69] developed Thompson's method to
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study the di�usion through an anisotropic GDL, and also calibrated and vali-

dated the model by matching capillary pressure curves with experimental data

obtained with mercury intrusion porosimetry [17]. Anisotropy was introduced by

uniformly distributing pores throughout a domain with an initial height of 500

µm, and then scaling the pore coordinates and vertices generated by the Voronoi

diagram by a factor of 0.5 in the through-plane direction only. The dry di�u-

sivity tensor obtained from the anisotropic network corresponded very well with

experimental data [139] and [140]. Gostick also calculated relative di�usivity, but

agreement with the experimental data of Hwang and Weber [18] was not found.

The di�erence between data sets was attributed to the di�erence in percolation

process where numerical results were obtained with an Access Limited Ordinary

Percolation (ALOP) algorithm and experimental results obtained by drying fully

saturated samples to a desired weight which is more similar to air imbibition.

Imbibition can create disconnected water clusters, as access is not limited and

drying also occurs on all faces of the domain, whereas the simulation only al-

lowed percolation from the bottom face. In addition to the overall saturation,

the distribution and connectivity of saturated pores clearly a�ects the transport

characteristics of the medium and warrants further investigation. Another factor

contributing to the relative transport characteristics is directionality dependent

throat sizes. In previous work, Gostick et al. simulated anisotropy by constrict-

ing throats oriented in the through-plane direction [129], which led to preferential

in-plane liquid spreading, and thus further hindered through-plane gas transport.

The throat sizes in the random network have far lesser directional dependence,

yet in-plane liquid spreading is still observed as a result of the injection and

percolation process.

Anisotropy in the heat, mass and electrical transport characteristics of GDLs

has been observed by many researchers over many di�erent commercially avail-

able samples [141], [47], [48]. Carbon paper GDLs in particular tend to have

an in-plane alignment of �bres which increases in-plane transport compared with

through-plane. Wu et al. constructed a series of 3D cubic pore networks repre-

senting GDLs to investigate the e�ects of structural parameters such as anisotropy,

heterogeneity and coordination on the e�ective oxygen di�usivity [142]. The

study was limited to a regular network topology with maximum coordination of
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6 and throats aligned orthogonally. Pore and throat sizes were assigned using

a uniform probability distribution over a set of �xed ranges, with larger ranges

increasing the heterogeneity. Anisotropy was introduced by constricting throats

aligned in the through-plane direction, and this was found to increase the expo-

nent of the relative di�usivity function (see Equation 2.2.12). Computer aided

pore-network design has also been implemented into a GDL fabrication process

[143], and radial biasing has been shown to in�uence directional liquid water �ow

and reduce �ooding signi�cantly.

While cubic networks are useful for parametric studies they, do not necessarily

best represent the disordered entangled �brous structure of common GDLs as

shown in Figure 2.2. The average coordination number of GDLs will be higher

than that of a regular cubic network, and the orientation of throats will not be so

orthogonal. The structural parameters such as anisotropy and homogeneity can

be easily varied in a random network when using the Delaunay/Voronoi technique.

The Voronoi regions surrounding each pore have vertices at the intersections of

the �bres. These vertices can be scaled along with the pore coordinates to squash

or stretch the pore space along a particular axis. This results in altered throat

properties for throats aligned with that axis. The process results in connections

that are not truly based on the Delaunay network of the �nal points, but is a

simple and e�ective means of introducing anisotropy. Porosity distributions can

also be introduced by choosing regions of higher or lower pore density. A higher

density will result in a greater number of Voronoi facets which contribute to

the �brous structure and reduce porosity locally. The average coordination and

degree of regularity can also be controlled to an extent with the con�guration of

the initial pore placement.

2.4.4 Full Morphology

Schulz et al. [144] and Zamel et al. [145] have used a technique known as full

morphology (FM) which uses image analysis to determine the steady state liquid

water distribution based on various wetting parameters. [69] also employs the

technique and refers to it as morphological image opening (MIO). The technique

takes a binary image of a porous material and uses a structuring element which is
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typically a sphere (or voxelized approximation of a sphere) to �open up� the image.

What this means is that sections of the image denoted as pore space are �lled

with the spherical elements, which can overlap each other, but not the solid space.

This leaves a fraction of the pore space un-occupied by the structuring elements

representing the residual wetting phase (air in the case of PEFC) and a fraction

occupied representing the non-wetting phase, water. The water occupied sections

can be further analysed and grouped into connected clusters, if a cluster reaches

an inlet of the image domain it is kept and if not then it is returned back to pore

space. In this way access limitations can be simulated and the capillary pressure

related to the size of the structuring elements to generate a drainage curve. Schulz

et al. [146] studied the e�ects of compression on the GDL by means of a �nite

element approach to reconstructing the geometry and a pore-morphology (PM)

two-phase model. It was found that a compressed sample o�ered less resistance

to liquid �ow due to micro-structural changes in the percolation pathways. This

observation agrees with experimental data gathered by Ramos-Alvarado et al.

[147], where the relative permeability shifts from a high power law relation to a

lower one, indicating a faster transition from the gas to liquid permeation regimes

with increasing liquid saturation.

2.4.5 Lattice Boltzmann Method

Of the pore-scale methods, the LBM is by far the most computationally expensive

but gives the most accurate representation of real �uid dynamics. The LBM

evolved from the lattice gas automaton where particles resided on a lattice grid in

discrete nodal locations. Particle interactions were described by collisions between

neighbours and the method was able to simulate quite realistic �uid behaviour.

However, the method su�ered from numerical noise, requiring very large numbers

of particles (or very small resolution), and computers turned out to be quite slow

at working with discrete numbers, preferring �oating point calculations. The

LBM is based on a continuum description of molecules and combines the lattice

approach with Kinetic Theory to solve a velocity distribution function (Maxwell-

Boltzmann Distribution) at each node. The great advantage of the LBM is that

macroscopic variables such as density, �ow velocity, temperature and stress can be
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calculated by summing individual terms of a truncated Hermite expansion of the

velocity distribution function using Gaussian quadratures about the lattice points.

In this way the details of the geometry can be treated very simply by applying

a uniform lattice and �uid dynamics at wall boundaries can be accounted for by

interpolating between lattice points. Another advantage is that the calculations

scale very well with increased computational power and have also been adapted

to run on GPU's as well as CPU's. The space-time dynamics of the LBM are

governed by particle scattering and free transport between lattice points. All of

the physics is contained within the scattering behaviour, so it must be chosen

with care. The standard choice for a collision operator is the Bhatnagar-Gross-

Krook (BGK) approximation [148] which is valid for ionized and neutral gases

over a continuous range of pressures from the Knudsen limit to the high-pressure

limit where aerodynamic equations are valid.

Two-phase �ow in porous media can be simulated using the LBM [149] by solv-

ing a �uid-�uid interaction force and a �uid-solid interaction force accounting for

surface tension and surface wetting properties. Koido et al. [150] used a microfo-

cal X-Ray CT image of a carbon paper GDL to simulate liquid percolation, and

measure relative permeability in the through-plane direction. The results were

compared to experimental data collected for the relative permeability of the air

phase, with good agreement found. Several simulations were performed to obtain

the relative permeability characteristic dependence on saturation. Firstly two-

phase LBM (TLBM) was performed, where liquid was introduced into the domain

considering �uid-�uid, �uid-solid interactions and gravity. Secondly single-phase

LBM (SLBM) was conducted for air, considering the liquid as a solid phase and,

thirdly SLBM was conducted for water considering air as a solid-phase. Hao and

Cheng also performed LBM simulations to calculate the relative permeability of

GDL but used a stochastically generated structure as opposed to an image [151].

The dependence of permeability on saturation is di�erent in the two studies: the

exponent for relative gas permeability is 5 for Koido et al. and 3 for Hao and

Cheng. This is perhaps due to the very planar nature of the Toray carbon �-

bre paper in the study of an actual image, giving a very anisotropic structure

compared with the more isotropic structure that was computer generated. Wet-

tability was also studied by Hao and Cheng and found not to a�ect the in-plane
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or through-plane relative permeability, which also tend to show the same charac-

teristics. Chen et al. use a cross-section of a 3D reconstructed GDL to simulate

two-phase �ow in an interdigitated �ow �eld scenario, with pressure di�erence

causing �ow under a rib between two channels [152]. Anisotropy was introduced

to the GDL with in-plane permeability double that of through-plane to simulate

realistic GDLs. Electrochemistry terms were included in the simulation and the

oxygen and water vapour concentrations were studied as a function of overpoten-

tial. The results show distinct minima and maxima in the concentrations, and

therefore corresponding current densities, not seen with homogeneous GDL mod-

elling. Liquid water dynamics were also investigated with droplets introduced

into the section of GDL beneath the rib. Both capillary dominated creeping �ow

and shear induced �ow were observed depending on the air �ow in the local re-

gion of the GDL. Froning et al. use a stochastically generated �bre image to

study the e�ects of compression on the GDL with the LBM [153]. The image

is built up from stacking planar �brous sheets and compression is simulated by

merging neighbouring sheets. Their results agreed well with a Karman-Cozeny

(K-C) model of permeability in the through-plane direction, but su�ered from

�nite size e�ects when calculating the in-plane properties, and multiphase trans-

port was not simulated. In later work Froning et al. simulated the �ow through

a partially compressed GDL in an HT-PEFC where water exists only in vapour

form [154]. Entangled �brous materials were simulated to simulate the structure

of Freudenberg GDLs and this time a K-C model was not such a good �t.

Kim et al. [87] studied the e�ect of MPL thickness on the saturation of a

combined MPL and GDL layer in 2D using the LBM. The results show that a

thicker MPL region leads to lower over-all saturation. Transient saturation �uc-

tuation was also observed at interfacial breakthrough of liquid clusters due to a

temporary reduction in capillary pressure. Rosen et al. [155] combined X-ray

tomography with the LBM to investigate the relative di�usivity in both in-plane

and through-plane directions. Both rib and channel sections of the GDL were

found to display similar characteristics, with relative transport exponents of 3 for

through-plane and 2 for in-plane. García-Salaberri et al. [156] investigated the

e�ective di�usivity in a partially saturated GDL reconstructed from tomographic

images. The resistance of water to gas transport was found to depend strongly
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on the local saturation, as bottle-necks can form in regions of high saturation

which dominate the total resistance of the medium, and can be present even at

relatively low total medium saturation. This brings into question the suitability

of medium averaged properties and relations applied to homogeneous domains

in continuum style modelling. The �ndings suggest that volume-averaged multi-

phase models explicitly solving local di�usion processes within �nite sized porous

media must incorporate constitutive relations obtained under conditions of no

saturation gradient. The simpli�ed methods (PNM and FM) su�er from system-

atic over-estimation of the water content, according to Vogel et al. [157] due

to the required assumption that the wetting-nonwetting interface has a spherical

shape. However, the simple network model is of great use when the relevant

properties may be deduced from statistical descriptions of the pore structure.

2.4.6 Modelling Summary

The continuum models employed in computational �uid dynamics and the dis-

crete pore network models are both useful for studying the details of multiphase

transport in PEFCs. Volume averaged approximations are usually employed in

continuum models to represent the porous regions to save on computational ex-

pense and to avoid complicated meshing. Pore-scale models o�er greater details

of the liquid distribution under di�erent conditions, producing constitutive rela-

tions between capillary pressure and saturation and relative transport properties,

but have yet to be applied to a full cell geometry. The application of the con-

stitutive relations to continuum models for thin porous material where the GDL

thickness is typically only 10-15 pores is questionable. Percolation processes in

the �ow regime encountered within PEFCs tend to produce non-uniform satura-

tion pro�les. This also brings into question the continuum approach which relies

on average saturations, and produces di�usion like patterns for saturation, more

similar to an invasive front than capillary �ngering.

For the purposes of this investigation, the volume averaged continuum mod-

elling approach is deemed unsuitable for studying the e�ects of compression on

multiphase �ow. Parametric studies of the di�erent capillary pressure relations

and relative permeability have already been performed showing that they have
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great impact on the saturation in the porous media and therefore fuel cell per-

formance. However, these relations are often �tted to experiment without deep

knowledge of the material microstructure and solid-�uid interactions. A study of

the e�ects of compression, which alters the microstructure, must therefore sim-

ulate and fully represent the morphological changes and �uid behaviour at the

pore scale.

An ideal situation would be a coupling of an e�cient pore-scale model to

represent multiphase �uid dynamics with a continuum model which can solve the

necessary equations to determine fuel cell performance over a larger domain size

than the pore-scale model. This would also allow a better treatment of interfaces

between components of di�ering porosity and pore size. Coupling models is out

of the scope of this thesis but is addressed in the �nal chapter under the scope

for future work.

2.5 Common Visualisation Techniques

Experimentation informs modelling and vice versa, and although visualization of

liquid water is not included in this work, the techniques are outlined in this chap-

ter to give further context. Liquid water formation and distribution is challenging

to visualise in-situ due to the opaque nature of conventional materials such as

graphite or metallic bipolar plates and carbon-based GDLs. The methods de-

scribed here help validate the numerical models and enhance the understanding

of pore-scale and cell-scale multiphase �ow.

2.5.1 Nuclear Magnetic Resonance (NMR)

NMR is a physical phenomenon by which nuclei absorb and re-emit electromag-

netic radiation in the presence of a magnetic �eld. The radiation emitted is

detectable because it occurs only at speci�c resonant frequencies which depend

on the strength of the magnetic �eld and the properties of the nuclei. Stable

hydrogen isotopes are most commonly observed with NMR and several research

groups have reported liquid water visualisation using this technique [158], [159],

[160]. The technique has provided useful information about the water content in
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the gas channel and membrane but is unable to resolve the GDL and other �ner

layers due to the limited spatial and temporal resolution provided, and rapid sig-

nal attenuation that occurs. Also, due to the restriction on magnetic properties,

only limited materials (such as acrylic resin) can be studied, and often only very

small cells may be tested [161].

2.5.2 Neutron Radiography

Neutron imaging involves measuring an attenuated signal from a beam of neu-

tron particles and can produce two-dimensional images with a resolution of 25

µm, with a frequency up to 30 frames per second [162], [163]. The technique is

particularly suited to visualising liquid water in fuel cells, because water carry-

ing hydrogen atoms attenuate the signal but metals do not. The high resolution

and frame rate make the technique suitable for transient analysis, but currently

only a few institutions in the world have the necessary equipment. A trade-o�

between spatial and temporal resolution also occurs where high spatial resolution

images need a longer exposure. Hatzell et al. used neutron imaging to investigate

temperature driven �ow [164]. Iranzo et al. incorporated saturation data from

neutron imaging into a CFD model to calculate the e�ective di�usion through

a GDL [165]. LaManna et al. used high resolution neutron (15 µm) imaging to

investigate temperature, pressure and RH gradients on saturation in an asym-

metrical cell [166]. The bene�t of neutron radiography is its application to study

larger cells made from standard fuel cell materials under realistic operating con-

ditions. The draw-back is that average through-plane saturation pro�les lose the

details of water in individual pores, and the e�ects of certain in-plane geometrical

features of the cell. Forner-Cuenca et al. have recently produced and studied a

treatment technique that creates GDLs with a graded wettability which produces

excellent phase separation, and has been visualized with neutron and synchrotron

imaging [167], [168].

2.5.3 X-ray Radiography

Synchrotron X-ray sources typically have a much higher �ux than neutron sources,

and this makes them more suitable for investigating highly transient phenomena,
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such as water droplet eruption from the GDL. The spatial resolution achievable

with X-ray radiography is also about one order of magnitude �ner than neu-

tron radiography, but it is currently only possible to investigate relatively small

sections of the fuel cell (typically a few square millimetres) [169]. Tomography

techniques can be employed to render a pseudo three-dimensional image of the

water distribution within the fuel cell [170]. During operation such studies have

observed a swelling of the membrane by as much as 50%. As with NMR, the

nature of the experimental technique limits the materials or design of the fuel

cell being investigated to permit the X-rays to pass through the material. Some

researchers have also found a degradation in performance after exposure to X-rays

[171]. However, this technique is promising and growing in popularity as a tool

for water visualisation and defect detection [172]. Eller et al. produced in-situ

tomographic images with and without the presence of water [14]. Images were

then processed to resolve liquid droplets in the GDL and �ow channel of a work-

ing fuel cell. A spatial resolution of 2 µm was achieved and a temporal resolution

of 1 second allowed very clear reconstruction of water in the GDL but slightly

blurry reconstruction of water in the �ow channels where movement occurred

during the image capture. Never-the-less, the images produced are impressive

and informative. Three main observations can be made from the results of the

study which are shown in Figure 2.12:

i A high liquid saturation is observed under the ribs, in line with other obser-

vations. A common interpretation is that the area near the rib is cooler but

is also shielded from high gas velocity.

ii A high liquid saturation is observed near the cathode catalyst layer.

iii In the bulk of the GDL water drops of di�erent sizes are reconstructed, many

of which are not connected by a liquid path to the channel interface or catalyst

layer.

2.5.4 Electron Microscopy

Environmental Scanning Electron Microscopy (ESEM) has been used by Nam and

Kaviany to visualise the formation and agglomeration of liquid water droplets in
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Figure 2.12: Smoothed surface rendering of phase segmented in-situ measured
tomography data of cathode GDL (Toray TGP-H-060) of two di�erent vertical
cells; (a) and (d) �ow �eld, GDL, CCM and liquid water; (b) and (e) GDL
and liquid water; (c) and (f) liquid water; (g) surface droplet and water cluster
connecting droplet to catalyst layer [14].

the GDL [15] and MPL [10]. The images gathered support Nam and Kaviany's

branching tree hypothesis for liquid transport, but the con�guration results from

condensation processes only. Gurau et al. have also used SEM to visualise water

droplets in the GDL in order to estimate the internal contact angle [173]. They

conclude that conventional techniques for measuring contact angles do not provide

accurate results, because the internal contact angle is more a function of surface

roughness than material, so becomes a statistical property.

2.5.5 Optical Photography

By replacing the conventional current collector with a transparent one it is possi-

ble to view and record liquid �ow in the gas �ow channels and emergence from the

GDL. Notable examples of this techniques include Tüber et al. who studied the

e�ect of GDL coating and air �ow velocity in a straight channel [174], Theodor-

akakos et al. who visualised droplet detachment from a side pro�le and validated

a VOF model [102], and Bazylak et al. who performed an ex-situ experiment to
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investigate the rapid emergence of liquid water from the GDL and also validated

the results with CFD [175]. Kimball et al. conducted an ex-situ experiment with

a controllable water mass-�ux and an orientable fuel cell to investigate the e�ects

of gravity on droplet formation and �ow within the channels [176]. The study

found that when droplets detach they collide with others downstream to form

slugs, these slugs may become trapped if su�cient work is required to move them

against gravity. They state that most CFD models ignore the e�ect of gravity

and that a probabilistic approach to modelling the forces on liquid water in the

�ow channel may be more appropriate than any VOF method. Lu et al. stud-

ied the dynamic breakthrough and intermittent drainage characteristics of GDLs

with and without applied MPLs [85]. The study found that the presence of the

MPL increases the focus of droplet emergence to a few preferential sites and also

pushes the slug-to-�lm �ow regime to higher air velocities.

2.5.6 Fluorescence Microscopy

Fluorescence microscopy has been used by some groups in conjunction with op-

tical photography to visualise transport through �brous structures. Dye was

injected into the GDL and was observed to follow di�erent pathways in regions of

higher compression [177]. This behaviour was attributed to the breaking of the

hydrophobic coating and is suggested by Bazylak et al. to be potentially bene�-

cial because the GDL could be strategically compressed in regions where water

transport is preferred. Confocal �uorescence microscopy has been used to visu-

alise unstable liquid transport through various GDL materials which was found

to be largely random and similar to column �ow in hydrophobic soils [178]. The

samples tested were all carbon paper and had similar levels of PTFE treatment

so strong conclusions cannot be drawn. However, the study does draw attention

to the assumption made by some modellers, and rightly questions, that �ow is

uniform and stable.
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2.6 Experimental Characterisation of Porous Com-

ponents

Experimental characterisation of the porous components of the PEFC is impor-

tant for understanding the dominant transport characteristics of the components,

validating numerical models and also optimising the fuel cell performance. This

section brie�y overviews the experimental studies of both the single-phase e�ec-

tive properties of porous media used in PEFCs and multi-phase relative proper-

ties. An excellent review of the subject is presented by Zamel et al. [52].

2.6.1 E�ective Properties

E�ective Permeability

Permeability is typically measured by establishing a steady �ow through a porous

sample and measuring the �ow rate and pressure drop then equating the two

according to Darcy's Law (Equation 2.2.13). Darcy's Law assumes a linear de-

pendence of the pressure drop on the �ow rate and considers viscous forces only.

At high �ow rates inertial forces become more important and a non-linear term

is added to the equation which becomes the Forchheimer equation (Equation

2.2.14). Ihonen et al. studied the permeability of GDLs and the parameter's

e�ect on fuel cell performance [179]. They conclude that a permeability of 1E-

12 m2 should be su�cient and that it is more important to avoid �ooding and

loss of porosity under two-phase conditions than to maximize permeability under

single-phase conditions. Feser et al. measured the in-plane permeability of three

GDLs with a radial set-up and found that compressibility e�ects could not be

ignored at high �ow rates, and that the carbon cloth GDLs typically have a much

higher permeability than carbon paper [180]. Gostick et al. measured the perme-

ability of several common GDLs in three perpendicular directions showing that

in-plane permeability in materials with strong alignment of �bres have higher

permeability in the direction of alignment [141]. It was found that, for typical

fuel cell operation, the error in using Darcy's law to calculate permeability due

to inertial e�ects was about 5%. If convection can be enhanced in operating
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fuel cells then these inertial e�ects will become non-negligible. The permeabil-

ity dependence on compression was also investigated and found to �t quite well

with a K-C model for materials with isotropic in-plane structure. However, a

Tomadakis-Sotirchos (T-S) model [181] �tted completely anisotropic materials

better. Gurau et al. calculated the coe�cients of the Forcheimer equation for

both in-plane and through-plane directions of GDLs with and without micro-

porous layer, and with di�ering PTFE coatings [182]. It was found that samples

with higher PTFE content in the MPL have higher viscous permeability coe�-

cients compared to samples with lower PTFE content in the MPL. Analysis of

PTFE-C structures reveals a bi-modal pore distributions of primary pores inside

the carbon agglomerates (20 - 40 nm) and secondary pores between agglomerate

(40 - 200 nm) [183]. It was found that increased PTFE loading increases the

volume of the larger secondary pores (intra-agglomerates), therefore increasing

permeability and also increases rigidity, enabling the material to maintain higher

porosity under compression. Ismail et al. studied the through-plane permeabil-

ity of GDLs without MPLs [184] and in-plane permeability of GDLs with MPLs

[185]. The non-Darcy terms were found to be signi�cant and the e�ect of the

MPL on the in-plane permeability was to reduce it by up to an order of magni-

tude, implying signi�cant levels of penetration into the GDL. The research group

of Secanell present methods for simultaneously calculating the permeability and

e�ective di�usivity of a GDL sample by means of a di�usion bridge with gas �ow

at di�erent pressures on either side and an oxygen sensor [186] and [187]. The

e�ect of PTFE content and compression on both parameters was investigated

and found to decrease with porosity as expected. However, the method is limited

to samples with an MPL in order to produce a suitable pressure gradient.

E�ective Di�usivity

Arguably the most important transport characteristic of the porous media in

PEFC is the di�usivity. Di�usion is the dominant transport process occur-

ring within operating fuel cells for both reactant distribution and product water

vapour removal. Therefore, a high di�usivity enables higher power density, as

mass transport losses can be reduced. A standard technique for measuring the
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di�usivity of porous media is to �ood the material with an ionic solution and

measure the conductivity to infer the formation factor: the ratio of the electrical

resistance of the �ooded porous sample to the bulk solution [188]. However, as

the solid material of the GDL is conductive, the standard technique is inappropri-

ate. The problem has been overcome by Kramer et al. by using electrochemical

impedance spectroscopy to de-couple the electrical and ionic impedance [139], by

making use of the fact that electrical conductivity is much higher than ionic con-

ductivity. Therefore, when applying a high frequency sinusoidal current to the

sample, the response is largely dependent on the material with lower conductiv-

ity. Fluckiger et al. also used the same technique to investigate the e�ect of the

amount of PTFE binder and compression on the di�usivity [140]. It was found

that the binder reduces the di�usivity of the samples and has an isotropic e�ect,

whereas compression pronounces the in-plane orientation of the �bres.

Baker et al. used limiting current to characterize gas transport resistance and

compared in-situ and ex-situ data to ascertain where the bulk of the transport

losses occur within the cell [189], [190]. It was concluded that most of the di�u-

sion resistance was Fickian and occurred in the GDL. Beuscher also carried out

limiting current experiments and compared fuel cells with a single GDL and a

stack of two GDLs on the cathode side of the cell [191]. Beuscher determined that

GDL resistance accounts for about 26% of the total mass-transport resistance in

the standard case of one layer of GDL by approximating the di�usional resistance

of each component like resistors in series. Beuscher also concludes that Knudsen

di�usion and �lm di�usion through ionomer and water �lms accounts for about

half the total resistance.

Another technique is to use a Loschmidt cell to measure the transient con-

centrations within two chambers connected by the porous sample being charac-

terised. Astrath at el. employed this technique to investigate the e�ect of relative

humidity on binary gas di�usion [192], and Zamel at et al. later investigated the

e�ects of applying PTFE to the GDL [193]. An oxygen sensor is placed inside

one chamber at a distance from the sample and measures the equivalent di�usion

coe�cient by the transient response to a change in concentration. The equivalent

di�usivity contains a contribution from the GDL and a contribution from the

bulk di�usivity in open space. Unfortunately, due to the thin nature and high
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porosity of GDLs, the overall contribution of the GDL is between 5 and 10%, us-

ing quoted values [193], which introduces large uncertainties in the results. The

problem may be overcome by stacking several samples together for dry GDLs, but

this would prove problematic for wet samples as water may wick and accumulate

at the interfaces where porosity is higher. Chan et al. used a Loschmidt cell to

measure the e�ective di�usion through a GDL with an MPL [194]. They deter-

mined that the di�usivity of the combined material was about 40% that of the

bare substrate, and that Knudsen di�usion played an important role comprising

roughly two thirds of the di�usive resistance in the MPL layer.

The e�ective water vapor di�usion coe�cient has been determined by LaManna

et al. for various unsaturated gas di�usion layers [80]. The experiment involved

�owing a dry gas stream and a humidi�ed gas stream in parallel with a GDL

as the separator whilst measuring the humidity of the streams at the outlets to

determine cross-over by di�usion. The back-pressure was carefully controlled to

reduce convective transport across the sample, but uncertainty was inevitably

quite high for samples without an MPL, which provides greater bulk resistance

due to the lower permeability.

Rashapov et al. recently measured the e�ective in-plane di�usivity of a range

of GDLs subject to compression [5]. The experiment utilised a sample holder

containing a long thin strip of GDL placed between two metal plates and sealed

with putty either side. Shims were used to control the level of compression and

gas with varying oxygen concentrations was used to purge the samples establish-

ing a constant initial concentration. Once purged, the samples were exposed to

atmosphere either at both ends or one end, and the transient concentration was

monitored at a �xed point along the sample's length. Fick's 2nd law was used

to determine the e�ective di�usivity, and it was found to depend strongly on

compression as the porosity reduced, and the tortuosity increased signi�cantly.

The method developed by Rashapov et al. is extended to measure the di�usive

transport through partially saturated GDLs, i.e. relative di�usivity, in Chapter

5.
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2.6.2 Relative Properties

As the power requirement of the fuel cell under certain operating conditions

increases, saturation also increases if removal mechanisms are not in place such

as purging or heating, or if su�cient vapour gradient is not established. Thus,

the transport properties of the media are become signi�cantly di�erent from the

dry conditions. An understanding of how gases transport through the saturated

porous media is essential for predicting the behaviour and performance of the fuel

cell, as a continual supply of reactant gas is required to sustain power production.

The dependence of the e�ective transport properties on saturation is termed the

relative permeability or di�usivity, and typically follows a power-law relation as

discussed in Section 2.2.

Relative Permeability

Hussaini and Wang measured the through-plane and in-plane relative permeabil-

ities of both the air and liquid water phases through a carbon paper and carbon

cloth GDL [56]. Both phases were made to �ow through the samples simultane-

ously and the pressure drop was measured for a given �ow rate once steady-state

was achieved. Darcy's law was then used to calculate permeability and saturation

of the sample was measured by swiftly removing and weighing it. Samples were

dried completely between experiments and di�erent saturations were achieved by

varying the ratio of the air and liquid �ow rates. It was found that through-plane

relative measurements su�ered from high uncertainties, as the method relied on

stacking samples. This could have resulted in liquid accumulation in the end lay-

ers creating bottlenecks. In-plane measurements were more reliable and a relative

transport exponent of 4 was found to match the water data quite well for both

carbon paper and cloth. Di�erent relations were found to match the in-plane air

data with:

Kr,a = (1− S2)4 (2.6.1)

for carbon paper and Equation 2.2.16 �tting the carbon cloth data with an ex-

ponent of 3.

Ramos-Alvarado et al. measured the relative permeability of the liquid phase

in the through-plane direction for Toray090 samples with varying PTFE content
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Uncompressed Compressed
Untreated 8 5
Treated 3 2

Table 2.2: Liquid Relative Permeability Exponents.

and varying compression [147], extending the work of Sole et al. [195]. Again the

samples were stacked together, but unlike the experiment performed by Hussaini

and Wang, the saturation of a central sample was measured. Values for the

relative transport exponent used in Equation 2.2.17 are shown in Table 2.2. The

fact that the untreated and uncompressed results have such a high exponent may

be due to the uneven accumulation of liquid water in di�erent samples along the

stack of samples, and possible pooling of liquid at the interfaces between samples.

Compression gives better contact between samples and could lead to better water

transport along the stack, resulting in a lower transport exponent. Unfortunately,

the relative transport behaviour of such thin and porous material is found by

both Hussaini et al. and Ramos-Alvarado et al. to be very di�cult to measure

accurately. Wang et al. measured the in-plane permeability of both phases whilst

using neutron imaging to calculate the saturation [196]. Results for the high and

low saturation regions were di�cult to measure because a percolating cluster in

each phase is needed to establish a steady state. It was found that the power law

relation was not a good �t to the data over the full range of saturations, and that

saturation measured by the neutron and gravimetric methods can di�er, possibly

due to water imbibing when de-clamping the apparatus.

Relative Di�usivity

Electrochemical impedance spectroscopy, the di�usion bridge, and the Loschmidt

cell techniques for measuring e�ective di�usivity, are rather di�cult to use to mea-

sure the relative di�usivity. A carefully controlled environment is necessary and

the uncertainties in the level of saturation would be high, due to the di�culty in

localising the liquid, and maintaining a constant saturation through evaporation.

Utaka et al. measured the di�usivity of GDLs by means of an oxygen sensor
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based on a galvanic cell under both dry and wet conditions [197], [198]. The sen-

sor itself consumed oxygen and established the concentration gradient necessary

for di�usion to occur. The technique was used to investigate a novel GDL struc-

ture combining sections of di�erent wettability. An uneven water distribution

was created where water moved from the hydrophobic to the hydrophilic region,

thus creating pathways for gas transport. At low saturations the e�ective oxygen

di�usivity of the hybrid con�guration was almost �ve times larger than that of the

standard GDL with no wettability variation. Iwasaki et al. also used the method

to measure the relative di�usivity through stacks of GDLs (comprised of around

130 individual samples) measuring 50 mm in through-plane thickness [199]. The

relative transport exponent was found to be very high, however, the results are

not representative of a single sample. Saturation was controlled by �rst vacuum

�ooding the stack and then drying it, but the two ends of the stack were subject

to di�erent conditions so dried at di�erent rates, creating a saturation pro�le

throughout the stack, with high saturation samples severely limiting di�usion

at relatively low stack saturation. Koresawa et al. later improved the accuracy

of the galvanic cell technique, citing improvements in uncertainty for single dry

GDLs from 50% down to 20% [200]. However, the results presented still show a

rapid decrease in di�usivity at low saturation indicative of a bottle-neck.

Hwang and Weber developed the limiting current method to investigate par-

tially saturated GDLs in an ex-situ fashion using an electrochemical hydrogen-

pump cell [18]. The method utilized a working and reference electrode separated

by a proton conducting membrane to split hydrogen and then recombine it. The

electro-kinetics were fast so that the limiting current was purely down to mass

transport limitations caused by the �ooding of the working electrode. The GDL

was submerged in deionized water in a small container which was vacuum pumped

in order to de-gas the sample, then saturation was controlled by drying the sam-

ple in ambient conditions until the desired weight was achieved. Some loss of

water occurred during cell assembly but this was estimated to be no more than

10% at higher saturations. The size of the cell and portion of GDL open to the

hydrogen gas stream was also minimized to ensure saturation remained constant

and down-channel e�ects, such as variation in hydrogen concentration, were min-

imized. The experimental set-up was limited to measuring the through-plane
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di�usivity but several di�erent samples (Toray, SGL and Freudenberg) were all

tested and found to produce similar results. The relative transport exponent was

found to be around 3 in all cases. The results agree well with a PNM based

on continuously connected water con�gurations in an ideal lattice [15]. It is ex-

pected that randomly �lled water distributions lead to greater tortuosity in the

gas phase and therefore higher exponents around 4 or 5, but a critical assumption

of the PNM is how the gas phase conducts through partially �lled pores. X-ray

tomography has shown that partially water-�lled pores still allow for gas �ow,

therefore the relative transport exponent might be expected to decrease. The

e�ect of PTFE was also studied and found to reduce the relative transport expo-

nent, thus improving di�usion. Hwang and Weber attribute the improvement to

the PTFE creating good phase separation [18].

2.7 In�uence of Structure and Compression

A major factor in�uencing water transport is the structure of the GDL and pore

size distribution. The PTFE treatment reduces the number of large pores but is

not able to penetrate smaller pores [201]. Macropores of radius 1 - 20 µm are found

to be the most abundant, irrespective of PTFE loading. For hydrophobic porous

media, liquid preferentially �ows through larger pores because the capillary pres-

sure is smaller; this results in a form of �ow known as invasion percolation. Nam

and Kaviany present a picture of liquid permeation [15] where many smaller �ows

through smaller pores converge into larger ones towards the gas channel side of

the GDL forming a pattern likened to an �inverted-tree�, shown in Figure 2.13.

Nam and Kaviany distinguish two forms of water transport, micro and macro.

Near the catalyst layer a large number of condensation sites exist which encourage

the formation of micro-droplets. These micro-droplets agglomerate when they

come into contact with other droplets. This motion is largely random but has the

e�ect of �lling the pores and creating macro-droplets towards the lower saturation

region nearer the �ow channel. Macro-droplet �ow will preferentially select larger

pores, due the smaller capillary pressure required and lower �ow resistance.

The inverted-tree hypothesis was supported by Pasaogullari and Wang [8]

but Litster et al. present a slightly di�erent scenario [16], shown in Figure 2.14.
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Figure 2.13: Nam and Kaviany's representation of the water transport model,
showing the branching micro- to macro-transport. [15].

Figure 2.14: An alternative picture of water transport presented by Litster et al.
[16].

Their study involved the ex-situ visualisation of liquid permeation through a

carbon paper GDL with �uorescence microscopy, and produced a channelling and
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�ngering pattern. Distinct pathways were observed with some resulting in dead

ends and others reaching the surface or converging. If pathways were hydraulically

connected, the fate of one percolation a�ected the other, with a dominant pathway

being established and others receding once breakthrough was achieved. The true

pattern of liquid formation and percolation in an operating fuel cell GDL is most

likely a combination of the two scenarios, and how closely each is resembled will

depend on the operating conditions. Disconnected clusters may form when phase

change is encouraged, and channelling clusters periodically reach the gas channels

and produce droplets, if undisturbed by convective forces or phase change.

Jiao and Zhou proposed that conventional gas di�usion layers do not encour-

age a well organised liquid water �ow from CL to �ow channel [202]. Three

examples of structured geometry were modelled representing the GDL near the

CL region. It was concluded that the key property to consider, when designing

the GDL, is to enhance air �ow within the CL region. Jiao and Zhou also con-

clude that residual water inside the CL is unavoidable because it stops moving

when all forces are balanced such as surface tension, wall adhesion, and contact

with the membrane.

The structure of the GDL is, to an extent, dependant on the level of com-

pression that each component is subject to, which is determined by the clamping

pressure and the width of the gasket used to seal the fuel cell. Pressure due to

compression occurs at varying levels throughout the cell and is highest beneath

the ribs of the current collector, which form the contact points to the GDL.

The following sections describe experimental and numerical investigations of the

e�ects of compression on fuel cell performance:

2.7.1 Studies of Compression: Experimental

Experimental studies summarized in Table 2.3 have shown that the e�ects of

compression cannot be ignored. The impacts on a number of performance factors

such as electrical conductivity and gas permeability have been explored; the ex-

perimental results generally show a reduction in permeability by up to an order of

magnitude when the GDL is compressed but thermal and electrical conductivity

is increased as contact resistance is reduced.
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Authors Relevant Findings Highest
CR

Nitta et al.
[203]

When compressed, sections of GDL beneath the channels remained at the same
thickness and sections under the rib were compressed to the thickness of the gasket.
In-plane permeability of the GDL decreased non-linearly by an order of magnitude
in the compressed sections and the electrical conductivity increased linearly with
compression.

35%

Ge et al.
[204]

High compression reduces performance at high current density so contributes to
greater mass transport losses. Losses occur sooner and the e�ect is more pronounced
for carbon paper compared with carbon cloth. The decrease in contact resistance
improved performance at low current densities but the amount is insigni�cant com-
pared with mass transport loss.

39%

Gostick et
al. [141]

Compressed GDL samples su�er a reduction in permeability by an order of mag-
nitude in both in-plane and through-plane directions. Results compare well with
Carmen-Kozeny and Tomadakis-Sotirchos models of permeability

50%

Bazylak et
al. [177]

Ex-situ study using �uorescence microscopy showed that 80% of liquid break-
throughs occur in compressed regions which is greater than the proportion of GDL
being compressed, thus illustrating that compression creates preferential liquid path-
ways. The e�ect is attributed to the hydrophobic PTFE coating being damaged
leading to the creation of hydrophilic pathways.

Not stated

Ismail et
al. [184]

The permeability in both in-plane and through-plane directions is reduced by up to
an order of magnitude when the samples are compressed from 80% to 65% of the
uncompressed thickness.

35%

Gao et al.
[205]

Neutron radiography showed that the liquid water saturation in the GDL in the
regions next to the ribs were lower than those in the regions next to the channels

12%

Sasabe et
al. [206]

In-situ soft X-ray radiography study reveals in-plane and through plane visualisation
of liquid water pro�les. The majority of liquid water accumulates under the rib sec-
tions with one possible explanation given that the longer di�usion pathway for water
vapour under the ribs amounts to a less e�ective removal and more condensation.

Not stated

Ramos-
Alvarado
et al. [147]

Compression shown to increase relative permeability for both wet-proof and non-
wet-proof samples.

24%

James et
al. [207]

X-ray computed tomography and numerical simulation based on pore-space shows
that electrical conductivity doubles for compressed sections. Di�usion co-e�cient
decreases, however, through-plane di�usion coe�cient increases relative to in-plane
coe�cient and both are signi�cantly lower than the Bruggemann correlation.

40%

Mason et
al. [208],
[74]

Electrochemical Impedance Spectroscopy shows that with increasing compression,
a signi�cant reduction in net performance is observed, with the most signi�cant
di�erences occurring in the mass transport regions of the performance curves due
to a reduction in GDL porosity. Periodic dimensional change is observed in the cell
caused by membrane swelling which acts to compress the GDL, causing performance
changes as the membrane becomes more hydrated and contact resistance decreases.
Current spikes are also observed caused by liquid �ooding and quick removal which
temporally correspond to dimensional changes in the membrane but have a varied
magnitude.

15%

Mortazavi
and Tajiri
[209]

Breakthrough pressure increases as GDL is compressed but the trend is non-linear
and changes are slight for high compression. Breakthrough is only observed in 1 out
of 5 cases when the sample is virtually uncompressed suggesting that compression
is bene�cial to breakthrough behaviour.

80%

Table 2.3: Experimental studies of the e�ects of compression on the GDL.
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The non-uniform compression has been found to have implications for water

distribution and performance throughout the cell, as shown by several di�erent

research groups [177], [210], [211]. For example, parallel �ow channels in a ser-

pentine design will have a pressure di�erence between them which forces the gas

to �ow beneath the ribs. This cross channel �ow is crucial for interdigitated �ow

channels, but bene�cial to mass transport in all cases. Park and Li conducted

a numerical and experimental investigation into the e�ects of the cross channel

�ow and found that a considerable amount of cross-�ow will occur for GDLs with

high permeability, thus aiding water removal [212]. The pressure drop along the

�ow channel attached to a GDL was compared to a �ow channel attached to an

impermeable membrane, the drop was found to be signi�cantly lower with the

GDL which implies that less power is required to pump the reactant gases when

GDL permeability is high. A novel fuel cell design employing parallel channels

with induced pressure di�erences was introduced by Bachman et al., with the

hypothesis that water will be forced to �ow from high pressure towards low pres-

sure channels [213]. The induced pressure gradient was found to be bene�cial for

water management, and also increased the oxygen concentrations under opera-

tion without saturation, thus improving overall current density. Santamaria et

al. investigated the in-plane saturation distribution with neutron radiography in

a cell with strong induced cross-�ow [214]. Strong correlation between total GDL

saturation and cross-�ow was observed, with higher GDL permeability leading

to lower saturation. Transport mechanisms similar to break-through pressure

phenomena were found to exist for under-land transport. Compression decreases

the permeability of the GDL, thus reduces this cross channel �ow. Olesen et al.

also determined that non-uniform compression decreased the reaction rates in the

catalyst layer, as oxygen transport is also inhibited by highly compressed regions

[215], an e�ect that is worsened by the tendency for liquid water to form and

remain there.

2.7.2 Studies of Compression: Numerical

In a numerical study by Hottinen et al. [216] it was concluded that while mass

transfer and overall cell performance was not signi�cantly a�ected when consid-
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ering compression e�ects, the in-plane current density pro�le shows signi�cant

variation, which in turn leads to an uneven temperature pro�le and the develop-

ment of hotspots. However, the study was limited because the e�ects of two-phase

transport were not considered, and it was conducted for a simple GDL without

an MPL. Su et al. found that cell performance is controlled by transport under

the channel area, but when a su�cient pressure di�erence exists between ad-

jacent channels, cross-�ow occurs and brings more reactant gas to the sections

beneath the rib which improves performance [211]. Wang & Chen looked more

closely at the water distribution inside compressed GDL and applied a spatially

varying porosity in order to obtain a saturation pro�le which matched neutron

radiography data [217].

Chi et al. compared two numerical models with a real fuel cell with the same

dimensions and operating conditions [218]. One model took compression e�ects

into account, the other assumed uniform GDL compression and porosity. It was

found that the model with realistic compression e�ects matched the real data

more closely in terms of limiting current and polarisation. Parametric analysis

of the models revealed that heat �ux and temperature distribution were underes-

timated in the uniform case. Hydrogen consumption was found to be greater in

the non-uniform case nearer the inlet and becomes depleted signi�cantly as the

�ow moves down stream. The uniform case allowed a more gradual consumption

along the �ow channel because the ribs do not present so much of a barrier to

reaction and water removal. CFD has also been used to model the e�ects of

non-uniform compression using a single channel geometry [219]. It was found

that GDL compression and intrusion into the �ow channels signi�cantly alters

the uniformity of saturation, oxygen concentration, membrane water content and

consequently current density pro�les. These e�ects have negative consequences

for membrane durability and long term performance.

These studies were all performed using CFD incorporating models for liq-

uid water that rely on empirical relations between saturation and liquid phase

pressure. Another approach is to use pore network modelling which models the

percolation process directly. Lee et al. constructed a pore network model by

simulating a semi-random �brous structure of short overlapping cylindrical rods

located along the edges of a regular cubic lattice [220]. The lattice points at

78



2.8 Thermal Management

the ends of the �bres were then randomized and the void space was analysed

to extract the pore and throat sizes. Compression was simulated by scaling the

coordinates of the lattice points in the through-plane direction, which had the ef-

fect of reducing the area of the throats orientated in the in-plane direction whilst

leaving the through-plane throats una�ected. The consequence for liquid water

was to promote through-plane transport which linearized the saturation pro�le

through the domain.

The structural changes that occur under compression impact the �uid trans-

port within the media as porosity is reduced, tortuosity is (generally) increased,

hyrdophobicity may be lost as the PTFE may become cracked and break up,

and greater inhomogeneity between compressed and uncompressed sections oc-

curs. GDL compression has also been studied by Rebai and Pratt using a cubic

PNM [221] where the sizes of pores and throats were simply scaled in compressed

sections of the domain. It was found that the �ow of water into uncompressed

sections was promoted due to the decrease in pore volume in the compressed

section. The results obtained were highly dependent on the location and nature

of the liquid injection sites and also the scale of the model. The porous fuel cell

components are very thin and have few pores spanning the through-plane direc-

tion, this makes them highly sensitive to boundary e�ects, and accordingly it is

suggested that a study of percolation through the GDL must be accompanied by

a study of the injection sites from adjacent layers e.g. MPL or CL.

2.8 Thermal Management

Water management in PEFCs is intricately coupled with thermal management.

Weber and Newman modelled the coupled processes and investigated the in�uence

of temperature magnitude and gradients on cell performance [222]. Comparing

their non-isothermal models to the isothermal case the performance of the fuel cell

is usually worse, except when the heat transfer co-e�cient is high and average cell

temperature is lower. This is due to the bene�ts gained from increased kinetics

which outweigh the losses due to water management such as increased vapour

pressure. A heat-pipe e�ect is described where a temperature di�erence of a few

degrees between catalyst layer and channel can induce phase change and transport

79



2. LITERATURE REVIEW

water towards colder regions where it condenses. The exponential shape of the

water vapour-pressure curves means that at higher temperatures reactant dilution

from water vapour can cause signi�cant losses.

Temperature dependent �ow was also investigated by Kim and Mench [162]

who found that it occurs in two primary modes: (i) Thermo-osmosis in the mem-

brane and (ii) phase-change induced �ow (PCI) occurring in the porous media

when there is a temperature gradient. Hatzell used high-resolution neutron radio-

graphy to quantify the temperature driven �ow in a single cell [164]. The change

in liquid water distribution over time revealed two di�erent water transport mech-

anisms: capillary driven percolation termed funicular due to the requirement of

phase connectivity and PCI �ow termed pendular due to the existence of discrete

clusters of liquid connected by �ow in the vapour phase. Saturation plateaux

of around 30% were observed in most cases signifying that once percolation is

possible liquid water is transported back to the evaporation sites by capillary

transport creating an equilibrium between the two types of �ow.

Wang and Wang developed a non-isothermal, two-phase 3D model of all the

PEFC components along a single channel [223]. The thermal model accounts for

irreversible heat and entropic heat generated due to electrochemical reactions,

Joule heating due to protonic/electronic resistance, and latent heat of water con-

densation and/or evaporation. Their results show that water vapour transport

via di�usion along thermal gradients plays a signi�cant role in water transport,

especially along the in-plane direction. Thomas et al. showed that temperature

driven water �ux between anode and cathode can occur under certain conditions

[224]. Their experimental results show that water �ux is highly dependent on

temperature di�erences across the cell in the through-plane direction, proposing

that the major contribution is through the vapour phase between membrane and

gas channel, which can occur with di�erences as little as 2 ◦C.

Several reviews of heat and mass transfer at the cell level [225], stack level

[226] and at component interfaces [227] are available for PEFCs. Whilst the

considerations are very important for water management, the control strategies

are largely dependent on the operating conditions of the cell, which is not the

focus of this study. The dominant heat transfer mechanism is thought to be

conduction through the solid components, with convection in the �ow streams
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accounting for up to around 20% [223]. The thermal conductivity of the fuel

components, therefore, plays an important role in heat and water management

with higher conductivity facilitating faster heat removal. This phenomena is fairly

well understood from a fundamental point of view, and the impacts on fuel cell

performance have also been studied [48], so engineering questions remain largely

around material choice.

2.9 Concluding Remarks

CFD is a useful tool for investigating the design parameters and operating con-

ditions a�ecting fuel cell performance. Once the physical models are established,

changes to the design of the fuel cell may be easily tested against the benchmark

geometry and materials, and improvements in performance can be made at a

fraction of the cost of building a series of prototypes. Operating conditions can

be changed and controlled with the click of a button enabling a greater depth

of examination than any physical test-rig. However, understanding the �uid dy-

namics is central to understanding the overall behaviour of the fuel cell, and

current CFD models based on volume averaged porous media are lacking in a

realistic representation of liquid water transport. As the management of liquid

water is critical to performance, a model must incorporate the production and

distribution of liquid water with as much accuracy as possible, but also retain the

greatest utility possible and be able to make predictions at a full cell and stack

level.

The objective of this work is to investigate the liquid transport in porous

media through modelling with a more realistic microstructure and through ex-

perimentation. The e�ects of structural changes induced by compression of the

porous media will be investigated, and the in�uence on multiphase �ow used to

inform future modelling e�orts by producing constitutive relations for continuum

models. In future the work could be built upon to combine the various mod-

elling approaches for di�erent PEFC components to best utilize their respective

strengths. As the relative transport relations are very important for modelling

multiphase �ow, these will be the focus of the study and the key objective will be

to study their dependence upon compression. Non-isothermal e�ects and thermal
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management considerations, though important, will be left for future work when

integrating the �ndings of this study into larger full cell models.
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Chapter 3

Multiphase CFD Model of

Compression E�ects on GDLs

3.1 Motivation

As discussed in Section 2.2, the gas di�usion layer (GDL) of a polymer electrolyte

fuel cell (PEFC) is a crucial component and performs several functions simulta-

neously; it facilitates reactant gas transport towards the catalyst regions and also

provides pathways for product water and electron transport. The GDL also helps

protect the membrane when the membrane electrode assembly (MEA) is sealed

between the current collector plates. Typically the current collectors will have gas

channels, between 1 and 2 mm wide, which can be connected in a range of con�g-

urations [228]. This presents a series of channels and ribs or land areas that form

the contact points with the GDL. It is necessary to clamp the fuel cell together

using bolts and a gasket in order to seal the gases, and this can exert considerable

pressure on the GDL, thus changing the material structure and properties of the

medium with sections beneath the ribs subject to high compression, as shown in

Figure 3.1.

Several experimental studies of the e�ect of compression on the GDL have

been made and are summarised in Table 2.3. Compression is found to a�ect the

liquid water pro�le in the GDL and the performance of the fuel cell, but no clear

picture emerges about the mechanism by which compression a�ects multiphase

transport or how this can be controlled.
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Current Colletor

Membrane + CL

Compressed GDL

beneath ribs

Uncompressed GDL

protruding into channel

Gasket

Figure 3.1: Schematic illustration of PEFC showing compression of GDL occurs
up to the thickness of the gasket.

A review by Ferreira et al. [128] recently summarized the investigations of

multiphase transport in PEFCs using the volume of �uid (VOF) method. Some

40 or so investigations have been conducted in recent years and nearly all focus

on the dynamics of water in the gas �ow channels of the bipolar plates (current

collectors). The focus of the investigations, where the porous GDL is concerned,

is usually on the detachment of droplets from the surface of the GDL. Park et

al. [120] were, to the author's knowledge, the �rst to utilise the VOF method

to capture liquid water dynamics inside a realistic 3D GDL structure. Drainage

was simulated, and the pressure gradient from reactant �ow and the contact an-

gle were observed to be the most important parameters in�uencing the removal

process. However, the domain was very small and the percolation process was

not captured. Suresh and Jayanti [121] also modelled liquid transport through

a representative GDL structure and the methods employed are the basis for the

present chapter. A regular isotropic lattice of cylindrical �bres was created in 2D,
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and liquid was allowed to emerge from inlets at the bottom of the domain. Cases

where gas-�ow is absent, present in the channel and present through the GDL

were simulated to observe the e�ects of gas shearing on the liquid dynamics. The

general pattern was that of channelling and �ngering similar to the description

of Litster et al. [16]. When gas-�ow was present in the channel, liquid droplets

emerging at the GDL-channel interface were removed from the surface, as ob-

served by many experimenters and modellers [102], [13], [229]. Gas-�ow in the

GDL was also observed to in�uence the dynamics of liquid water, creating �ow

in the stream of the gases. This convective �ow, however, is dependent on the

permeability of the GDL medium, which reduces when the GDL is compressed,

as shown by many of the experimental results in Table 2.3

In this chapter, an idealised 2-D lattice of �bres representing the GDL sub-

ject to compression in the through-plane direction is presented. Single phase

and multiphase VOF simulations have been conducted to observe the e�ect of

compression on the permeability and capillary �ow which dominates the liquid

transport process. A key �nding is that whilst permeability is reduced by com-

pression, liquid �ow in the through-plane direction is actually positively a�ected

leading to lower saturation of the GDL at breakthrough. Furthermore, the e�ect

of the contact angle on the liquid dynamics in the most compressed case is in-

vestigated and reducing it is shown to have a detrimental e�ect on liquid water

removal.

No previous study on the e�ects of GDL compression have been conducted

using this technique. The advantage of the technique over other modelling ap-

proaches is the resolution of the discrete phases when compared to a mixture

model and the solving of the full Navier-Stokes equations when compared to a

pore network model, lattice Boltzmann or morphological technique.

3.2 Methodology

3.2.1 Modelling Domain

The modelling domain is a 2-D cross section of cylindrical �bres that are non-

overlapping and equally spaced in a lattice con�guration. This represents a small
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section of the GDL and channel con�guration, and is idealised to enable a su�-

ciently detailed parametric study of the e�ects of changing the �bre spacing in

both the in-plane and through plane directions by means of compression. The

model is most similar to a carbon paper type GDL. The modelling process involves

the construction of �ve geometrical con�gurations representing di�erent degrees

of compression, details of which are found in Table 3.1. A channel section is later

added to three of the modelling domains (cases A, C & E) which are used for the

multiphase simulation. Figure 3.2 shows the unit cell with characteristic lengths.

R

Dp,y

Dp,xy

Dp,x

Lx

Ly

Figure 3.2: Unit cell with characteristic lengths for the modelling domain.

The change in important parameters are also summarised in Table 3.1, where

ε is the porosity which can easily be calculated from the geometry and τ is the

tortuosity which is commonly related to the porosity through Archie's Law: τ =

ε−n where n is typically taken to be 0.5 when applying Bruggemann's correction
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Case CR Dp,y [µm] Dp,xy [µm] ε τ
A 0.00% 10.00 4.73 0.69 1.20
B 11.11% 8.00 4.04 0.65 1.24
C 22.22% 6.00 3.40 0.60 1.29
D 33.33% 4.00 2.82 0.53 1.37
E 44.44% 2.00 2.30 0.44 1.51

Table 3.1: Characteristic lengths and properties of the compressed geometry,
τ = ε−0.5.

to various transport properties [52].

Following the common assumptions that �bres are incompressible and that

deformation only occurs in the direction of compression [141], the �bre radius (R)

and pore diameter in the x-direction (Dp,x) are �xed at 4 and 10 µm respectively,

for all cases. The compression ratio (CR) is de�ned as follows [219]:

CR =
L∗y − Ly
L∗y

=
D∗p,y −Dp,y

D∗p,y + 2R
(3.2.1)

where ∗ denotes the uncompressed value.

The modelling domains, which are 10 pores by 5, were created using ANSYS®

ICEM CFDTM by constructing an ordered mesh surrounding a single �bre with

an octagonal boundary which forms the interior connections. The single �bre

mesh is translated diagonally, copied, and nodes are merged to form the mod-

elling domain. Additional square sections between adjacent �bres in each row

are also required but can easily be tessellated and merged in the same manner,

providing the node spacing matches the vertical and horizontal node spacing of

the octagonal mesh. A section of the �nal result is shown in Figure 3.3. Typical

commercial GDLs can range in thickness between 110 and 420 µm as surveyed

by El-kharouf and Mason [45], and the current collector's gas �ow channels are

usually between 1 and 2 mm in height. In the present study, the thickest uncom-

pressed GDL section is approximately 90 µm thick which is close to the actual

thickness of some GDLs, and allows for a good degree of variability in the liquid

�ow paths whilst minimising the computational expense of the simulation. We

are not primarily concerned with channel droplet dynamics or the behaviour of
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the liquid water after it has permeated through the GDL and merely include the

channel as representative of an open space so only part of it is resolved.

Figure 3.3: Tessellated Structured Mesh.

3.2.2 Governing Equations

Single-phase study

For the single-phase study, the top and bottom edges form the inlets and outlets

to calculate through-plane permeability, and the sides are treated as no slip walls.
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Free slip boundary conditions for the domain edges were not found to alter the

results. For in-plane permeability, the boundary conditions are switched and the

sides become the inlets and outlets. The circular boundaries around each �bre

are treated as no slip walls in all cases. The simulation is isothermal and the full

Navier-Stokes equations of motion are solved with zero gravity and other body

forces owing to the dominance of viscous forces at these length scales. The �uid is

modelled as incompressible air (but any Newtonian �uid could have been chosen)

which is a valid assumption for low mass �ow rates.

The continuity equation is given by:

∂ρ

∂t
+∇.(ρ~v) = 0 (3.2.2)

where ρ is the �uid density and ~v is the velocity. The momentum equation is

given by:
∂

∂t
(ρ~v) +∇.(ρ~v~v) = −∇p+∇.T (3.2.3)

where p is the pressure and T is the stress tensor given by:

T = [µ(∇~v +∇~vT )− 2

3
∇.~v(I)] (3.2.4)

where µ is the dynamic viscosity and I is the unit tensor.

Ismail et al. [230] have shown that, when calculating permeability, the Forch-

heimer or non-Darcy terms cannot be ignored for higher �ow rates when iner-

tial losses account for a signi�cant proportion of the pressure drop across the

medium. Ward [231] has shown that a smooth transition occurs between the

linear Darcy regime and the non-linear Forchheimer regime when increasing the

Reynolds number, de�ned as Re = ρ~vK1/2/µ where K is the permeability, above

1. The simulations are all conducted for Re < 1 and so Darcy's law holds:

Q = K
A

µ

∆p

L
(3.2.5)

whereQ is the volumetric �ow rate, A is the cross-sectional area of the medium

open to �ow and L is the length of the medium.
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Multiphase study

For the multiphase study, the domain is initially �lled with air, and three of the

inter-�bre sections at the lower boundary are selected for water inlets with the

rest being set to no slip walls. The inlet velocity is set to 0.01 ms-1 corresponding

to a capillary number, Ca = µlvl/σ where σ is the coe�cient of surface tension, of

the order 1E-04. This value is higher than those usually encountered in actual fuel

cell operation, but is closest to the capillary �ngering �ow regime reported in the

literature [58], whilst remaining computationally e�cient and is also consistent

with other studies [121],[232],[233]. A channel region above the GDL is included

in the �ow domain, with a pressure outlet at the top of the domain set to zero

gauge pressure.

The VOF model is employed to simulate the multiphase behaviour, with the

primary phase being air and the secondary phase being liquid water, thus sim-

ulating the environment within the GDL of the cathode side of a PEFC. The

VOF model is a surface tracking technique where two immiscible �uids share a

single set of momentum equations and the volume fraction of each �uid is tracked

throughout each cell of the computational domain. The continuity equation for

each phase becomes:
∂

∂t
(αiρi) +∇.(αiρi~vi) = 0 (3.2.6)

and the momentum equation becomes dependent on each phase through the phase

averaged density and viscosity terms:

ρ =
∑

αiρi (3.2.7)

µ =
∑

αiµi (3.2.8)

where αi is the volume fraction of the ith phase. As for the single-phase

simulations, the e�ects of gravity are ignored in the multiphase simulations. This

is justi�ed by considering the Eötvös number of the system, a dimensionless

measure of the relative importance of gravity and surface tension:

Eö =
∆ρgd2

σ
(3.2.9)
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which for droplets of diameter 30 µm (the largest possible in the simulation) is

of the order 1E-04, therefore the surface tension is the dominant force.

3.2.3 Capillary Pressure Model

For simple straight capillary tubes, the capillary pressure, PC , is determined by

the curvature of the interface. The curvature is essentially governed by the contact

angle, θ, between the phases at the solid boundaries constricting the �ow, and

can be expressed by the Washburn relation, as discussed in Section 6.2.1. The

contact angle is a measure of how much a �uid wets (θ < 90◦) or doesn't wet

(θ > 90◦) a particular surface and determines the direction of capillary �ow, as

the �uid �lling the concave side of an interface will be at higher pressure. In

the present study the contact angle is set to 130◦, thus signifying a uniformly

hydrophobic medium. This value has been shown by Fairweather et al. [234] to

hold for a range of PTFE loadings. In reality, the PTFE coverage is not even,

and fuel cell di�usion media do not possess uniform wettability. However, for the

purposes of this study, which is more focused on the geometrical structure of the

medium, it is best to eliminate the in�uence of other variables on the results, so

each �bre has the same boundary conditions applied.

More generally the capillary pressure is de�ned as the di�erence between the

phase pressures and is determined by the Young-Laplace equation [17] which

makes use of the curvature of the interface (κ):

PC = σκ = σ∇.n̂ = Pl − Pg (3.2.10)

where

n̂ =
n

|n|
(3.2.11)

and

n = ∇αq (3.2.12)

where PC > 0 is conventionally understood to mean that liquid is the non-

wetting phase as is the case in a hydrophobic medium. Gostick [17] remarks

that the Washburn relation's simple dependence on the contact angle erroneously

predicts a switch in wettability for contact angle transitions across the value of
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90◦, when in fact a porous medium remains neutrally wettable across a wide range

of contact angles from 75◦ to 105◦. This suggests that wettability alone cannot

determine the transport, but dependence on the structure, such as pore throat

shapes and sizes, also plays an important role.

Surface tension is accounted for in this study by using the continuum surface

force (CSF) model proposed by Brackbill et al. [235] based on the Young-Laplace

equation. It is expressed as a volume force Fvol as part of the momentum equation

where:

Fvol = σpq
ρκ∇αp

1/2(ρp + ρq)
(3.2.13)

In the present study, the surface tension coe�cient between phases p and q (σpq)

is taken to be 0.072 N/m which corresponds to room temperature.

3.2.4 Numerical Implementation

Roache's method for computing the grid convergence index (GCI) based on

Richardson extrapolation [236], [237] is evaluated for the single-phase study by

comparing the inlet pressure for constant mass �ow rate with varying resolution

of grid cell sizes. The results are presented in Table 3.2 for cases A and E. As the

CGI is very low for all the cases investigated the largest cell sizes are selected to

speed up the computations.

Further mesh convergence is established by observing the multiphase �ow on a

smaller section of the domain. A structured mesh is favoured to an unstructured

approach, due to the recommendations that surface tension models are very sen-

sitive to mesh uniformity and quadrilaterals and hexahedra should be used in re-

gions where surface tension is important [238]. The resolution of the mesh can be

controlled more easily with a structured approach with special attention paid to

the node spacing normal to the �bre walls thus ensuring a smooth transition from

smaller to larger cells. Two tessellation techniques were applied with one forming

acute angles in the cells of adjoining units. These acute angles were observed to

in�uence the direction of liquid permeation so the technique was abandoned in

favour of the octagonal approach with adjoining square sections. The optimum

number of cells was found to be about 200,000 for the uncompressed case and
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Case A Case E
Number of Cells in Do-
main (N1, N2, N3)

466400, 254150, 116600 525240, 300960, 168810

Average Cell Height Ratio
(r21, r32)

1.35, 1.48 1.34, 1.50

Average pressure at the
Inlet (P1, P2, P3)

49.58, 49.24, 47.90 237.71, 237.92, 232.32

Apparent Order (p) 3.17 11.37
Approximate Relative Er-
ror (e21, e32)

0.68%, 2.72% 0.08%, 2.35%

Grid Convergence Index
(GCI21, GCI32)

0.5%, 1.4% 0.0%, 0.1%

Table 3.2: Parameters for the Grid Convergence Study

about 350,000 for the most compressed case. The governing equations are solved

numerically in ANSYS FLUENT using a pressure-based solver and the explicit

scheme-based VOF method is selected for the interface tracking. The SIMPLE

scheme is used to obtain the pressure-velocity coupling and the PRESTO! scheme

is used to interpolate the pressure �eld. The second-order upwind scheme is used

to solve the momentum equation and the Geo-Reconstruct scheme to construct

the interface between the two phases for the multiphase simulations. The tran-

sient formulation is �rst-order implicit and the time step is 1E-08 s with a maxi-

mum of 30 iterations per time step. This allows for residual convergence to less

than 1E-05 for each time step, and keeps the Courant number below 1.

3.3 Results and Discussions

3.3.1 Single-Phase Study

The motivation for the single-phase study is partly to validate the modelling

approach against published experimental results and theories of permeability, and

partly to observe the e�ects on the �ow to enable comparisons with the multiphase

modelling. The geometry is idealised in this approach and has a limited range of

pore and throat sizes but can be thought of as representing the average properties
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of the medium. The 2D restriction is necessary for computational e�ciency but

imposes a level of order which is not commonly found in real GDL materials.

Therefore, it is important to establish whether valid conclusions can be drawn

from such a modelling approach. Comparisons made with established theory is

the best way of doing this.

The most frequently used permeability relation in studies of porous medium

is the Kozeny-Carman (K-C) equation, which is based on the idea of a porous

medium being comprised of many tortuous capillary tubes [181]:

K =
ε

kc

(
Vp
Ap

)2

=
εr̄2

4kc
=
εr̄2

8τv
(3.3.1)

where Vp and Ap are the total volume and surface area of the pore space,

kc is the Kozeny constant and r̄ = D̄/2 is the mean intercept half-length of the

pore structure, a measure of the average pore radius. The tortuosity for viscous

�ow, τv, is not de�ned straight-forwardly for complicated geometry and is usually

combined with the Kozeny constant as a �tting parameter for the medium and

therefore:

K = C
εD̄2

32τv
(3.3.2)

Tomadakis and Sotirchos [239] showed that for random non-overlapping �bres

D̄/R = 2ε/(1− ε) and therefore Equation (3.3.1) can be written:

K =
ε3R2

8τv(1− ε)2
=

ε3R2

4kc(1− ε)2
(3.3.3)

where R is the �bre radius, however this equation does not account for or-

thotropic �bre spacing unless di�erent constants are used for di�erent directions

so Equation (3.3.2) will be used.

Inspection of the velocity pro�le through the two extreme modelling domains

in Figure 3.4 reveals that, as the geometry is compressed, the �ow path becomes

less tortuous and regions develop where �ow is stagnant and una�ected by the

bulk �ow. A �ow pattern emerges which is similar to a capillary tube, so �ts well

with the K-C model.
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(a) Case A

(b) Case E

Figure 3.4: Comparison of the through-plane velocity pro�les: Uncompressed
case has uniform �ow whereas most compressed case shows areas of low velocity
and capillary tube like �ow.
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By analysing the pressure drop and tangential velocity along a stream line

that passes through the mid-point of each throat, an e�ective capillary tube

diameter can be derived using the following equation based on �ow through a

slowly varying channel [240]:

v =
h2

2µ

dp

dx

(
y2

h2
− 1

)
(3.3.4)

where h is the half channel height, similar to r̄, in Equation (3.3.1), and y is

the distance from the mid-point of the channel. Therefore, along the stream-line

coinciding with y = 0, the e�ective capillary tube diameter that the �uid appears

to pass through can be calculated as:

Deff = 2

√
2µv

|dp/dx|
(3.3.5)

The �ow parameters and e�ective capillary tube diameter along a streamline

passing through the centre of each throat for the uncompressed case and the most

compressed case are shown in Figure 3.5.

The pressure gradients in all cases oscillate between a regular minima and

maxima when passing through pores and throats respectively. The minima and

maxima lie within an order or magnitude of one-another, so to constrict the

permeability calculation purely to a minimum length scale would be inaccurate.

Excluding edge e�ects, the average e�ective capillary tube diameter is calculated

for all cases in both in-plane (x) and through-plane (y) directions and plotted as

a function of compression ratio in Figure 3.6.

Figure 3.7 shows the numerically calculated permeability according to Darcy's

Law, plotted against compression ratio along with a simpli�ed K-C type perme-

ability utilising the average e�ective capillary tube diameter and Equation (3.3.1).

Here a constant value of C = 2.31 is used, and the Bruggemann approximation

(τ = ε−0.5) is used for the tortuosity, for lack of a better approximation that holds

over the compression range. It can be seen that the through-plane permeability

becomes greater than the in-plane permeability under high compression. Equa-

tion (3.3.2), can be tuned with kc = 9.5 to match the through-plane data quite
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Figure 3.5: Comparison of key �ow data for the uncompressed case (A) and most
compressed case (E): (a) e�ective capillary tube diameter, (b) tangential pressure
gradient along stream-line (c) tangential velocity along streamline.
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Figure 3.6: Average e�ective capillary tube diameter (D̄eff ) for single-phase �ow
in the in-plane (x) and through-plane (y) directions.

well. A kc value of 8.10 was found by Gostick et al. [141] to correspond well

to the permeability of SGL-10BA with �ow perpendicular to the �bre direction.

Therefore, it can be concluded that the results are representative of carbon paper

GDLs.

3.3.2 Multiphase Study - Low Compression

The results from the multiphase simulations for the uncompressed and middle

cases are presented in Figures 3.8 and 3.9 respectively. The general pattern of

evolution of the liquid phase through the GDL is similar for the uncompressed

and mid-level compression cases, and again they are both similar to the work of

Suresh and Jayanti's case without the presence of air �ow [121]. Liquid �ows

from each inlet and, upon meeting a �bre wall, deforms and �ows in one or both

of two directions around it. As each row of �bres has its centres placed directly
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Figure 3.7: Absolute permeability as a function of compression ratio with simple
Kozeny-Carman relationship.

between the �bres in the rows above and below, and there are no other deforming

forces present. The direction of �ow is largely random and subject to bifurcation.

Due to the method of mesh creation, the conditions at each of the inlets should

be identical, yet the individual pathways are not, because of the non-linearity in

the governing equations.

Before the liquid front has reached the mid-point through the �brous domain,

the paths have converged and the pressure �eld is shared throughout the bulk of

the liquid. As more liquid is added through the inlets, capillary pressure increases,

and the interfaces penetrate the constricting throats between �bres further.

The �ow pattern is that of a build up and quick release of pressure in the bulk

�uid as surface tension restricts the �ow simultaneously across the interfaces.

Once a constriction is transitioned the bulk �uid is allowed to �ow through the

pore throat and it expands quite quickly to �ll the pore space. Simultaneously,

the other interfaces connected by the bulk recede owing to the drop in liquid phase
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(a) 3 ms

(b) 10 ms

(c) 16 ms

Figure 3.8: Uncompressed geometry showing liquid permeation as a function of
time from 3 inlets through the �brous GDL and emerging as a droplet in the
channel.

pressure. This e�ect is most obvious when the liquid reaches the GDL surface

and expands rapidly to form a droplet, but does occur throughout the entire
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(a) 3 ms

(b) 8 ms

(c) 13 ms

Figure 3.9: Mid-level compression (CR = 22.22%) case showing liquid permeation
as a function of time from 3 inlets through the �brous GDL and emerging as a
droplet in the channel.

process as shown in Figure 3.10. As the inlet velocity is maintained constant a

periodic oscillation in the pressure at the inlets can be observed corresponding to

mini-breakthroughs of the liquid front through the restricting pore throats.

Once a droplet is formed at the GDL surface a preferential pathway is es-

tablished through the connected bulk �uid. The force required to expand the

surface of the droplet is less than that required to penetrate through a constrict-

ing throat, so all other interfaces remain static until the droplet is removed.
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Figure 3.10: Time series of the pressure at each liquid inlet for case A.
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Several researchers have investigated the dynamic percolation behaviour of liquid

through GDLs with and without MPLs [175], [85], [241]. The results are qual-

itatively consistent with the pattern found here, although the time-scales and

absolute pressure values are quite di�erent. The initial pattern from 0 - 6 ms

is that of three individual water clusters percolating through separate pathways.

The highest pressure occurs when the leading meniscus approaches the smallest

constrictions, and the lowest pressure occurs when a single meniscus occupies a

single pore. Between 6 and 10 ms the left and middle clusters have merged, and

the pressure for these inlets mirrors one another whilst the right is still indepen-

dent and reaches lower pressure values throughout it's cycle. The di�erence in

the magnitude of the pressure cycles is proportional to the number of connected

menisci within each cluster, or in other words the number of throats the cluster

has access to. As a pore is invaded, the meniscus making the transition advances

and expands whilst others recede. The mass transfer that occurs when a pore

is invaded is compensated by the recession which is shared evenly amongst the

other menisci. Therefore, a greater number of menisci connected to the cluster

results in a smaller recession, so the total pressure �eld shared amongst them

reduces less, because the average curvature of the menisci is reduced by a smaller

amount. Between 10 and 16 ms all the clusters have merged, and the pressure

variation becomes smaller and repeats in a saw-tooth fashion as pores are invaded

one at a time. Finally the cluster reaches the top surface and pressure can reduce

dramatically as a large droplet is formed.

3.3.3 Multiphase Study - High Compression

The most compressed case, shown in Figure 3.11, di�ers greatly from the other

multiphase cases investigated with the di�erences solely due to the change in min-

imum �bre spacing. All other �ow parameters and wall contact angles remain

the same. High compression of the medium creates anisotropy in the minimum

�bre spacing normal to �ow and this in�uences the evolution of the liquid path

signi�cantly. No lateral spreading is observed in the high compression case, and

permeation occurs in a fraction of the time, indicating much higher relative per-

meability. As paths do not converge, multiple droplets form at the GDL surface.
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(a) 0.5 ms

(b) 1.5 ms

(c) 3.9 ms

Figure 3.11: Most compressed case (CR = 44.44%) showing liquid permeation
as a function of time from 3 inlets through the �brous GDL and emerging as 3
separate droplets in the channel with no lateral spreading of the paths.

For the lesser compressed cases, the minimum �bre spacing is the diagonal

between successive displaced rows of �bres termed Dp,xy in Figure 3.2, but for the

most compressed case it is the vertical space between columns of �bres termed

Dp,y. As �ow in both the x and y directions must pass through Dp,xy, both are

subject to the same resistive forces, and the �ow is approximately uniform in

both directions for the �rst two cases. However, because Dp,y only restricts the

�ow in the direction normal to it, �ow parallel to Dp,y progresses and the liquid

follows the path of least resistance. Due to the regularity of the geometry, the

e�ect is perhaps accentuated as the liquid front is always presented with a wider

throat to �ow through in the same direction. The characteristic of the medium,

which should re�ect the anisotropy in the �bre spacing normal to �ow, is the
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permeability. A GDL which has higher through-plane permeability than in-plane

permeability should give a preferentially directed liquid �ow (and correspond-

ingly a higher relative permeability) in the through-plane direction. Typically

GDLs have higher in-plane permeability but compressed sections may experience

a switch due to a smaller reduction in the average �bre spacing normal to the

direction of compression (which is always through-plane).

Ramos-Alvarado et al. have experimentally determined the e�ect of compres-

sion on the absolute and relative permeability of Toray 090 carbon paper [147]. It

was observed that whilst absolute permeability decreased with compression, rel-

ative permeability increased, which can now be explained by the relative change

in �bre spacing.

3.3.4 In�uence of contact angle

When the contact angle is 90◦, Equation (2.2.23) shows that the capillary pressure

is zero at the mid-point of the throat where the �lling angle β = 0. This is also

the point at which maximum curvature occurs (βmax). After the invading �uid

passes through the mid-point, the sign of the capillary pressure becomes negative,

indicating a switch in preferential wettability for the phases. For greater contact

angles Equation (2.2.24) shows that the maximum curvature occurs after the point

of maximum constriction with increasing β. This phenomenon explains why we

observe interfaces that have penetrated past the mid-point but are unable to

progress any further when the surface contact angle is greater than 90◦. Once

capillary pressure is great enough to push the interface past the point of maximum

curvature the �uid �ows uninhibited as surface tension decreases with expanding

pore diameter.

Radhakrishnan and Haridoss have shown that compression can decrease the

contact angle, or rather increase the wettability of GDLs, and with cyclic com-

pression these changes may become permanent [242]. The most likely cause for

this change in wettability is the damage and breakup of the PTFE coating. Equa-

tion (2.2.23) shows that for neutrally wettable media the capillary pressure is zero

when the �lling angle α is zero regardless of the width of the pore. Therefore,

one would expect the e�ects of �bre spacing on multiphase �ow to become less
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(a) Contact angle = 130◦

(b) Contact angle = 110◦

(c) Contact angle = 90◦

Figure 3.12: Three snapshots at 3.5 ms for the most compressed case (E) with
di�erent contact angles.
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CR θ Saturation
0.00% 130 0.34
22.22% 130 0.51
44.44% 130 0.25

Table 3.3: Saturation levels in the GDL for the multiphase simulations at break-
through.

pronounced for neutrally wettable media. Two further simulations for the most

compressed case with contact angle θ = 90◦ and 110◦ are presented in Figure 3.12,

and do indeed show lesser directional �ow and greater saturation with lesser con-

tact angle. It is therefore important to increase the through-plane permeability

and retain the hydrophobic nature of the GDL in order to direct �ow. In other

words, smaller hydrophobic throats are more e�ective at stopping liquid �ow than

neutrally wettable ones.

3.3.5 Saturation

The saturation is an important parameter when considering multiphase transport

and is linked to capillary pressure and relative permeability by empirical relation-

ships throughout fuel cell literature. The capillary pressure in these cases is that

required for the liquid to penetrate the narrowest throat or constriction and over-

come the greatest surface tension force. Saturation levels at breakthrough (i.e.

when droplets begin to form at the surface of the GDL) for each case are pre-

sented in Table 3.3. At low compression, where the minimum �bre spacing is

isotropic, the saturation is high and the variation between results is re�ective of

the non-linear nature of the governing equations. For high compression, where

the minimum �bre spacing is anisotropic, the liquid is directed e�ectively in one

direction towards the channel, and the saturation is much lower. When the con-

tact angle is decreased, this lessens the e�ect of anisotropic surface tension forces

and the lateral spreading increases. This leads to a greater saturation but break-

through is not achieved in the same time-scale for the lesser contact angles, so

they are not shown in Table 3.3.
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The results agree with the observations of Bazylak et al. [177] who observe

preferential liquid pathways under compressed sections of a GDL and also explain

the results of Gao et al. [205] who observe a reduced saturation under compressed

sections of a GDL before and after liquid breakthrough. The method of observa-

tion and experimental set-up is di�erent in both of these experiments, with the

key di�erence being the location of liquid water injection. Bazylak et al. allow

water to absorb across the whole section of GDL (both compressed and uncom-

pressed), whereas Gao et al. inject water only into the channel section. As there

will be a negative porosity gradient from the uncompressed GDL adjacent to the

channel to the compressed GDL in contact with the rib one would expect there

to be limited lateral spreading and thus lower saturation under the rib. Bazylak

et al. have also shown that GDLs can be fabricated to give biased directional

transport to liquid water by altering the average throat spacing [143], which is

the same mechanism observed in the present study.

Porosity gradients may in-fact play an important role in determining the liquid

water distribution and overall saturation, as shown by Zhan et al. [243] and more

recently Wang and Chen [217] and García-Salaberri et al. [244]. As porosity

is directly linked to the local �bre spacing, the results presented in this study

would also indicate that porosity grading plays an important role in directing

liquid transport. However, it may be better to base relationships on �bre spacing

directly, as porosity is a volume averaged parameter and may smooth out the

local anisotropy introduced by compression.

Chi et al. have studied the e�ect of compression on the fuel cell performance

using a continuum model of a single PEFC with a serpentine �ow channel [218].

They �nd that saturation increases downstream when compression e�ects on

the absolute permeability are accounted for. However, the e�ect of compression

on the relative permeability or the capillary pressure is not mentioned. Further

detailed investigation of how compression alters these key relationships is required

for modelling purposes to understand the whole e�ect of compression on PEFC

performance and �ooding.
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3.4 Concluding Remarks

The e�ect of compression on a representative PEFC gas di�usion layer has been

modelled using computational �uid dynamics. Five geometries were meshed util-

ising a structured tessellation technique and a single-phase study revealed that a

switch in permeability occurs at high compression, where the through-plane per-

meability becomes greater than the in-plane permeability. A simpli�ed Kozeny-

Carman relation using an e�ective capillary tube diameter is found to agree very

well with the numerical data and reproduces the permeability switch at the cor-

rect level of compression.

Multiphase simulations using three of the geometries reveal that liquid trans-

port is directed by compression, resulting in a lower saturation at breakthrough.

The cases with mild or no compression display high levels of lateral spreading

owing to the bifurcations in liquid �ow path and uniform surface tension in both

directions whereas the case with high compression exhibits preferential liquid

pathways and fast water ejection. When the contact angle is reduced to repre-

sent a neutrally wettable media, the e�ect is also reduced signifying both the

importance of structure and surface energy in determining the liquid �ow.

These �ndings help to explain some of the previous experimental observations

in Table 2.3 but further work is required to establish relations for the relative

permeability as a function of compression ratio and saturation due to the ex-

pensive nature of the computations. This work can help to form the basis of

future investigations using PNMs or other techniques, and highlights the need for

further understanding on the topic of transport under compression. Moreover,

a critical assumption highlighted by this study is how the �bre spacing changes

in each direction under compression. The absolute in-plane and through-plane

permeability of the medium could be used to determine whether tensorial relative

permeability exists. From the �ndings it can also be concluded that increasing

the through-plane permeability by other methods would have a bene�cial impact

on the liquid water transfer.
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Chapter 4

Pore Network Modelling of the

Compressed GDLs: Relative

Transport Relations

4.1 Motivation

Many attempts to understand the multiphase processes occurring within the

PEFC have been made over the years yet gaps in the knowledge still remain,

owing largely to the unusual or atypical properties of the porous electrode compo-

nents. With the exception of the current collectors the fuel cell components are all

porous and vary in porosity, thickness, permeability, wettability and anisotropy,

as shown in Table 2.1. One particular knowledge gap is how the multiphase

transport processes throughout the porous media are a�ected by the morpholog-

ical changes occurring with compression when assembling the fuel cell. An at-

tempt to address this knowledge gap was made in the previous chapter, however,

the modelling technique was limited to an idealized structure and was compu-

tationally expensive, so an extensive parametric study to determine constitutive

relations was not possible.

Pore Network Models (PNMs) are useful tools for analyzing the properties and

transport characteristics of porous fuel cell components, especially for multiphase

modelling, as simple percolation algorithms can be performed when transport is

capillary dominated. The general concept, as explained in Section 2.4.3, is to
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map the pore space onto a discrete network of pores and connecting throats, then

to conduct simulations using transport algorithms based upon a nodal balance

of the transported �uids. In addition to speed and simplicity, PNMs have some

advantages over the more widely used continuum models [131] as they can resolve

realistic saturation pro�les [129].

Greater attention is paid to the structure and topology of the porous material

in contrast to volume averaging for continuum models. Topologically equivalent

pore networks (TEPNs) can be generated using stochastic methods [133] or ex-

tracted from tomography images [134]. Another method for constructing realistic

�brous structures is to use Voronoi Diagrams [136], [137], [69] which are very use-

ful for pore network modelling because the compliment to the Voronoi diagram

is the Delaunay tessellation which directly de�nes the topology of the pore space

i.e. connections between pores.

Anisotropy in the heat, mass and electrical transport characteristics of GDLs

has been observed [141], [47], [48]. Carbon paper GDLs in particular tend to have

an in-plane (IP) alignment of �bres which increases IP transport compared with

through-plane (TP). PNMs representing GDLs have been used to investigate the

e�ects of structural parameters such as anisotropy, heterogeneity and coordina-

tion on the e�ective oxygen di�usivity [142] and the e�ect of compression on the

saturation pro�le [220], [221], however most studies employ cubic network topolo-

gies, so structural parameters can only be adjusted by directly altering pore and

throat sizes in particular directions or regions.

While cubic networks are useful for parametric studies, they do not necessar-

ily best represent the disordered entangled �brous structure of common GDLs.

The average coordination number of a GDL is higher than that of a regular cubic

network and the orientation of throats is not orthogonal. Anisotropy and homo-

geneity can be easily varied in a random network when using a Voronoi diagram

by scaling the coordinates and adjusting pore density. The average coordination

and degree of regularity can also be controlled to an extent with the con�guration

of the initial pore placement. The e�ect of compression is also more realistic, be-

cause changes in the geometry and topology are intrinsically linked; as pores are

moved closer together their throats become smaller and may close o�, therefore

coordination decreases.
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Becker et al. have numerically investigated the e�ect of compression on mul-

tiphase transport using a tomography image of a Toray carbon paper GDL [245].

The image was compressed by shifting voxels designated as �bre and the Geo-

Dict software was used to compute transport properties. Multiphase properties

were calculated after �lling the image with voxels designated as liquid according

to a morphological image opening algorithm [246]. The liquid phase was then

assumed to be static, therefore essentially treated as an additional solid phase

with no-slip boundary conditions applied to the interfaces. The results show that

hydraulic and di�usive transport is reduced with compression, with the reduction

being more severe for the IP direction. The relative transport properties are not

explicitly shown in normalized form, so it is hard to draw conclusions from the

transport curves, although the shape of the curves appears to be unchanged with

compression. Becker's study also focuses on uniform compression, so saturation

distributions under non-uniform compression introduced by channel geometry are

lacking.

In this chapter, PNMs are generated and compressed in an e�ort to study the

e�ects on transport properties of the GDL. The MPL and CL regions are not

modelled, as data about their structural changes under compression is lacking in

the literature. The modelling approach is summarized, networks are validated

with comparisons to experimental data, and light is shed on the e�ect of com-

pression on single and multiphase �ow. Uniform compression is simulated to

systematically study the e�ects on the relative transport properties of the net-

work. Non-uniform compression is simulated to mimic the impact of �ow �eld

compression by adjusting the IP porosity pro�le, and the e�ect on break-through

saturation and limiting current within an operating fuel cell are investigated. The

aim is to present the PNM approach with OpenPNM as a viable method for sim-

ulating realistic multiphase behavior over a broad range of compressions within

a single modelling framework. In this way models can be built upon, incorporat-

ing more physical models, and investigating a range of materials and geometry

scenarios such as the full membrane electrode assembly model recently published

by Aghighi et al. [247].
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4.2 OpenPNM: A Pore Network Modelling Pack-

age

4.2.1 Introduction

This section provides an overview of the OpenPNM package for pore network

simulations to which the author has been a major contributor. The motivation

behind OpenPNM was to provide an open source framework which was generic

and �exible enough to tackle all the diverse porous media problems that exist

across a range of disciplines. It is written in python and the code is freely available

(under the MIT license) from PyPI, the python package index using or by down-

loading the source directly from github, the online code repository used for change

management. The developers also maintain a website (www.openpnm.org) which

contains information on the project, documentation and many examples for new

users to become familiar with the package. Three main principles were kept in

mind when developing the code: accessibility, generality and extensibility. The

python language was chosen for it's growing popularity in the scienti�c com-

munity, it's ease of use, and open-source packages. Many of the functions in

OpenPNM use NumPy [248] and SciPy [249] which combine to provide an ex-

tensive scienti�c computing toolkit comparable to commercial o�erings such as

Matlab. The full reference guide to OpenPNM has now been published [3] but a

brief overview of the key software designs and class objects is provided here for

reference.

4.2.2 Data Storage

OpenPNM stores all pore and throat data separately in NumPy ndarrays (multi-

dimensional arrays) of length Np or Nt for pores and throats respectively, giving

each individual element an index speci�c to the network or related object. Each

data array is stored in the objects dictionary with a key starting with �pore.� or

�throat.� to denote the type of information stored. There are no restrictions on

the data types stored in the arrays (such as �oating point or integer) but boolean

data is a special case and is treated as a �label� within OpenPNM. There are
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routines to easily identify pores and throats by their labels. For example, all the

pores on the bottom face of the network will have the label �pore.bottom� and

net.pores(�bottom�) will return a list of their indices which is useful for applying

boundary conditions and querying the data.

4.2.3 Implementation

The code is object oriented and the structure of the code follows a hierarchy

with the python dictionary as the base class from which all others derive. Core

methods are shared between all classes, giving the package an intuitive feel but

no restrictions are imposed on customisation, as users can de�ne their own func-

tions to populate the object's data with various models. The core object has

data handling and integrity methods and has �ve major subclasses designed to

facilitate storage and manipulation of speci�c types of data. These are: Network,

Geometry, Physics, Phase and Algorithms. Each of the objects has a GenericOb-

ject (i.e. GenericNetwork, GenericGeometry etc.) container class with the basic

methods speci�c to each object and to which models are assigned in order to give

the object increased functionality and information. More details of each object

now follows.

Network

The network object contains topological information, namely the co-ordinates

of the pores which are three-dimensional, and the connections between pores

i.e. the throats. It is possible to simulate two-dimensional networks simply by

de�ning a network that is one pore thick in a given direction. With generality

in mind the connections of the network are stored in a sparse adjacency matrix

which is a commonly used concept in graph theory. If the number of pores in

the network is Np then the adjacency matrix is a square array [Np, Np] with

non-zero values at locations [i, j] indicating that pores i and j are connected.

Throats are assumed to be bi-directional so the matrix is symmetric and also

very sparse, as a pore will only be connected to a small subset of neighbours.

An alternative but equivalent representation of the network connections is an

incidence matrix where row numbers refer to pores (or vertices in graph theory)
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and column numbers refer to throats (or edges in graph theory). Both formats are

useful for querying the network to �nd connected throats or neighbour throats.

Several network topologies are provided in the package, including Cubic which

has pores distributed in a lattice formation and connected by faces, edges, and/or

corners, and Delaunay which has pores distributed randomly or according to a

probability distribution and connected by a Delaunay triangulation of nearest

neighbours.

Geometry

The geometry object contains information on the physical properties and di-

mensions of the network elements (pores and throats). A distinction was made

between topological and geometric information to enable networks to contain

multiple geometries for modelling strati�ed or heterogeneous materials. Each ge-

ometry is de�ned by the models assigned to it, which can be taken from the code

base or added by the user. For convenience, as with the network classes, a few

custom subclasses of GenericGeometry are provided in the package as standard.

The Stick_and_Ball geometry de�nes pores as spheres and throats as cylinders,

with size distributions set randomly according to a statistical distribution, and

is typically used with cubic networks. Voronoi is a geometry intrinsically linked

to the Delaunay network subclass since they are derived from a Voronoi diagram

and its dual, the Delaunay triangulation. Spatial correlation of geometric prop-

erties is inherent to the Voronoi diagram, but additional models must be applied

to spatially correlate other types of geometry with a particular network. The

Voronoi geometry object and associated models has been the author's main con-

tribution to the OpenPNM project, and was developed in order to carry out the

investigations presented in this chapter.

Phase

The phase objects are designed to contain and account for changes in the ther-

mophysical properties of �uids in the network such as temperature, pressure,

viscosity, surface tension etc. As algorithms progress, the �uids will typically

move through the network, so phases are de�ned over the whole network, but
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have an occupancy property between zero and one to account for the volume

fraction of the pore or throat occupied by each phase. The phase objects will

typically be passed to the algorithms and manipulated in order to gain informa-

tion about the network such as the e�ective permeability. OpenPNM does not

store units and every supplied model and algorithm assumes SI units. A small

number of prede�ned GenericPhase subclasses are supplied, namely Air, Water

and Mercury. Currently the package does not support mixtures, but development

of this functionality is in progress.

Physics

The physics objects provide the means to de�ne the transport properties of the

network at the pore-scale by interaction of the phases with the geometry. As a

pore network model is essentially a series of �ow in pipe calculations, analytical

models for di�usive and hydraulic �ow in pipes are typically speci�ed to calculate

the pore-scale conductances. Physics objects therefore lie at the intersection of

geometry and phase objects, where a pore-scale model for hydraulic conductance

such as Hagen-Poiseuille requires a pore or throat diameter and a �uid viscosity.

A Standard physics subclass is provided, containing common models for various

transport properties such as the capillary entry pressure de�ned by the Washburn

relation. As with the other objects, creating custom-models is encouraged, and

is designed to be easy to implement.

Algorithms

The Algorithm objects are the key simulation tools for analysing the pore net-

works. Examples included are Fickian Di�usion, Stokes Flow, Invasion and Ordi-

nary Percolation. The algorithms are the least standardised aspect of OpenPNM,

but they can be broadly categorized as either Linear Transport or Percolation.

Running an algorithm is typically a 3-step process: Firstly, the algorithm is

instantiated by providing it with the appropriate network and relevant phase ob-

jects, as algorithms can be single or multiphase. Secondly, the necessary boundary

conditions are applied, such as selecting pores as inlets for liquid invasion, or ap-

plying a �xed concentration for a di�usion calculation. Lastly, the algorithm's
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run method is called, which if solving an unknown variable such as concentration

or pressure, handles the building of a coe�cient matrix and then calls the matrix

inversion routine (scipy.sparse.linalg.spsolve as standard).

4.3 Methodology

The development of random pore networks using Voronoi diagrams and Delaunay

tessellations was undertaken as part of the collaborative open source project

OpenPNM (www.openpnm.org) [3]. The project is written in Python, which

is also open source, and makes use of many of the functions for graph theory,

computational geometry, and image analysis found in Python's SciPy module

[249].

This section �rst describes the process of creating and compressing a dis-

ordered network, then describes the percolation algorithm and image analysis

approach taken to investigate the e�ect of compression on multiphase �ow. The

next part of the section describes how the networks were validated against a

morphological approach and experimental drainage data, and how the pore scale

models that determine the saturation were set. Finally the transport algorithms

used to calculate the relative transport characteristics of compressed GDLs are

explained.

4.3.1 Network Creation

The steps involved in creating the pore network model from a Voronoi diagram

are shown pictorially in Figure 4.1 in 2D for clarity. The details of the steps for

constructing the networks are as follows:

i Randomly distribute pores in space as shown in Figure 4.1a. For the uncom-

pressed network a domain size of 750x750x375 µm �lled with approximately

5000 pores is used. Pores are distributed uniformly but with increased density

at the domain edges to counteract the naturally arising higher porosity intro-

duced by the Voronoi method, as explained by Gostick [69]. The land-channel

results are conducted for networks with a domain size of 1000x1000x580 µm
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populated with approximately 6000 pores and have a spatially varying poros-

ity in the IP x-direction. The domain is bound within a rectangular box, and

boundary pores that have no volume are created at the boundary faces by

re�ecting the internal pores about the 6 faces of the box before generating

the Voronoi diagram. The re�ection about a plane creates Voronoi vertices

and facets aligned with the plane, and afterwards all pores with connections

solely outside the initial domain bounding box are deleted. The network could

have been formed with non-planar faces by removing unbounded pores at the

domain edges but for transport calculations planar faces are very useful.

ii Create throats by connecting nearest neighbour pores according to the De-

launay triangulation [250] and saving the connections in a sparse adjacency

matrix as shown in Figure 4.1b. The Delaunay triangulation identi�es pore

triplets in 2D that lie on the circumference of a circle that encircles no other

pore. In 3D the triangulation identi�es groups of 4 pores lying on the cir-

cumsphere enclosing no other pore and connects them with non-overlapping

tetrahedra.

iii De�ne the �brous geometry with a Voronoi diagram [251], the mathematical

dual of the Delaunay triangulation. This partitions the domain into proximal

regions surrounding each pore de�ned by sets of vertices connected by edges

forming a cage-like structure. This cage is known mathematically as the

�convex hull� of the set of Voronoi vertices. The diagram is shown in Figure

4.1c and in 2D the edges of the Voronoi cells completely surround each pore.

In 3D the cells become open cages but a slice of the 3D diagram is similar to

the 2D �gure presented. A full 3D structure is shown later.

iv Introduce anisotropy by scaling vertices and pore coordinates. The domain is

initially scaled in the z-direction by a factor of 0.82 for uniform compression,

and 0.5 for the land-channel model to align �bres along the IP direction and

reduce domain height to 307 and 290 µm respectively. For uniform compres-

sion, this scaling was chosen to match porosity and single-phase permeability

data for an uncompressed Toray 090 GDL [141]
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v Create the �bres by populating a binary 3D voxel image with a skeletal frame

using a Bresenham line algorithm on the Voronoi vertices (zero de�nes a voxel

containing �bre and one de�nes pore space). Distance transforms of the voxel

image are then performed and re-binarized using a �bre radius of 5 µm as a

threshold to expand the skeleton and �ll the voxel image with thicker �bres,

shown in Figure 4.2. The 2D equivalent process is shown in Figures 4.1d to

4.1f.

vi Populate a similar �hull image� and use this in combination with the �bre

image to extract pore and throat sizes by through image analysis. We make

use of the convex hull to accurately determine pore volumes, as described

in detail by Gostick [69]. Throat areas are also extracted from the images

by identifying those lying on the intersections between neighboring pores.

An additional distance transform of the �bre image is used to identify those

�pore voxels� adjacent to ��bre voxels� in order to calculate pore and throat

perimeter lengths.

vii Compression is simulated by a manipulation of the �bre image to shift �bre

voxels according to their TP position as described by Schulz et al. [144],

[245], [252]. Compression ratio (CR) is de�ned as percentage reduction in

domain height from the 307 µm baseline as per Equation 3.2.1. Five levels

of compression are simulated in 10% step increases from 0% to 50%, the

maximal level likely to be experienced within a fuel cell. The land-channel

networks remain compressed at 290 µm but contain di�erent pore densities

for the di�erent sections.

Geometry Models

This section details a few of the important geometry models developed to create

the PNM from the Voronoi diagram. The diagram is created with a voxel length

of 1 µm, so voxel volumes represent 1E-18 m3 and voxel areas 1E-12 m2. Many of

the methods rely on Scipy's Euclidean distance transform method [249], which is

a voxel map where voxels are assigned values according to the smallest distance

from an obstacle voxel.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.1: The various steps for creating a �brous image and PNM: a) Placement
of pores, b) Throat connections de�ned with Delaunay Triangulation, c) Pore
sizes assigned with Voronoi Diagram, d) Single pore highlighted, e) Solid volume
added by expanding �bres, f) Final solid structure for all pores
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Figure 4.2: Example �brous structure generated from Voronoi diagram.

� Pore Volume: A hull image is created using an adapted version of the

�inhull� method [253]. For each set of vertices de�ning the intersection of

the hyperplanes forming the cage around each pore the plane normal (~n)

is computed and made to point inwards. Incidentally before compression

this is also the throat normal vector. Then taking one plane at a time,

for every voxel within a bounding box of each pore the vector from the

voxel coordinate to one of the plane vertices (~x) is computed in vectorized

form. The dot products of the voxel vectors with the plane normal are

then compared to the dot product of any plane vertex (~a) with the plane

normal. If (~x.~n − ~a.~n >= 0) within some small tolerance, one is added to

a running tally assigned to each voxel. After performing the steps for each

plane if the tally is equal to the number of planes then the voxel is within

the convex hull of the pore. This calculation and population of the convex

hull image is the most time-consuming part of generating the network. For

an image of 1000 x 1000 x 300 voxels the process takes about 20 minutes

on a 3.40 GHz 16.0 GB desktop. Images much larger than this begin to run

into memory issues and a chunking procedure has been implemented which
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divides the domain into smaller, slightly overlapping chunks. The chunks

overlap to ensure that every pores near the edges is fully calculated as the

process requires that all the Voronoi vertices be present for each calculation.

� Pore Diameter: This is calculated from the Pore Volume using an equivalent

sphere approximation.

� Throat Area: Using the convex hull image, throat areas are calculated by

identifying voxels belonging to the perimeter of each pore by performing a

distance transform in the local space around each pore. A binary image is

created for the distance transform with voxels belonging to the pore assigned

zero and those outside the convex hull one. The distance transform is then

used to identify all the voxels less than 2 voxel lengths away from the pore

convex hull. These voxels are used as a mask to inspect the convex hull

image as they overlap neighbour pores and are summed after subtracting

the voxels assigned to �bres.

� Throat Perimeter: A process similar to the above is used to identify those

voxels lying on the perimeter of the throats. The pore space of the �bre

image is eroded by one additional voxel (again with a distance transform),

e�ectively expanding all the �bres and those in the new expansion zone

overlapping voxels identi�ed as belonging to the throat area are summed to

get the perimeter length.

� Throat Volume: The �bre diameter is used as the throat length for volume

calculation which is a simple extrusion of the throat area.

� Pore and Throat Centroids: A distance transform of the entire pore space

is performed on the �bre image, and local maxima for voxels assigned to

each pore and throat are used to identify the positions of the centroids.

This represents the point furthest away from any �bre within each space,

and the maximum value is also equal to the radius of an inscribed circle or

sphere. The centroids are then used to calculate centre-centre lengths for

transport calculations.
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Network Porosity

Several methods were investigated to generate and compress the �brous geometry

resulting from the Voronoi diagram. At �rst a method which did not generate

a voxel image was tried. Instead, vertex points located at the �bre intersections

were o�set in the plane of the throat facets to a point equidistant from the facet

edges by a distance equal to the �bre radius. This in itself was not trivial and

again several methods were tried to obtain the o�set vertex points. The most

reliable method is based on image analysis, where a 2D image is created for each

throat, and binary erosion of the convex hull of the vertices is used to reduce the

throat area to represent the �bres (as pictured in Figure 4.1e). Once the o�set

throat vertices were produced, they were then used to calculate pore volumes

by computing the convex hull of all the o�set vertices associated with all the

throats belonging to each pore. This method was very fast, but resulted in larger

pore volumes that are bound by cages of polygonal rather than circular �bres. For

reasonably round shaped pores, this over-simpli�cation may have been acceptable

as the aspect ratio of the polygonal �bres was fairly close to unity. However, as

the domain is compressed the o�set vertices also compress and this results in

�bres with high aspect ratio and smaller volumes than spherical un-deformed

�bres. Therefore, the approach was abandoned in favour of a completely imaged

based approach, as detailed previously, primarily to preserve �bre volume under

compression.

In order to achieve �bre volume preservation, voxels were not allowed to over-

lap, so regions of low porosity have solid voxels stacked on top of one another.

This technique distorts the �bres and throats slightly, and results in non-planar

throats and concave pore shapes. This presents a problem, as the method of

pore volume calculation relies on the pore shapes being convex. The problem

was overcome by assigning voxels in another image with identical dimensions to

the ��bre image� to a pore before compression by assessing which convex hull

they lie within using the Voronoi vertices. This builds a non-overlapping hull

image with voxels labelled with the original uncompressed pore index called the

�hull image�, and includes all the voxels in positions labelled as �bres in the �bre

image. On compression, the hull image is simply scaled by the compression ratio,
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and pore index labels are mapped according to their respective height in the TP

direction. Combining the two images, retaining hull voxels that only lie within

the pore-space of the �bre image, then gives the new pore volumes by summing

the surviving hull image voxels for each pore.

A simpler method of simulating compression is to scale the vertices of the

uncompressed Voronoi diagram and regenerate the image, but this does not pre-

serve �bre volume and was found to introduce signi�cant porosity errors at high

compression levels. Without generating and scaling the hull image, the pore and

throat sizes could have been extracted directly from the �bre image through im-

age analysis. This approach was also tried using a maximal ball technique [254],

and software available from the Imperial College research group of Blunt [255].

However, the resulting networks tended to lose their anisotropy, which is a key

feature of the GDLs being simulated, due to the spherical �lling of the pore space.

Other techniques using skeletonization are possible [256] and probably more suit-

able for network extraction on �brous material, but the current approach worked

well. Although the centre of the �bres does not always lie entirely on the bound-

aries of the convex hulls associated with each pore, closer inspection of the image

for a number of pores revealed that these errors are not important, as the �bre

volume covers enough voxels either side of the boundary to still partition e�ec-

tively. Some pores may have slightly larger volumes, but this is always balanced

by neighbouring pores having slightly smaller volumes and overall porosity is al-

ways accurate. The methods described here could form the basis of a generic

network extraction tool for �brous media by creating a series of convex hulls and

merging those that are not completely bounded by �bres but, this is left for future

work.

4.3.2 Percolation Algorithms

Two percolation algorithms are developed in this study: invasion percolation

using the generated pore networks and a morphological image analysis performed

directly on the �bre image.
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Invasion Percolation

The percolation algorithm used to determine the placement of liquid water in the

network is a modi�ed version of the invasion percolation algorithm �rst described

by Wilkinson and Willemsen [257], as discussed in the context of fuel cells by

Gostick et al. [258]. The algorithm represents drainage of a wetting phase by

invasion of a non-wetting phase. This corresponds to the percolation of water in

the fuel cell from the catalyst layer at the bottom of the domain to the bipolar

plate land or gas channel at the top. This process is typically simulated by

starting with an initially dry network and sequentially invading accessible throats

belonging to the path of least resistance. Resistance is based on the capillary entry

pressure, determined by the Washburn equation, details of which are given in

section 4.3.3. The algorithm continues until the entire network is �lled. Trapping

of air is not considered, as the wetting phase is assumed to form thin �lms which

can always percolate. In the general case of invasion percolation, when a throat is

invaded, the pores it connects are assumed to also be �lled, since pores are larger

than throats by de�nition. In the present case of highly porous anisotropic media

with compression, however, some pores were rather �attened and an inscribed

sphere was often smaller than some or all of the throats. Consequently, the

general invasion percolation algorithm was altered such that the entry pressure of

both throats and pores, collectively referred to here as elements, were considered

when seeking the path of least resistance.

Invasion percolation progresses one element at a time by tracking a list of

un-invaded elements connected to the invading cluster, and invading the one

with smallest entry pressure. This enables an invasion sequence to be produced

which allows the precise determination of saturation at the point of breakthrough.

Liquid cluster breakthrough is the point at which an outlet pore at the top of

the domain �rst becomes invaded. A percolating pathway is formed if the cluster

of invaded pores spans the network, the signi�cance of which is discussed by

Gostick et al. [259]. In operating fuel cells, the percolating pathways o�er less

resistance to �uid �ow, as less pressure is required to in�ate a droplet interface

growing in the fuel cell gas channels, than to invade smaller pores inside the

GDL. Therefore, once a pathway is established, the breakthrough pattern is often
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repeated and liquid droplets can be seen forming at the same positions over

and over, as modelled in Chapter 3, and observed experimentally by Quesnel et

al. [241]. Saturation at breakthrough is therefore a good indication of average

medium saturation during fuel cell operation.

Python's heapq module, provided as part of the standard library, is used to

manage the list of accessible un-invaded pores and throats e�ciently. The heaps

are sorted data structures representing a priority queue where the �rst element

always has the smallest value. When a pore is invaded, its newly accessible con-

necting throats are all added to the queue and sorted by capillary entry pressure

automatically. Similarly, when a throat is invaded, its connecting pore is added

to the queue. The algorithm progresses sequentially removing the most easily

accessible pore or throat from the queue, marking the element as invaded with

a sequence and cluster number, and adding neighbours until the queue is empty

and all elements are invaded. The algorithm is a combination of site and bond

percolation, as pores and throats are treated equally and invaded separately, as

opposed to assuming that once a throat is invaded, its connecting pores are also

invaded.

For the uniform compression study individual inlet pores are designated for

�uid invasion. The inlets are assumed to share the same pressure as if connected to

a common external reservoir. We randomly designate 50% of the pores along the

bottom face of the network as inlets. Fazeli et al. present a detailed discussion

of the di�erent inlet conditions for fuel cell modelling [260], and we consider

this to be a fair representation in order to match ex-situ drainage experiments.

As Fazeli et al. suggest, percolation through the GDL of operating fuel cells

may occur di�erently, with separate liquid clusters growing at di�erent rates.

To calculate the breakthrough saturations, in Section 4.4.3 we apply a cluster

inlet condition that groups neighbouring inlet pores together. Clusters progress

individually, but are allowed to merge together, and have their own termination

condition at the outlet. We randomly choose a number of cluster invasion sites

with random grouping radii for our inlet condition. The e�ect of cluster size

is not investigated, but 100 realizations are made for each simulation to ensure

statistical representation, and the simulations are repeated for an inlet condition

of 10 and 20 clusters.
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Once an element is invaded, the volume fraction of each phase is determined

heuristically by a late pore �lling (LPF) model, described in section 4.3.3. This

decreases the residual air phase fraction with increasing capillary pressure. A

drainage curve can be produced as a post-processing step by summing the volume

of the elements with invasion sequence less than a critical step. The critical step

corresponds to the �rst element to be invaded with entry pressure above a critical

value. This critical value is incremented from zero to a maximum of 30 MPa in

sequence to produce the curves.

In addition to the general compression and transport studies, this chapter also

looks at some fuel-cell speci�c arrangements. The in�uence of the fuel cell bipolar

plate's land to channel ratio, pictured in Figure 2.9, is investigated by applying

an IP porosity gradient to sections of varying size determined by a channel area

fraction. The invasion percolation algorithm is run for each network, selecting

clusters of pores in the bottom face across the entire domain for liquid water inlets,

and all of the pores in the channel section of the top face as outlets. Percolation

of each cluster continues until reaching an outlet pore and the total saturation is

recorded once all clusters have either reached an outlet pore to form a percolating

cluster, or have merged with another cluster.

To investigate the in�uence of the saturation on the fuel cell performance,

the limiting current is calculated by simultaneously performing a percolation and

di�usion algorithm, described in Section 4.3.4. A channel boundary condition is

set at 10% for oxygen concentration and 0% at the bottom face. The total rate

of di�usive �ux, Q, is then calculated by summing the rates of the bottom face

pores and converted to a limiting current using Faraday's law:

Ilimit = 4FQ/A (4.3.1)

where F is Faraday's constant and A is the area of the bottom face of the

network (1 mm x 1 mm). The boundary conditions re�ect the environment in the

cathode of an operating fuel cell running at high current density with humidi�ed

gas streams [258].
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Morphological Image Opening

As part of the model validation process, a morphological image opening (MIO)

algorithm is performed on the binary image of the �brous structure. A brief

overview of Full Morphology techniques for analysing porous material was given

in Section 2.4.4. The general method is outlined by Hilpert and Miller [246] and

has been applied to fuel cells several times by Schulz et al. [144], more recently

with varying contact angles surrounding the �bres [261] and Gostick [69]. The

steps taken are broadly the same as that of Gostick except that routines from

SciPy's multi-dimensional image processing tool (ndimage) are used as opposed

to Matlab:

i Using the �bre image produced by OpenPNM's Voronoi geometry module as

described in Section 4.3.1, a Euclidean distance transform (dt1) is performed

using the distance_transform_edt function. This enables the identi�cation

of voxels in portions of the pore space at least distance r from any voxel

designated as solid thus creating a skeletal image for the liquid phase.

ii Next identify connected clusters of skeletal voxels using the measurements.label

function on the distance transformed image. Address access limitations by

only retaining clusters connected to inlet voxels on the bottom face

iii Perform a second distance transform (dt2) on the remaining skeletal clusters

using the same radius again to expand the liquid phase.

iv Sum the voxels in each phase and correlate this with capillary pressure using

the Washburn relation (Equation 2.2.22): 0 is solid, dt2 <= r is water and

dt2 > r is air.

v Decrease r (i.e. increase capillary pressure) and repeat steps (i) to (iv) until

r is just one voxel length. With a smaller radius the spherical liquid inter-

faces are able to penetrate smaller features of the voxel image and saturation

increases.

MIO naturally accounts for LPF and is used to determine the LPF parameters

for the PNM, thus accounting for sub pore-scale features.
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(a)

(b)

(c)

Figure 4.3: Sections of the �bre image at various stages of the MIO algorithm
with decreasing r and increasing PC . Black represents pore space, grey is �bre
and white is liquid water.
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Figure 4.4: Comparison of drainage curves generated from PNM and MIO simu-
lations and experiment for GDL under compression.

4.3.3 Model Validation

To ensure that the PNM is a realistic representation of a GDL, several steps

were taken to validate the modelling approach. To check that pore and throat

sizes are being extracted correctly, a drainage simulation is performed using both

percolation algorithms described in Section 4.3.2 and the results are shown in

Figure 4.4 along with experimental data collected by Gostick et al. [17].

MIO erodes the pore space with spherical elements of decreasing diameter

representing the liquid phase. The capillary pressure is related to the radius, r,

of the element with the Washburn relation stated previously as Equation 2.2.22.

A contact angle, θ, of 110◦ and surface tension, σ, of 0.072 Nm-1 was used.

The radius chosen for the pore network calculation was half the diameter of an

inscribed circle for throats gathered by image analysis, as this best matches the

MIO process. As the PNM percolation algorithm progresses, the volume of the
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Compression Ratio S ′WP η
0.0 0.312 4.00
0.1 0.317 3.30
0.2 0.321 2.87
0.3 0.333 2.56
0.4 0.370 2.35
0.5 0.421 2.08

Table 4.1: The late pore �lling parameters for di�erent compression ratios deter-
mined from morphological image analysis.

wetting phase in each pore (SWP,i) is determined by a heuristic relation accounting

for LPF as follows [262]:

SWP,i = S ′WP

(
P ′C,i
PC

)η

(4.3.2)

where S ′WP is a �tting parameter representing the volume fraction of the wetting

phase remaining in the pore upon initial invasion at capillary pressure PC,i, and

η is another �tting parameter which determines how quickly the residual wetting

phase occupancy decreases inside the pore when increasing capillary pressure.

MIO is used to calculate the average �tting parameters for all the pores at each

compression ratio by matching Equation 4.3.2 to the fraction of occupied voxels

inside the pores at each pressure. The �tting parameters are shown in Table 4.1.

The LPF parameters show that the residual wetting phase upon initial in-

vasion is quite high, and increases with compression. On initial invasion of the

pore, the invading phase (if non-wetting) resembles a spherical volume similar in

size to an inscribed sphere, although this may bulge out of the pore in reality. As

capillary pressure increases, the invading phase will push further into the crevices

of the pore space and corners of the pore, shown in Figure 4.5. As the geometry

is compressed, the pore volumes become more skewed, and an inscribed sphere

occupies less of the total pore volume fraction, leading to higher wetting phase

saturation upon initial pore invasion. The results presented in Figure 4.4 show

close agreement between the two numerical approaches, giving con�dence to use

the generated pore and throat sizes for further pore network modelling.
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(c) Pore fully �lled at highest capillary pres-

sure.

Figure 4.5: A section of the voxel image produced with MIO demonstrating the
late pore �lling (LPF) e�ect.
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The uncompressed experimental data shows higher saturation at low capillary

pressures compared with the simulations, but this is most likely due to experimen-

tal artifacts such as water pooling at the GDL surface due to imperfect contact

between the GDL and water injection source. The compressed PNM curve in

Figure 4.4 shows a steeper increase in saturation at around 10,000 Pa than the

experimental data, which is most likely due to a narrower distribution in pore

and throat sizes used in the model. In reality, �bres may deform and break under

compression, leading to the bisection of pores and creation of micro-pores within

�bres leading to a larger number of smaller pores. This behavior is beyond the

scope of the modelling approach however, and a satisfying level of agreement be-

tween datasets is achieved. The MIO results also agree better with experiment

when compared with the PNM at low saturations. This is because interfaces are

allowed to bulge through the inlet pores without fully invading the pores, and

because the medium is thin this e�ect can contribute to a signi�cant level of

saturation.

4.3.4 Transport Algorithms

In addition to percolation algorithms, the single phase and multiphase character-

istics of porous media can be studied with PNMs. This is achieved by employing

1D linear transport equations and nodal balances to each set of neighbouring

pores, then solving the system of equations over the 2D or 3D network. PNMs

are therefore similar to resistor networks where hydraulic and di�usive conduc-

tivities used to solve Stokes �ow and Fickian di�usion are analogous to electrical

conductivity used to solve Ohm's Law.

The governing equations for mass and species conservation used in this study

are presented in this section. For the conductance values we assume an equivalent

spherical and cylindrical shape for pores and throats respectively.

Permeability

The mass �ow rate corresponding to a pressure drop across the medium is deter-

mined according to the hydraulic conductance, gh, of the set of pores spanning the
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medium. Conservation of mass is ensured by obeying the conservation between

each pore, i and it's neighbour, j, with the following equation:

n∑
j=1

qij =
n∑
j=1

gh,ij(Pj − Pi) = 0 (4.3.3)

The hydraulic conductivity is calculated assuming Hagen-Poiseuille �ow through

a straight cylindrical conduit:

gh =
πd4i

128liµ
(4.3.4)

where d is the diameter of the conduit, µ is the dynamic viscosity of the �owing

�uid and li is the length of the conduit. The total hydraulic conductivity for

a pore-throat-pore assembly or conduit is found by combining the individual

conductances like resistors in series, taking the centre to centre length of the pore

centroids and throat centroid as an appropriate length scale.

1

gij
=

1

gpi
+

1

gt
+

1

gpj
(4.3.5)

Solving the set of linear algebraic equations in the form of Equation (4.3.3)

for the network yields a total �ow rate, Q, which can be used with the pre-

scribed pressure drop across the boundaries (Pin−Pout) to calculate the absolute

permeability, K0, of the medium using Darcy's Law:

Q =
K0A(Pin − Pout)

Lµ
(4.3.6)

where A is the network cross-sectional area normal to �ow and L is the physical

length of the domain across which �ow occurs.

Di�usivity

Similarly to mass conservation and permeability calculation, a species conserva-

tion and di�usivity calculation can be done using the same principal of 1D nodal

balances. Fick's law is used to calculate the di�usive transport of each species
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between pores:
n∑
j=1

na,ij =
n∑
j=1

gd,ij(lnxa,j − lnxa,i) = 0 (4.3.7)

where na,ij is the molar �ow rate of species a between pores, xa is the mole

fraction of species a and gd,ij is the di�usive conductivity, which is analogous to

the hydraulic conductivity, and is de�ned as:

gd =
cDabAi
li

(4.3.8)

where c is the molecular density of the gas, Dab is the di�usion co-e�cient of

the mixture in open space and Ai is the cross-sectional area of the conduit. At

a network level, the solution of the set of species conservation equations yields a

total molar �ux:

Na =
cDeffA

L
(lnxa,in − lnxa,out) (4.3.9)

Both algorithms are implemented in OpenPNM (StokesFlow, FickianDi�u-

sion) and inherit from a GenericLinearTransport object which builds a coe�cient

matrix based on the supplied conductance models and boundary conditions, then

solves it using the standard matrix inversion routines within SciPy. The e�ec-

tive permeability and di�usivity which are intrinsic properties of the networks

(K0 and Deff ) are then extracted from the predicted �ow rates, known domain

dimensions, and applied boundary conditions.

Relative Transport

Multiphase �ow is simulated by e�ectively solving the equations in each phase

separately, where the conductivity of one phase is severely reduced in pores and

throats occupied by the other. This is accomplished by multiplying the single-

phase conductance values by a factor of 1E-06. In this way relative transport

characteristics can be determined by running transport algorithms at successive

stages of the percolation algorithm. A further study of the validity of this con-

ductance assumption could be undertaken, as MIO has revealed that a signi�cant

fraction of residual wetting phase exists upon initial invasion which could be con-

ducting. However, this is not the focus of the present study, so it is assumed that
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corner-�lled pockets of air do not e�ectively conduct.

A general relative transport property, Φr, which represents either permeability

or di�usivity, is calculated as the dimensionless fractional change in the e�ective

transport of each phase, i, as a result of the presence of other phases. Relative

transport is often related to the volume fraction of the pore space occupied by

that phase, Vi, by a power law relation.

Φr,i =
Φi

Φ0

= V n
i (4.3.10)

When modelling fuel cells, as water is generally the non-wetting phase, saturation

by water of the pore space, S, is used to express the relative transport of both

phases, the sum of the relative transport relations is generally taken to be unity

and n = 3 is usually assumed [7].

Φr,air = (1− S)n (4.3.11)

Φr,water = Sn (4.3.12)

where S is de�ned as the volume fraction of the pore space occupied by wa-

ter. Relative phase transport, Φr,i, is calculated by e�ectively only solving the

conservation equations over the subset of pores occupied by phase i. Pores and

throats occupied by other phases are knocked out of the network by having their

conductances severely reduced by a factor of 1 million. However, network con-

servation laws are still applied to the dimensions of the medium as a whole. The

exponent used for the relative relations is therefore a re�ection of the percola-

tion process. If taken to be a linear relationship between domain volume fraction

and phase e�ective permeability, this would imply that all percolating pathways

progress straight through the medium with no trapping of the other phase be-

tween pathways. This is an ideal case, deviations from which result in increased

�ow tortuosity and higher power law relations for relative transport. In addition,

the more tortuous the pathway and the more dispersed the phases, the higher the

overall saturation at percolation breakthrough.
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4.4 Results and Discussion

4.4.1 Size distributions and single phase transport

The key geometric properties of the networks under compression are shown below

and tabulated in Appendix A with �tting parameters to a log normal distribution:
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Figure 4.6: Key network size distributions for all levels of compression.

The general trend is a decrease in all key properties with compression although

some changes are more signi�cant than others. Pore diameter is an e�ective

calculation based on the volume of an equivalent sphere. Throat diameter is also

an e�ective calculation based on the area of an equivalent circle. Throat length is

the total conduit length used in transport calculations from the centroid of pore

i to the throat center to the centroid of pore j. Volumes and therefore equivalent

diameters of pores reduce the most under compression, whereas only a relatively

small change in throat lengths is seen. However, as discussed later the change in

throat length is di�erent for di�erent directions. Other properties of the network
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such as surface wetting contact angle are assumed to remain unchanged with

compression. A very recent study by Zenyuk et al. analyses the changes in pore

size distribution (PSD) for several di�erent GDLs under compression [263]. The

general shift in shape from a more normally distributed range of sizes to a skew

towards smaller sizes is observed, as one would expect, and in agreement with

the simulated results presented here.

By also using the throat vector, it is possible to see how the key throat prop-

erties that in�uence the transport change with compression in the di�erent di-

rections. The angle between the throat vector and the TP axis is used to group

throats, and their average properties are normalized by the maximum value in

each data set, and are plotted with compression below in Figure (4).

Figure 4.7a shows that in general the throats aligned with the TP direction

have the largest area, and Figure 4.7b shows they have shortest length. The

throat area changes signi�cantly for throats aligned with the IP direction, and

not signi�cantly for throats aligned TP. In contrast, the throat length does not

change signi�cantly with compression in the IP direction. On average IP throat

length reduces by about 20% at most, which in-turn reduces IP tortuosity slightly.

Through-plane throat length scales proportionally with compression ratio as pores

are moved closer together, so TP tortuosity will remain constant.

Figure 4.8a shows the e�ective permeability of the compressed networks for IP

and TP directions. Reasonable agreement is found between the simulated data

and a Kozeny-Carman (K-C) relation given as:

K

d2f
=

ε3

16kC(1− ε)2
(4.4.1)

where ε is porosity and kC is a �tting parameter which is equivalent to Equa-

tion 3.3.3 which used the �bre radius, R, instead of the �bre diameter, df . Here

a value of 4.07 for kC is used as this was found to be in good agreement for IP

data collected for Toray090 GDL [141]. Data from a study by Becker et al. con-

ducted on samples of Toray 060 GDL [252] is also included for comparison. The

datasets are similar, but the e�ect of compression on the IP permeability seems

to be more severe in Becker's study. Toray 060 may have a greater anisotropy

than Toray 090 or the di�erences between the extracted and generated structures
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Figure 4.7: Normalized throat properties averaged by throat normal vector and
compression ratio.
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or modelling approaches may lead to the di�erence. For simplicity, we do not

include the in�uence of a shape factor in our hydraulic conductivity, which will

also change anisotropically with compression, but is not expected to have a great

bearing on the results.

Figure 4.8b shows the e�ective di�usivity of the compressed networks for

IP and TP directions normalized by the di�usivity of air in open space. The

simulated IP data is again compared with Becker et al. and with recently obtained

experimental IP data for Toray090 [46]. Encouragingly, good agreement is found

between all data-sets.

Both single-phase simulations clearly show the anisotropy in the structures,

with IP values typically double that of TP values. As noted by Becker et al., the

in�uence of compression is more greatly felt by the permeability than the di�u-

sivity, because permeability depends on the square of the e�ective pore/throat

radius, whereas di�usivity is more dependent on the tortuosity which is not found

to change signi�cantly.

4.4.2 Multiphase transport under uniform compression

The relative transport properties of each phase are normalized by the transport

property with full phase occupancy, and are expressed as functions of the liquid

phase domain volume fraction i.e. the saturation including late pore �lling. In the

present study, where percolation thresholds are a feature of the network approach,

the simple power relation Equation 4.3.10 does not �t the data very well. The

relative transport of mass and species within the air phase is expressed as a

function of both saturation and a critical saturation or percolation threshold, Sc,

above which no percolating clusters of pores occupied by air are found [264]:

Ka = Da =

{
(1− S)n

(
(Sc − S)/Sc

)
, if S < Sc

0, otherwise
(4.4.2)

The relative permeability of water was found to �t a log normal expression

similar to that presented by Hwang & Weber [18] for relative air di�usivity:
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Kw =
1

2

[
1 + erf

(
− ln(1− S) + a

b

)]
(4.4.3)

where a and b are simply �tting parameters. 100 realizations of each relative

property simulation were performed using di�erent randomizations of the inlet

boundary pores for percolation.

Figure 4.9 shows the dependence of the �tted relative transport expressions on

compression of the networks. The pattern for relative air di�usivity is similar to

relative air permeability but with slightly lower values. For IP relative air trans-

port, the percolation threshold appears to decrease with compression, signifying

that transport in the air phase is impeded more signi�cantly at lower satura-

tions under compression. Compression has the opposite e�ect on TP relative air

transport which is less impeded at higher saturations compared with IP. With

increasing compression, the di�erence between IP and TP relative air transport

widens, as saturation would appear to hamper IP transport more signi�cantly.

Our results show that an average medium saturation of 0.35 for compressed GDL

would result in highly reduced air phase transport in the IP direction. Our gen-

erated �brous structures have IP �bre alignment but no preferential alignment

within the IP direction. It is expected that compression would hamper �cross-

�bre� transport much more severely than �along-�bre� transport. It would be

possible to construct fully 3-dimensionally anisotropic networks using the Voronoi

approach through scaling of the vertices but this is left for future work.

For liquid permeability we see a decrease in the IP relative transport, and

comparatively little change in the TP transport. Given the initial anisotropy in

the networks, which show IP conductance typically twice that of TP, the multi-

phase results suggest that, as networks start becoming saturated, this anisotropy

is assuaged and the e�ect increases with compression. The reason for this re-

balancing of TP and IP transport can be explained by the relative change in

throat area for the di�erent directions shown in Figure 4.7. Throats that are

orientated more towards IP close o� quicker than those orientated though-plane,

and therefore capillary pressure increases and the path of least resistance points

more towards the TP direction.
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Figure 4.9: All relative transport relations and their dependence on uniform
compression ratio.
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Da IP Da TP
CR Sc n Sc n
0.00 0.50 1.84 0.59 1.32
0.10 0.52 2.17 0.60 1.23
0.20 0.41 1.11 0.61 1.11
0.30 0.37 0.95 0.66 1.17
0.40 0.51 2.53 0.68 1.05
0.50 0.38 0.95 0.68 0.95

Table 4.2: Fitted parameters for the relative di�usivity of the air phase in both
IP and TP directions using Equation 4.4.2.

Ka IP Ka TP
CR Sc n Sc n
0.00 0.48 2.23 0.59 2.09
0.10 0.50 2.63 0.61 2.04
0.20 0.41 1.71 0.63 1.93
0.30 0.35 0.96 0.71 2.13
0.40 0.41 2.07 0.69 1.75
0.50 0.35 0.95 0.73 1.84

Table 4.3: Fitted parameters for the relative permeability of the air phase in both
IP and TP directions using Equation 4.4.2.

Kw IP Kw TP
CR a b a b
0.00 1.37 0.83 1.23 0.85
0.10 1.39 0.81 1.20 0.84
0.20 1.42 0.82 1.19 0.83
0.30 1.45 0.83 1.17 0.85
0.40 1.49 0.80 1.18 0.86
0.50 1.54 0.76 1.20 0.88

Table 4.4: Fitted parameters for the relative permeability of the liquid water
phase in both IP and TP directions using Equation 4.4.3.
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Figure 4.10: Domain saturation at break-through for compressed networks, with
error bars of one standard deviation.

If compression induces preferential TP liquid �ngering, one would expect lower

domain saturation at the point of break-through (i.e. when a liquid cluster reaches

the top of the domain), as investigated in Chapter 3. Using the invasion per-

colation algorithm, which sequentially records each successive pore and throat

invasion, it is possible to record the invasion sequence when an outlet pore is �rst

invaded and stop the algorithm to obtain the saturation of the domain at break-

through. Figure 4.10 shows the average breakthrough saturation as a function

of compression ratio over �ve realizations randomly selecting 50% of the bottom

face pores as liquid inlets. It is clear that the compression of the medium does

in-fact reduce the break-through saturation which could enhance air transport,

although this e�ect is counteracted by a general reduction in porosity.
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4.4.3 Multiphase transport with IP porosity gradient

The results shown in the previous two sections were produced using uniformly

compressed networks. The GDL is not generally compressed uniformly when

assembling the fuel cell, as current collector �ow �elds are grooved and present

a series of channels and lands as reviewed by Hamilton and Pollet [12]. The

lands make contact with the GDL and reduce the porosity, creating IP porosity

gradients. Networks are created with lowered pore density in a central region

of the domain with varying width, representing the GDL beneath a channel in

the bipolar plate of a fuel cell. The land width to channel width ratio is set at

3:1, 2:1, 1:1, 1:2 & 1:3 and is expressed in the following �gures as a channel area

fraction. Pores in the channel region are further apart and consequently have

larger volumes, so the region has higher porosity.

The in�uence of the channel area fraction on the breakthrough saturation is

shown in Figure 4.11a. There is no discernible pattern and little variation with

channel area fraction. There also appears to be little di�erence in the total satu-

ration of the medium when varying the number of inlet clusters. No attempt to

correlate the inlet cluster positions with the position of the lands is made, and

only percolation from the bottom face is considered. The reason for the lack of

pattern is possibly that two in�uencing factors are mitigating one another: in-

creasing channel area fraction increases the size of the outlet and so a percolating

cluster is more likely to reach the outlet quicker so reduces overall saturation,

whereas at the same time the total porosity of the domain also increases and so

more water can accumulate in the area below the channel.

The IP saturation pro�les produced by our simulations agree well with x-ray

computed tomography data collected by Zenyuk et al. [265], conducted ex-situ

under isothermal conditions. An example is shown in Figure 4.11b. The bulk

of the liquid tends to collect in the higher porosity section of GDL beneath the

channel. However, under non-isothermal conditions such as those typically en-

countered within a fuel cell, the liquid may condense under the cooler rib sections

and evaporate where convection is strongest under the channels [266], [155]. Two

recent pore network studies that investigated phase change phenomena support
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Figure 4.11: Multiphase plots for non-uniform compression cases.
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this hypothesis, but did not account for porosity variation or local pore struc-

ture changes due to compression [267], [268]. Further work is required to assess

the relative importance of the competing transport e�ects on the liquid perco-

lation under di�erent operating fuel cell conditions, including realistic porosity

distributions.

Figure 4.12 shows the in�uence of both the channel area fraction and number

of inlet clusters on the limiting current. The dry results with no water in the

network show that, as the channel area fraction is increased, the limiting current

also increases. This result is intuitive, as the area open to �ow is increasing, so

di�usive �ux is greater. Introducing water reduces the di�usive conductivity of

the network, as shown in the previous section, but the in�uence of the saturation

distribution also becomes clearer.
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Figure 4.12: Limiting current for non-uniform compression with land-channel
boundary conditions and di�erent numbers of clusters. Error bars are one stan-
dard deviation

Although the total domain saturation at break-through is relatively similar
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for the 10 and 20 cluster inlet conditions, the distribution of saturation is skewed

more towards the inlets at the bottom face for the 20 cluster condition, as shown

in Figure 4.13. This in turn creates more of a bottleneck for di�usive transport

and reduces the rate at which oxygen can �ow to the bottom face. Hence the

limiting current is reduced compared with the 10 cluster simulations. This situa-

tion demonstrates one of the e�ects of introducing an MPL to the bottom face of

the GDL, which acts to reduce the number of percolating clusters, and therefore

reduces the bottleneck e�ect. A recent study by García-Salaberri et al. using the

Lattice Boltzmann technique also supports these �ndings [156]. It would seem

that peak saturation is a stronger indicator of fuel cell performance than average

saturation, and modelling techniques that can accurately re-produce saturation

pro�les should be used to predict fuel cell performance. Although our inlet condi-

tion is not dependent on the level of compression or position within the domain,

one might expect the entry points into the GDL to depend on cracks in the MPL

which are more likely to occur beneath the land. Compression is also impor-

tant for the contact between layers which, if poor, will result in liquid pooling at

interfaces leading to severe bottle-necks for air transport as discussed by [269].

4.5 Concluding Remarks

A series of PNMs subject to compression are presented, with good agreement with

experimental drainage and single phase transport data. E�ective and relative

transport simulations are performed, and the e�ect of compression is shown to

reduce e�ective transport but increase some relative transport, depending on the

direction and phase. It is found that compression has a more adverse e�ect on

the IP transport than TP and this can be explained by considering the di�erent

structural changes to constrictions between �bres.

In-plane porosity variation under a land-channel-land scenario is shown to

a�ect the liquid percolation pathway with a strong correlation between saturation

and porosity. This in turn a�ects the limiting current achievable with a fuel cell

which increases proportionally with the channel area fraction, and decreases with

the number of inlet clusters. PNMs are demonstrated as powerful tools capable

of characterizing porous materials with great e�ciency and accuracy.
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It is recommended that further investigation into the land-channel in�uence

on transport in the GDL is conducted combining the topological considerations

presented here and the phase change considerations presented elsewhere. It is

hoped that performing simulations with OpenPNM, an open source framework

developed as part of this work, will aid future investigations.
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Chapter 5

Measuring the Relative In-Plane

Di�usivity of Partially Saturated

GDLs

5.1 Motivation

Transport in thin saturated porous media is of interest to fuel cell engineers due to

the use of thin porous materials known as gas di�usion layers (GDL) in polymer

electrolyte fuel cells (PEFC). As described in Section 2.3, water produced by

the reaction on the cathode side of the PEFC can form liquid which percolates

throughout the GDL, blocking reactant gases and reducing performance through

mass transport limitations. The topic of water management in PEFC has been

extensively reviewed by Jiao and Li [7]. The GDL has been intensively studied to

date, but mostly with respect to single-phase transport properties, [189], [191],

[140], [139] and [270]. To reduce stack costs, cell manufacturers aim to increase

power density, which in turn increases water production within the cell. Under

these conditions, the GDL can become partially �lled with liquid water, owing to

the percolation from the reaction sites and condensation of water vapour if the

relative humidity exceeds the saturation point. If ameliorating mechanisms are

not in place, such as purging or heating, the reactant di�usion through the media

becomes signi�cantly hindered compared to dry conditions. An understanding

of the relative di�usivity, i.e. how gases di�use through the partially water-�lled
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porous media, is essential for understanding and improving the performance of

the fuel cell. The focus of the previous research chapters has been numerical

investigations of the e�ects of compression on multiphase �ow in PEFC GDL.

The present chapter aims to provide a method for experimentally investigating

the relative di�usivity of such materials, and aims to help validate the modelling

work.

In Section 2.6.1 the atypical properties of common GDLs, compared with tra-

ditionally studied porous material such as rock and soil, were introduced. The

most common material used for GDLs is a carbon �bre paper that exhibits highly

anisotropic transport characteristics. Fibres have a high degree of in-plane (IP)

alignment, increasing transport in this direction compared with through-plane

(TP). The TP direction tends to be the focus of studies, as this is the principle

direction of transport within the PEFC between the gas distributor plates and

the reaction sites. However, IP transport is also important for distributing gases

beneath the �ow-�eld ribs, facilitating a more uniform current-density across the

cell, and increased durability [216], [210]. To make the GDLs more hydrophobic,

and therefore improve water management, they are often treated with a coating

of PTFE. Flückiger et al. showed that PTFE treatments reduce di�usive trans-

port by occupying and blocking the pore pathways [140], but this reduction is

a worthwhile trade-o� since it prevents liquid water from spreading within the

GDL where it would completely block gas di�usion.

A review of the experimental and modelling techniques used to characterize

the di�usive transport in PEFC materials is presented by Ismail et al. [53]. Nu-

merous techniques have been employed to measure the dry di�usivity in both

IP and TP directions. Researchers have used electrochemical impedance spec-

troscopy (EIS) to measure the ionic transport in an electrolyte soaked GDL, and

by analogy di�usive transport [271], [139], [208]. In-situ techniques can also be

applied to diagnose mass transfer in running fuel cells, including EIS and limiting

current measurements [190]. However, knowledge and/or control of the water sat-

uration becomes very di�cult. The EIS technique can also be applied to partially

saturated porous media, as demonstrated by Chevalier et al. [272], in a fashion

similar to limiting current. The liquid content was measured with x-ray radiogra-

phy, then modelling was used to determine the contributions of each component
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to mass transfer resistance. Another method for measuring e�ective di�usivity

is the Loschmidt cell, which measures the transient concentrations of a mixture

within two chambers separated by a porous sample or controllable barrier [273],

[192]. This method has not been applied in the IP direction, although the ap-

proach presented by Rashapov et al. [5] is similar, where a step change in oxygen

concentration boundary conditions is applied, and the transient response along

the sample is measured. This is the method adapted for studying the IP relative

di�usivity of partially saturated GDLs in this chapter.

To date, only a few other studies have succeeded in measuring the di�usivity in

GDLs under conditions of variable water saturation [18], [198], [200], and employ

an oxygen sensor that creates the concentration gradient itself by consuming the

oxygen. These studies all focused on the TP direction and are unsuitable for IP

measurements since they require the use of a reactive layer on one face of the

GDL to consume the transferring species resulting in a TP di�usive �ux. Due

to the very thin nature of the GDL, it would be impractical to coat such a layer

onto the IP face. Numerous studies have approached the problem by modelling

transport using direct numerical simulation on images of the GDL microstructure.

Becker et al. obtained tomographic images of dry GDL, then simulated water

invasion using morphological image opening, followed by di�usion calculations in

the remaining gas space [252]. The problem with this approach is that simulating

water invasion in mixed wettability, �brous, anisotropic media is not trivial, and

usually relies on the use of spherical elements. García-Salaberri et al. performed

Lattice-Boltzmann simulations on tomographic images with water injected during

imaging, hence providing realistic invasion patterns [156]. A key �nding of that

work and the subsequent work [274] was that global average water saturation

was not a good indicator of di�usive resistance, a conclusion also supported by

the �ndings of Chapter 4. García-Salaberri et al. found that the presence of

saturation gradients undermined any attempts to extract generalized trends about

relative di�usivity and also recommends that di�usion measurements, for use in

continuum models, are made under conditions of uniform saturation pro�le.

The aim of the present chapter is to demonstrate an experimental methodol-

ogy, which could be applied to any thin porous media, to evaluate the relative

IP di�usive transport in the presence of water-�lled pores. The method utilizes
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an oxygen sensor placed inside a custom-built sample holder that enables the

control of temperature and oxygen concentrations at the outer boundaries of the

samples. Saturation is carefully controlled and regulated by keeping the water in

a state close to freezing. The transient response to a step-change in oxygen con-

centration at the boundaries is used to calculate di�usivity using Fick's second

law. The present study is the �rst to experimentally examine the IP di�usive

transport through the GDL as a function of water saturation.

5.2 Method

5.2.1 Experimental Set-up

The method for measuring the di�usivity of the porous material is based on that

of Rashapov et al. [5], [46]. The transient response to a step change in oxygen

concentration at the boundaries of the sample is monitored at a �xed point in

the sample with an optical oxygen sensor (OceanOptics FOXY-Neofox®).

The previous method set the initial oxygen concentration throughout the

sample to zero by purging it with nitrogen and then removing the gas supply,

thereby manually returning the boundary conditions to atmospheric concentra-

tion of 20.9%. This method was avoided in the present work because the pressure

from the purging would possibly disturb the liquid con�guration and cause evap-

oration, thus adding uncertainty to the calculated saturation values. Instead,

slow purging was used by �owing gases past the ends of the sample at a low

�ow rate (50 sccm) and waiting for the sample interior to equilibrate with the

end conditions via di�usion. A sample holder with small chambers next to the

sample ends was constructed for this purpose, and a schematic diagram of the

experimental set-up is shown in Figure 5.1.

Boundary conditions were controlled by combining nitrogen and air with mass

�ow controllers and �owing the gas mixture past the end(s) of the sample. The

holder was partially constructed with a 3D printer (B9Creator) to enable the de-

sign to include a serpentine cooling channel. This was required for more precise

temperature control to ensure that samples retained their saturation through-

out the experiment. The cooling channel design is shown in Figure 5.2a. The
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N2 Air

FCV

Temperature probe Neofox O2 sensor
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3D printed casing with cooling channels
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Gas Outlet

GDL Samples

Figure 5.1: Schematic Diagram of Experimental Setup.

temperature was regulated by constantly pumping cooling �uid with a Fisher Sci-

enti�c Isotemp 3006D refrigerated circulator set to −10◦C. With the apparatus

exposed to the laboratory atmosphere at room temperature, it was necessary to

measure the temperature of the holder as close to the sample as possible. A hole

was drilled into the under-side of the sample holder to a depth 1mm from the

inner surface, and a mineral insulated thermocouple was inserted and fastened

with epoxy resin. The temperature recorded was between −1◦C and +2◦C at

all times. The longest experiments lasting over an hour, with several changes

of oxygen concentration, were found to have transient responses that remained

constant, proving that sample saturation was maintained. The state of water

could not be veri�ed visually, however, the temperature range measured for the

holder meant that water was either in a frozen state, or very cold with a small

vapour pressure.

The samples were sealed between two steel plates with the printed cooling

plates sandwiched on each side. The steel plates were polished to a mirror �nish

to eliminate surface roughness and any bowing of the surfaces of the plates. This

ensured that even contact was made with the sample surfaces. Rough or uneven

surfaces would have allowed additional di�usional pathways and introduced sys-

tematic errors. Pliable putty was used to encircle the samples and the boundary

gas chambers as a sealant, and was rolled by hand to a thickness of about 1

mm. Care was taken to ensure that the putty was rolled evenly and was placed
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(a) Isometric view of 3D printed holder part with cooling channels.

(b) Top-down view of the bottom plate of the sample holder.

Figure 5.2: Views of the custom sample holder
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as close to the samples as possible to prevent air gaps along the sample length.

The putty was found to be a more reliable sealing material than a gasket which

needed to be cut with high precision and did not provide easy variation in height

when samples of di�erent thickness were tested.

5.2.2 Sample Preparation

Samples were cut to a length of either 35 or 70 mm, for the single or double-

ended set-up, and weighed while dry. They were then submerged in a beaker

of de-ionized water (18 MΩ) and vacuum pumped for several minutes to remove

any trapped gas. The samples were then dried on a mass balance to a predeter-

mined target weight to achieve the desired saturation (S), de�ned by the following

expression:

S = (Mwet −Mdry)/(εV ρwater) (5.2.1)

where Mwet and Mdry are the mass of the samples when wet and dry, ε is the

sample porosity which were measured in a previous study [46], V is the volume of

the sample when compressed by the holder and ρwater is the density of water. The

process of drying water from a hydrophobic media is equivalent to air imbibition,

which is known to be less in�uenced by surface e�ects and access limitations due

to the formation of thin �lms by the wetting �uid [9]. Consequently, this water

con�guration within the GDLs is expected to be more uniform, and is preferred

over injecting liquid water from the surface, as pointed out by García-Salaberri

et al. [156], [274]. The e�ect of compression on the �ow behaviour of the samples

was not investigated in this work and is left for a future study, so the spacer

shims were chosen with a thickness similar to that of the samples to avoid any

reduction in pore space when clamping and sealing the experiment.

A top-down view of the sample sitting on one of the holder plates is shown

in Figure 5.2b. The shims were placed about 10 mm from the samples in order

to let the putty expand away and not intrude into the sample. Samples were not

placed directly on top of the sensor to prevent the formation of ice on the tip

which would have impeded the measurements. The experiments were conducted

in one of two equivalent (i.e. symmetrical) arrangements. These are single and

double-ended, with the position of the putty marked with an `S' and `D' in Figure
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5.2b, respectively. For the double-ended arrangement, gas was �owed past both

ends of the sample, which was cut in half and placed on each side of the sensor.

Alternatively, gas was only �owed past one end of the sample while the other

was blocked, in which case the sample was only placed on one side of the sensor.

In both cases the sensor was located at the no �ux position in the domain, and

the mathematical treatment was identical, with minor di�erences in the domain

length and relative position of the sensor. The advantage of the single-ended

arrangement is to ensure that pressure di�erentials do not exist across the sample,

so that all transport can be attributed to di�usion. Results repeated for both

scenarios yielded similar di�usive coe�cients, giving con�dence that convective

�ow does not occur in either case. In future, the double-ended set-up could be

used to simultaneously measure di�usivity and permeability with the appropriate

sensors.

5.2.3 Calculation of the E�ective Di�usion Coe�cient

The following analytical solution to Fick's Second Law, given by Crank [275],

was used previously to �nd the e�ective di�usion coe�cient, D, of the GDL by

�tting the following equation to the experimental data using D as the only �tting

parameter [5]:

C(t)− C0

C1 − C0

=
inf∑
n=0

(−1)n
(2n+ 1)l − x

2
√
Dt

+
inf∑
n=0

(−1)n
(2n+ 1)l + x

2
√
Dt

(5.2.2)

with initial and boundary conditions

C(t = 0) = C0 (5.2.3)

C(x = ±l) = C1 (5.2.4)

Equation 5.2.2 is valid for homogeneous samples which was the case with the

previous experiment [5] as the GDL �lled the entire sample space. However,

this approach was not valid for the present study, due to the composite domain

created by the air gap around the sensor. Instead the experiment was modelled
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as a one-dimensional di�usion process through each section using �nite element

analysis with FiPy [276]. In the air gap around the sensor the bulk di�usivity

of oxygen in air was used as the di�usion coe�cient. The surrounding section(s)

containing sample were assigned an initial guess for the di�usivity of the GDL,

and the SciPy optimize package [249] was used to �nd the e�ective di�usivity for

the sample by minimizing the square of the residuals of the error between the

experimental and transient response simulated by the �nite element code. The

sensor captures data every second and the longest experiment typically lasts for

around 1000 seconds. The transient di�usion equation was solved implicitly with

a time-step of 0.25 seconds, so the longest simulations must solve the equation

up to 4000 times per iteration. The optimization always converged within 15

iterations to an R2 value of greater than 0.995 and the whole solving process

lasted no longer than 2 minutes per data set. The code used for the �tting

process is detailed in Appendix B.

Other studies monitoring transient di�usion through multiple layered materi-

als or inhomogeneous spaces have employed an equivalent resistance assumption.

Di�usivity of the individual components is then extracted through a resistors in

series calculation [277]. This assumption introduces signi�cant error to the cal-

culation of the component di�usion coe�cients, especially when the di�usivity of

the di�erent sections di�ers signi�cantly, or the lengths of the di�erent sections

are comparable, so that no one material dominates the process. The problem is

highlighted by observing the di�erence between the numerical and analytical so-

lutions for transient di�usion using an equivalent resistance in Figure 5.3. Figure

5.3a shows that, for a homogeneous domain, the solutions match each other, and

Figure 5.3b shows that there is a signi�cant di�erence between the solutions when

modelling a composite domain. The model is representative of the double-ended

arrangement with a central section with higher di�usivity than the surround-

ing sections. Transient di�usion through composite material is a tricky subject,

summarized by Crank [275], where elaborate equations describing the time lag

for concentration changes have been provided for special circumstances. Other

forms of analytical solution are available such as those using eigenfunctions [278].

However, given the computational e�ciency of the current procedure it seems
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(a) Numercial and analytical solution for homogeneous domain.

(b) Numercial and analytical solution for composite domain with di�erent di�usion

coe�cients.

Figure 5.3: Comparison of the numerical and analytical solutions for transient
di�usion in a 1D domain with homogeneous (a) and composite varied di�usivity
(b). Concentration across the sample is shown on the left and the transient change
at the sensor is shown on the right.
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to be adequate. The script used to �t the data is provided as supplementary

material.

The bulk di�usion coe�cient can be calculated at any temperature, given that

it is known for one temperature by the following relation [279]:

DT2 = DT1(T1/T2)
1.75 (5.2.5)

As it was not possible to conduct each experiment at exactly the same temper-

ature, due to �uctuations in room temperature and exposure to the atmosphere

when changing samples, the temperature of the holder was monitored, and the

calculated di�usion coe�cients were adjusted for temperature. However, the

uncertainty due to temperature �uctuations, and the possibility that the temper-

ature of the �owing gases is not equilibrated with the sample holder, is likely to

be very small, and also systematically cancelled out by normalizing the results

under the same conditions.

Where previously the holder was fastened together using screws with a con-

trolled torque, for this experiment a framework was constructed with a hydraulic

piston that pressed the pieces together, as shown in Figure 5.4. This was primar-

ily done to avoid screwing into the 3D printed plastic which could fracture, but

also sped up the changing of samples. The outer surfaces of the sample holder

were also sanded to ensure good contact and even compression. However, some

�ne adjustment was sometimes needed by placing additional material between

piston and holder. The �rmness of the seal was assessed by trying to move the

shims which protruded from either end of the holder. If good even compression

was achieved then neither shim would move. An additional gas-tight test was con-

ducted by running nitrogen past the sample until zero oxygen concentration was

established, then closing the outlets at both ends. Any increase in oxygen read-

ing indicated the presence of a leak. Unfortunately a very slow leak was present

for all the tests which was established to be from the �ttings for the gases into

the printed holder parts. Although useful for prototyping and fast production,

the 3D printed material was not ideal for tapping and fastening gas �ttings due

to its brittle nature. This meant that permeability tests were not possible with

the current apparatus, but di�usion tests that are normalized by the dry result
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e�ectively have the systematic error cancelled out, so are still valid providing that

the �ow rate is kept constant throughout each experiment. The apparatus leak

also meant that a truly zero oxygen concentration could not be established at the

boundaries. However, the di�usivity is calculated from the transient change in

concentration, and this is independent of the actual boundary values, which sim-

ply serve to scale the concentration at any given point in space or time according

to Equation 5.2.2.

Figure 5.4: Picture of the apparatus including framework and piston for com-
pression sealing the sample holder.

5.3 Results and Discussion

Five di�erent GDL materials were investigated to assess whether structural di�er-

ences and PTFE coating made a signi�cant di�erence to the relative di�usivity.

The characteristics of the samples, as measured by Rashapov et al. [46], and

�tted relative di�usivity data are shown in Table 5.1. Figures 5.5, 5.6 and 5.7

show the normalised �tted di�usion coe�cients for the various samples. The

data is multiplied by a factor of (1 − S), to account for volume reduction, and
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resulting saturation functions are �tted to both Equation 2.2.12 and the following

expression, commonly used in the literature:

g(S) = 1/2(1 + erf [(−ln(S) + a)/b]) (5.3.1)

The data presented is the average result for a number of experiments on a

single sample collected with di�erent boundary condition changes. In each case,

the mass �ow rates of the gases were altered to change the concentration of

oxygen �owing past the sample ends and the system was left to reach steady

state. The purpose of repeated measurements on the same sample was two-

fold. Firstly, the sensor does not measure concentration directly but a phase-shift

in a �uorescent response of the coating material on the sensor tip to a pulsed

excitation. This phase shift is temperature dependent, so in-situ calibration was

possible using the various steady-state concentration values. Secondly, for some

cases, the calculated di�usivity was found to be di�erent when switching from

high to low oxygen concentration boundary conditions and vice versa. This was

an indication of a leak, with atmospheric oxygen penetrating the sample holder,

thus providing additional di�usion pathways to the sensor. These anomalies were

due to inadequate positioning of the sealing putty and results with inconsistent

di�usivity were discarded. The raw data for SGL 10 BA and Toray 120 was

collected by Pavel Stogornyuk, an undergraduate at McGill University, under the

present author's guidance. However, development of the methodology and the

collection of all other datasets and interpretation of every dataset was entirely

the work of the present author. In all cases the error bar on saturation is an

estimated uncertainty based on the propagated uncertainty in sample dimensions

and uncertainty in porosity from [46].

The material properties of the uncompressed materials are presented in Table

5.1. During the experiment it was necessary to compress the materials slightly

to seal the gases and the compressed properties are shown in Table 5.2. Also

included in Table 5.2 is the dry di�usivity values and a comparison to the same

manufacturers samples in the literature. The results for this experimental setup

agree well with those collected by Rashapov et al. [5], [280] using a similar setup

where the sample ends were exposed to the atmosphere rather than �owing gases.
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Figure 5.5: Results for the SGL GDLs showing g(S) data �t to both equations
2.2.12 and 5.3.1 and τS.
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Figure 5.6: Results for the Toray 090 GDLs showing g(S) data �t to both equa-
tions 2.2.12 and 5.3.1 and τS.
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Figure 5.7: Results for the Toray 120 GDL showing g(S) data �t to both equations
2.2.12 and 5.3.1 and τS.
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However, a study by Mangal et al. [187] reports values for dry di�usivity for Toray

090 which are about 40% lower, when comparing values using the compressed

porosity. The reported sample thickness and uncompressed porosity values di�er

between studies and so the reported compressed porosity corresponds to di�erent

compression ratios which may account for some of the di�erence, as well as sample

variation and possible material degradation. The SGL values reported in the

present study agree well with the literature. However, the present Toray 120 value

agrees well with the study of Hwang and Weber [18], who recorded through-plane

values, but less well with Rashapov et al. [280], who reported in-plane values.

This is a somewhat puzzling result, given that the Toray 090 results agreed so

well. We can, at this time, only attribute the di�erence to material variability.

A summary of the �tted parameters for all the results is also shown in Table

5.3. Overall, there is little di�erence between PTFE treated samples with power-

law exponents all close to 2. The results agree with simulated results from both

pore network models (PNM) [15], [69] and Lattice Boltzmann models (LBM)

[155], [156], as well as theoretical predictions [281], [282]. The exception is the

sample with no PTFE added (Toray 090), which has a higher exponent, signifying

decreased transport with higher saturation. The observed di�erence between

treated and untreated samples, though modest, might indicate the partial �lling

of pores in the more hydrophobic samples, allowing air to di�use around the water

through the interstitial space in the un�lled corners.

Sample Name PTFE Porosity Thickness
Content

A SGL 10 BA 5.0 0.871 ± 0.006 423 ± 13.7
B SGL 34 BA 5.0 0.827 ± 0.008 284 ± 12.0
C Toray 090 0.0 0.745 ± 0.008 280 ± 9.0
D Toray 090 5.0 0.719 ± 0.010 262 ± 9.6
E Toray 120 5.0 0.746 ± 0.007 364 ± 8.5

Table 5.1: Uncompressed material properties.
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Material Shim Compressed Dry Normalized Literature
Thickness Porosity Di�usivity Value(s)

A 406 0.866 ± 0.039 0.47 ± 0.03 0.463 [18]
B 254 0.807 ± 0.036 0.54 ± 0.04 0.53 [280]
C 254 0.719 ± 0.032 0.52 ± 0.04 0.54 [280], 0.31 [187]
D 254 0.710 ± 0.032 0.51 ± 0.04 0.56 [280]
E 305 0.697 ± 0.031 0.34 ± 0.02 0.49 [280], 0.325 [18]

Table 5.2: Compressed properties and dry di�usivity normalized by open air value
with comparison to literature.

Material n a b
A 2.05 1.31 1.21
B 2.03 1.30 1.21
C 2.43 1.54 1.46
D 2.02 1.30 1.15
E 2.12 1.35 1.33

Table 5.3: Materials used in this study with �tted exponents using the g(S)
relations.

5.3.1 Comparison to Literature

The relative di�usivity power-law exponents measured in this chapter are simi-

lar to the PNM of Nam and Kaviany [15] constructed from overlapping squares.

The PNM considers edge and face di�usion and the connectivity of liquid water

clusters. As porosity reduces, edge di�usion between adjacent �bres becomes

more important, but liquid connectivity does not appear to a�ect the IP di�u-

sion as saturation increases. The TP �ow is shown to be less than the IP �ow

with increasing saturation, with an exponent of 3 or 4 depending on the clus-

ter connectivity. This is because the �bre alignment in the IP direction reduces

tortuosity. Nam and Kaviany described the connectivity of the liquid phase as

being a mixture of randomly dispersed and correlated pillar-like shapes, where a

fully correlated scenario would result in straight pillars and a linear relationship

between transport and saturation. The PNM of Gostick [69] predicts that, as

saturation increases, TP di�usional transport will become more hindered than
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IP transport, and utilises a random network generated from a Voronoi Diagram

that generates a realistic �brous structure. The structure is scaled so that �bres

have some IP alignment which appears to promote IP liquid spreading. Liquid

is invaded from the bottom face and appears to stratify, so that the saturation

distribution is skewed towards the bottom face in the TP direction, but rela-

tively uniform in the IP direction. The spreading of water into a liquid plane

impedes transport through that plane and this increases the relative di�usivity

exponent. The Lattice Boltzmann simulation of García-Salaberri [156] highlights

the in�uence of saturation distributions on the TP transport where bottlenecks

can be created by liquid planing along the �bre direction. This results in di�erent

transport regimes for di�erent levels of saturation, so that the relative di�usivity

exponent actually depends on, and increases with, average local saturation. The

study highlights the problems involved with using an average saturation to calcu-

late the transport properties. The IP relative di�usion, however, does not su�er

as badly as the TP and remains with exponents between 2 and 3 for all local sat-

uration values. This is possibly because bottle-necks in the IP direction are less

likely when the domain is not subject to compression or IP porosity gradients.

The results for a TP study of relative di�usivity conducted by Hwang and

Weber tend to �t well with Equation 2.2.12 using an exponent of 3 for samples

without any PTFE treatment [18]. However, in PTFE treated samples, Equation

5.3.1 was a better �t to their data, as it accounted for an initial region at low

saturation where the normalized e�ective di�usivity remained close to 1. The ex-

planation given by them is that PTFE coating hinders liquid transport, leading

to good phase separation and better gas phase conductivity. Their data show

large scatter between samples coated with di�erent amounts of PTFE. However,

a signi�cant variation is consistently observed between samples with and with-

out PTFE, indicating that PTFE does indeed improve gas phase transport at

a given saturation level. The impact of PTFE was not nearly as substantial

for the present study. Equation 2.2.12 �ts both treated and untreated materials

equally well and no delayed onset of di�usion resistance was observed at low sat-

urations. The exponent for Equation 2.2.12 was slightly higher for the untreated

sample (n=2.43 compared to n=2.01), so PTFE does seem to improve IP relative

di�usivity slightly.
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The added material tend to form planar structures along the �bre direction

collecting at �bre intersections, which are more common for Toray papers in

the IP direction as has been shown [140], [277]. Also, depending on the drying

method the distribution of PTFE can be concentrated at the TP surfaces leaving

the bulk of the material free of PTFE [283], [284], [285]. The results suggest

that the morphology of the binder and PTFE and its tendency to form planar

structures in�uences the liquid transport and cluster formation di�erently for TP

and IP transport.

Modelling of the single-phase transport properties of GDLs with binder and

PTFE structures has been conducted by El Hannach and Kjeang [286]. Stochas-

tically generated non-overlapping cylinders were used as the base structure and

binder was built up from sections of the pore space next to �brous intersections.

PTFE was added in a similar manner but was only applied to the top and bot-

tom surface regions of the domain. Three sub-domains are generated with low,

average and high porosity with the low porosity displaying strong �bre alignment

due to the condition that �bres are non-overlapping. The authors state that the

impact of PTFE loading on IP properties is almost negligible, whereas TP prop-

erties (di�usivity and permeability) decrease by 10% to 40% depending on the

initial porosity of the base structure. To the authors knowledge, no multi-phase

simulations have been conducted that incorporate the di�erent material types

and structures present within a PTFE treated GDL but the experimental results

presented in this study and by Hwang and Weber [18] would suggest that PTFE

in�uences liquid transport in the TP direction creating good phase separation

but does not in�uence the IP transport in the same manner, possibly due to

the banding of the PTFE at the surfaces or the fact that PTFE aligns with the

predominant �bre alignment. It would therefore be interesting to investigate the

multiphase transport properties of treated GDLs further, both over a wider range

of materials with di�erent structures. Some having �bre alignment and some not,

and with di�erent heat treatments that a�ect the penetration of the PTFE.
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5.4 Concluding Remarks

A new method for measuring the relative IP di�usivity of partially saturated thin

porous material has been created. Several GDL samples were investigated, with

little di�erence found between data-sets, except for a slight decrease in relative

di�usivity for untreated samples compared with treated. However, behaviour

observed by other researchers investigating TP relative di�usivity for varying hy-

drophobic treatment levels was not found in the current data, suggesting that

the treatment a�ects transport di�erently in di�erent directions. The method

was found to produce the expected relation between relative di�usivity and satu-

ration for homogeneous three-dimensional media: a power law dependence with

exponent around 2. Where other techniques for measuring e�ective properties

of dry material are not suitable for measuring partially saturated material, this

method has proved successful. Future work could utilise the same set-up with

minor modi�cation to measure the relative permeability and also study the ef-

fect of compression and inhomogeneity on the relative transport properties. In

addition the bottom plate may be modi�ed to allow for in-situ liquid injection,

to investigate the e�ect of di�ering saturation distributions.
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Chapter 6

Capillary Hysteresis in Neutrally

Wettable PEFC GDLs

6.1 Motivation

Modelling porous media requires an understanding of the topology and geom-

etry of the pore space in order to make appropriate simpli�cations to predict

�uid interactions and behaviour. A fundamental relationship when characteriz-

ing porous media regarding multiphase �ow is how the saturation depends upon

the capillary pressure, here termed the S(PC) relation. For a medium occupied

by air and water that is non-water wetting the saturation, S, is de�ned as the

volume fraction of the pore space occupied by water. The capillary pressure, PC ,

is then de�ned as the pressure in the non-wetting phase minus the pressure in

the wetting phase (PC = PNW − PW ). The relationship largely depends on how

well the pores are connected by throats i.e. topology, the size distribution of the

pores and throats i.e. geometry, the history of the �uid �ow and the physical

laws applied to the algorithms for solving the �uid �ow and interaction. The

latter is the main subject of this chapter, speci�cally the impact of the chosen

pore-scale capillary pressure relation in determining pertinent size information

and percolation characteristics and consequently, the distribution of the phases

and their relative transport properties.

The material of interest, SGL 10 BA carbon paper, is typically employed as

a gas di�usion layer (GDL) in polymer electrolyte fuel cells (PEFCs) and serves
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to distribute reactant gases, conduct electricity and also aid the removal of liquid

water. To serve these functional requirements GDLs have high porosity (0.75 -

0.85) and are often coated with a wet-proo�ng material, PTFE, which also binds

the �bres of the material together. However, the coating is not evenly applied

and the carbon �bre substrate, as well as the PTFE, are considered neutrally

wettable, with average contact angle between 60◦ and 120◦ [287]. The contact

angle is de�ned as the interface angle between phases when measured through the

non-wetting phase at solid boundaries, therefore a non-wetting �uid is generally

understood to have a contact angle greater than 90◦. The capillary pressure

characteristics of fuel cell GDLs have been studied by several research groups

[66], [288], [289], [290], [17]. These studies found strong hysteresis in the S(PC)

curves for intrusion of water, termed drainage (referring to the wetting phase,

air), and extrusion, termed imbibition. This is surprising at �rst, as the material

appears to switch wettability where positive capillary pressure is required to force

water in, signifying air wetting, and negative capillary pressure is required to

withdraw it, signifying water wetting. Despite this apparent ambiguity about

the wetting properties of the GDL, the convention in the fuel cell community is

to consider liquid water to be non-wetting and de�ne the capillary pressure as:

(PC = Pl − Pg).
Amongst studies where hysteresis is observed there is apparently no consistent

explanation as to why the phenomenon occurs. Schwartz and co-workers attribute

the hysteresis in S(PC) to hysteresis in the contact angle [289], [291], described

and illustrated by Bear as the �rain-drop� e�ect [292], but later acknowledge that

their contact angles should be viewed as e�ective ones that are not a direct result

of the surface wettability [234]. The �rain-drop� e�ect is so-called as one can

imagine a rain-drop sliding down a surface under the in�uence of gravity. The

bulk of the �uid forms a bulge at the advancing contact point, whereas a tail-

like shape forms at the receding contact point, creating di�erent contact angles.

The advancing and receding contact angle is used, when modelling drainage and

imbibition through �brous media, as a �tting parameter without direct physical

reasoning, and serves to account for more complex geometrical e�ects that can-

not be explained by a simple capillary tube analogy. Gostick et al. conclude

that the hysteresis in their experimental results highlight the fact that capillary
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behaviour in such materials is highly in�uenced by pore structure [17], a theory

also supported by many of the �ndings of Harkness et al. [290].

Another cause of capillary pressure hysteresis is the so called �ink-bottle�

e�ect, where drainage of the wetting �uid is controlled by the size of the pore

necks (or throats), and imbibition is controlled by the pore bodies, as illustrated

by Dullien [188]. But Harkness et al. point out that observing water withdrawal

at negative capillary pressure (without contact angle hysteresis) implies having

negative pore bodies, so this cannot be the only explanation.

Pore network models studying transport, and topological features of �brous

di�usion media (DM) are numerous in recent years [157], [58], [293], [129], [132],

[221], [294], [295], [296], [297], [298], [299], [247]. The assumption that capillary

pressure should be calculated based on straight capillary tubes is common and

implemented using the Washburn equation. It is shown in this chapter that this

assumption leads to erroneous results concerning the pore size distribution and

characteristic capillary �ow.

Making use of a three-dimensional cubic pore network model (PNM) it is

shown that, when �tting a speci�c geometry and topology, good agreement be-

tween experimental data using air and water collected for �brous carbon paper

material and numerical data can be obtained. However, the hysteresis observed

in the capillary pressure when observing percolation and imbibition is only seen

when considering the constrictions between data to be of a toroidal shape, rather

than straight capillary tubes, therefore accounting for the in�uence of pore struc-

ture. Furthermore, the model does not require that contact angle hysteresis

occurs for drainage and imbibition, but arises naturally from the requirement of

positive pressure in the invading phase.

6.2 Method

6.2.1 Capillary Pressure Model

A common model for capillary pressure in a straight cylindrical capillary tube

of radius r, between phases with surface tension σ, is the Washburn equation.

Switches in wettability can be explained using the contact angle, θ, between
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phases because the sign of the capillary pressure changes when the contact angle

passes through 90◦:

PC = −2σcosθ

r
(2.2.22 revisited)

However, the capillary pressure is actually determined by the curvature of the

interface where the contact angle only forms part of the boundary condition [9].

Equation 2.2.22 is only valid for straight cylindrical capillary tubes as a solution

of the more general Young-Laplace equation:

PC = σ∇.~n (6.2.1)

where ~n is the solid surface unit normal vector at which the three-phase con-

tact line between wetting �uid, non-wetting �uid and solid forms. Dullien illus-

trates that the capillary pressure is very sensitive to the geometry of the solid

structure when the surface exhibits contact angles in the neutrally wettable region

[188], rendering strict application of the Washburn equation invalid.

The Purcell model for capillary pressure accounts for the converging-diverging

nature of �brous material structures by imagining the meniscus passing through

the centre of a torus as follows:

PC =
(−2σ)

r

(cos(θ − β))

(1 +R/r(1− cosβ))
(2.2.23 revisited)

where r is half the minimum �bre spacing or pore/throat radius, R is the

�bre radius (set at 5 µm for our study) and β is the �lling angle, de�ned as

zero when the interface reaches the smallest constriction. At this point Equation

2.2.23 reduces to Equation 2.2.22, but critically, this is not the point at which

maximum interface curvature occurs. The model was �rst proposed by Purcell

[68] and is discussed in detail by Kim and Harriott [300] and Mason and Morrow

[62]. The �lling angle at which the maximum meniscus curvature occurs was

shown by Mason and Morrow to be:

βmax = θ − π + arcsin[sin(θ)/(1 + r/R)] (2.2.24 revisited)

The maximum curvature corresponds to maximum capillary pressure, used in
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Case (uncompressed Capillary Pressure Mean Contact Angle
& compressed) Model (Water / Air)
A & D Purcell (110◦ / 70◦)
B & E Washburn (110◦ / 70◦)
C & F Washburn (110◦ / 110◦)

Table 6.1: Details of the capillary pressure models for each numerical case.

network modeling as a threshold entry-pressure for the invading phase, and is

higher than that predicted by the Washburn equation. By substituting Equation

2.2.24 directly into Equation 2.2.23 and using this value for the threshold entry

pressure, Gostick was able to create a PNM simulating drainage of air from a

typical GDL [69]. The same method is used in the present chapter for cases

employing the Purcell model, and is applied to both drainage and imbibition.

Figure 6.1 shows the shapes of the interface for di�erent contact angles, where

water is pushing upwards through a straight capillary tube on the left, and the

centre of a toroid on the right. For the straight tube, the sign of the pressure

in each phase is determined by the contact angle, with positive pressure required

to maintain a convex interface shape. For the toroidal geometry, we observe

an in�ection of the interface from concave to convex in all cases, irrespective of

intrinsic surface wettability. This signi�es that positive pressure is always required

in the invading phase to transition through the constriction, regardless of the

wetting angle. For very strongly wetting or non-wetting �uid-surface interactions,

this in�ection is not expected to happen. However, for neutrally wettable surfaces

the e�ect of geometry dominates the capillary behaviour.

Six numerical cases are investigated: three matching experimental S(PC) data

for an uncompressed material sample and three for the compressed material to

demonstrate the applicability of the method to di�erent scenarios and investigate

the e�ect of compression. The Purcell model is used as the pore scale capillary

pressure model without applying contact angle hysteresis for the �rst of the cases

for each compression level. The Washburn model is used without applying contact

angle hysteresis and with contact angle hysteresis for the second and third cases,

respectively. The details of each case are summarized in Table 6.1.
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Figure 6.1: Shape of the interface using the di�erent pore-scale capillary pressure
models for di�erent contact angle (θ) and di�erent �lling angle (β).
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Thickness [µm] Porosity Permeability [m2]
350 (Uncompressed) 0.88 2E-11
167 (Compressed) 0.75 5E-12

Table 6.2: SGL 10 BA experimental attributes [141].

A normal contact angle distribution, CAD, with mean value as per Table 6.1

and standard deviation of 10◦ is applied randomly to the pores and throats in the

network. This simulates the mixed, but generally air wetting, material properties

and accounts for the surface roughness of the �bres, which tends to increase the

e�ective contact angle. The threshold entry pressure in the percolation algorithm

is always calculated for the invading phase, so for imbibition of air, a contact

angle of 180◦ − θ, where θ is the contact angle measured through the liquid, is

used when not applying contact angle hysteresis. This signi�es that the intrinsic

wettability of the phases remains unchanged. For comparison, S(PC) curves

using the Washburn model with contact angle hysteresis are also generated. In

these cases (C & E) identical contact angles are applied to the invading phases:

water during drainage and air during imbibition. This signi�es that the intrinsic

wettability of the phases have switched for drainage and imbibition, and that

contact angle hysteresis has occurred with respect to each phase.

6.2.2 Genetic Algorithm

A genetic algorithm is implemented using the DEAP python package [301] to

optimise a PNM by sizing the pores and throats to match the capillary pressure

data obtained by Gostick et al. [17]. The SCOOP python package [302] is also

used to run the genetic algorithm in parallel. A sample of SGL 10 BA is chosen

for the �tting procedure in both the uncompressed state and also the compressed

state with physical attributes shown in Table 6.2.

OpenPNM is used to generate a 3D cubic network consisting of regularly

spaced pores with a lattice spacing equal in each direction, and initial connectivity

or coordination of 12. This coordination is achieved by representing pores as cubes

and connecting neighbours with throats diagonally by shared edge association.

After generating the network topology, roughly 25% of the throats are removed
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Genetic Attribute Minimum Maximum
Shape (s) 0.5 3.0
Location 1E-8 1E-4
Scale 1E-6 1E-4
Lattice Spacing 1E-5 1E-4

Table 6.3: Limits of the attributes of the genetic algorithm.

from the network at random to introduce variability in coordination. A log normal

distribution is applied to the pore sizes (using the scipy.stats.lognorm function)

without spatial correlation de�ned with probability density function (PDF):

PDF (X, s) = 1/(sX
√

2π)exp[(−ln(X)2)/(2s2)] (6.2.2)

where X is a random variable assigned to pores with value between 0 and 1

used as a seed and s is a shape parameter. To shift the location and scale of the

distribution the �loc� and �scale� parameters are also used as genetic attributes

to set the distribution's minima and range.

The parameters of the pore-size distribution (PSD) and the lattice spacing

of the network form the genes of the genetic algorithm, and an initial popula-

tion is randomly assigned values for each attribute between bounds with uniform

probability according to Table 6.3.

The genetic algorithm consists of the following steps:

i De�ne an individual or chromosome by assigning the genetic attributes (i.e.

genes).

ii Create an initial population of 100 individuals and assign values randomly to

each gene within the bounds of the parameter space (Table 6.3).

iii Create a phenotype in the form of a PNM for each genotype, detailed in

Section 6.2.3.

iv For each capillary pressure case, assess the �tness of individuals by generating

drainage and imbibition S(PC) curves using OpenPNM's Ordinary Percola-

tion algorithm, and comparing the results to experimental data for SGL 10
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BA. Porosity and permeability are also used as part of the multi-objective

�tting process with the desired results shown in Table 6.2. For each data set,

the mean of the square of the residuals is used as the �tting function, and all

objectives are given equal weighting.

v Iterate the population creating new generations of the same size until the

best individual is found according to a minimisation of �tness functions. The

following principles are employed to evolve the population from generation to

generation:

a Cross over: two individuals are selected for mating according to �tness

in a tournament style and elements of the genetic attributes are shared

producing children which are included in the next generation.

b Mutation: an individual is selected at random and its genetic attributes are

randomly changed according to the initial bounds of the genetic parameters.

c Reproduction: an individual is simply reproduced entirely in the next gen-

eration.

It was decided to include the porosity as part of the �tting process of the

genetic algorithm as this helps to restrict the lattice spacing parameter which

in turn restricts the throat lengths and volumes. Without sensible porosity the

S(PC) curves could be �t using only pore sizes but then throat volumes would have

to be ignored. The domain could then take on an arbitrary shape and size which

would render e�ective transport properties meaningless. Similarly, permeability

was also chosen as a �tting parameter, because it is highly dependent on throat

sizes which contribute little volume, so do not in�uence the porosity too much, but

are important for transport calculations. Matching permeability helps to strike

the right balance between the pore and throat contributions to both volume and

saturation during the percolation simulations.

Each generation contained 100 individual networks in each generation that

is successively optimized to �nd a �tting PSD. The �nishing criteria was that

each �tting parameter was within 10% of the experimental value or no signi�cant

improvement could be achieved across the multiple objectives. With a cross-over
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probability of 0.65 and mutation probability of 0.25, 200 generations was su�cient

to converge and select a well-�tted individual.

6.2.3 Network Speci�cations

The genetic algorithm was run using cubic networks consisting of 32,000 pores

arranged in a [40, 40, 20] con�guration, excluding boundary pores. This size

is deemed to be representative as the material is very thin in the through-plane

direction. The pore diameters are assigned directly using the genetic attributes to

obtain each individual PSD. Some pores are removed during the network creation

process when they become merged, as will now be explained.

Throat diameters are set equal to the minimum pore diameter to which they

are connected. The throat lengths are dependent on the topology by taking the

Euclidean distance between pore coordinates, and subtracting both pore radii. As

the radii are randomly applied, this can sometimes result in non-physical over-

lapping of pores, which arti�cially increases the porosity and results in negative

throat lengths. To create a more realistic network, overlapping pores are merged

together, and the connections to neighbouring pores are assigned to the newly

created larger pore. This means that larger pores tend to have higher coordi-

nation number, which is physically realistic. Very large pores that overlap more

than one set of neighbouring pores are merged with their primary neighbours,

then are shrunk to the largest size that does not result in negative throat lengths.

This process limits the maximum pore diameter to less than 4 lattice spacing

lengths, but still allows for a wide range of pore sizes.

For volume calculation the pores are considered to be cubic in shape and

throats are considered to be cylindrical. Critically however, when calculating the

capillary pressure required to invade the throats using the Purcell model their

shape is assumed to be toroidal as discussed in Section 6.2.1. Using cubic shapes

for pores allows for a higher porosity than using spheres, which was found to be

necessary for matching a realistic porosity.
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Feature Drainage Imbibition
Invading Phase Water Air
Boundary Pores Bottom Face All Faces
Defender Trapping No Yes
Percolation Method Bond Site
Access Limited Yes Yes

Table 6.4: Adjustable features of the ordinary percolation algorithm and their
con�guration for each percolation simulation.

6.2.4 E�ective Transport Properties

The same transport models are applied in this chapter as previously detailed in

Section 4.3.4, with the exception that late pore �lling (LPF) is not applied to

the saturation calculations. LPF may be important for matching porosimetry

data obtained for various di�erent �uids such as mercury and water, but in this

case would only complicate the �tting process and, as air-phase conductance is

assumed to be severely reduced in water �lled pores, LPF has little bearing on

the results.

6.2.5 Percolation Model

Both drainage and imbibition of the wetting phase (in this case air) are simulated

with a OpenPNM's ordinary percolation algorithm as detailed elsewhere [3]. The

key adjustable parameters are summarized in Table 6.4.

Drainage is simulated with bond percolation (controlled by throat sizes) and

imbibition is simulated with site percolation (controlled by pore sizes). Defending

and invading phases are determined, and the domain is initially �lled with the

defending phase. Inlets are de�ned according to Table 6.4 and �lled with the

invading phase. In each case half the boundary pores in the selected faces of the

domain are designated as inlets. Pressure in the invading phase is incremented at

intervals matching the experimental data-set. At each step, connected clusters of

elements with entry pressure below the current threshold are invaded. For bond

percolation, the throats are evaluated to identify clusters, and for site percolation

the pores are evaluated. Access limitations are considered for drainage of air (or
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invasion of water), as the liquid interface will only invade pores connected to the

invading cluster. For imbibition of air, the access is unlimited when beginning

from a partially liquid saturated state, as air will reside in the crevices of highly

porous materials. However, in the case of primary imbibition, the medium is

assumed to be completely �lled with water initially, and invasion is also considered

to be access limited.

Trapping of the non-wetting phase may occur when the wetting phase com-

pletely encircles a pore or collection of connected pores currently occupied by

the non-wetting phase. As the liquid water is considered incompressible, further

increases in air pressure cannot reduce the volume of the trapped �uid. As there

is no escape route, because surface tension does not allow for �lms of non-wetting

phase to develop and travel, there will be a residual saturation, which is assumed

not to evaporate. The wetting phase does not normally remain trapped, as it

retains high connectivity, so the trapping model is applied to imbibition only.

Trapping is calculated as a post-process, identifying clusters of pores and throats

that are not invaded and not connected to any pores at the outer faces of the

domain.

6.3 Results and Discussion

6.3.1 Pore Size Distribution (PSD)

The optimized genetic attributes for each case investigated are summarized in

Table 6.5. The resulting network size distributions after the pore-merging process

are shown in Figure 6.2.

It is clear from Figure 6.2 that the choice of pore-scale capillary pressure model

a�ects the sizing of pores and throats signi�cantly; as the predicted capillary

entry pressure is higher for the Purcell model for a pore or throat of given size,

to match the experimental curves larger pores are selected compared to the cases

where the Washburn model is used. The magnitude of the capillary pressure for

the Washburn model is less than that of the Purcell model because the converging-

diverging nature of the �brous constrictions increases the maximum curvature of

the meniscus and increases capillary pressure. This fact should serve as a caution
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Uncompressed Compressed
Genetic Attribute Purcell (A) Washburn

(B & C)
Purcell (D) Washburn

(E & F)
Shape (s) 0.950 0.953 0.855 0.962
Location 3.50E-6 1.38E-6 2.79E-7 1.94E-6
Scale 5.72E-5 2.01E-5 2.83E-5 1.43E-5
Lattice Spacing 1.02E-4 7.70E-5 9.08E-5 4.05E-5
Porosity 0.755 0.588 0.495 0.636
Permeability [m2] 1.05E-11 3.11E-12 2.73E-12 7.6E-13

Table 6.5: Optimised attributes for the pore network model giving best �t to
experimental drainage data.
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Figure 6.2: Various size distributions for the networks generated from the opti-
mization process.

to those wishing to extract pore size information from capillary pressure data that

the correct interpretation of the local capillary pressure should be made otherwise

sizes are likely to be incorrect.
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The topology of a cubic lattice is less representative of the �brous GDL in

the present study than that of the random networks described in Section 4.3.1

of Chapter 4, but was chosen to serve the optimisation process, and provide a

constant base from which to compare the capillary pressure models. Generating

images of �brous structures from random networks is also computationally time-

consuming, whereas applying sizes to pores and throats from statistical distribu-

tions is very quick. As a result of this compromise in topological representation

the simulated porosity and permeability of all the networks, shown in Table 6.5,

is lower than the real material. This is because the cubic packing of the pores is

less e�cient than that achievable with other methods, such as a Voronoi diagram.

However, values for porosity and permeability within 50% of those stated in Ta-

ble 6.2 were achieved when using the Purcell model. In contrast, the network

permeability is much lower than the desired result (about a factor of 10) when

using the Washburn model, due to the smaller sizes, but porosity is in reasonable

agreement as lattice spacing is also reduced.

It is also worth mentioning that the networks are isotropic, and no e�ort to

resolve porosity distributions or di�erences in transport properties in the princi-

ple directions of the real media are made, such as those observed by Fishman and

Bazylak [59] and modelled in Chapter 4. This could potentially be implemented

as a secondary optimisation process, but is not necessary for the purposes of this

study. As drainage progresses in the through plane direction for the experimen-

tal data, the network characteristic transport curves represent this direction of

transport.

Figure 6.3 is an example visualisation of the generated network with invaded

pores and throats shown in blue for a capillary pressure of 7000 Pa and un-invaded

shown in red.

6.3.2 Capillary Pressure Hysteresis

The following section compares numerical results generated for each case, using

the two capillary pressure models with experimental data collected by Gostick et

al. for both the compressed and uncompressed SGL 10 BA samples [17].
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Figure 6.3: Visualisation of the partially saturated network at capillary pressure
of 7000 Pa.

The genetic algorithm was used to match the drainage data, represented with

solid symbols at positive capillary pressure, and good agreement is obtained be-

tween simulation and experiment when using either pore-scale capillary pressure

model. The algorithm achieves a better match for the compressed sample data

at low saturations because the experimental data, unlike the uncompressed data,

does not show signs of a shoulder. This most likely arises from bad contact be-

tween sample and injection source under low compressive force. Encouragingly,

a match is achieved for both the drainage and imbibition data, represented with

open symbols, in both compression cases when using the Purcell model (Cases A

& D). However, imbibition data for the Washburn model without contact angle

hysteresis (Cases B & E) is a poor match. Some hysteresis is visible for these

cases due to the �ink-bottle� e�ect but the model predicts that virtually all water

is evacuated from the network at the point that capillary pressure is reduced to
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Figure 6.4: Saturation vs Capillary Pressure generated by the optimised PNM
calculated with the Washburn and Purcell models for capillary entry pressure
and experimental data for SGL 10 BA, Figure (9b) [17], with minimal and high
compression to di�erent thickness.
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zero. This is the critical di�erence between the two models, and is the primary

reason for invoking an explanation of contact angle hysteresis when using the

Washburn model. To match capillary pressure data using the Washburn model,

contact angle hysteresis must be employed (Cases C & F). Without contact an-

gle hysteresis the volume of water trapped is also close to zero when using the

Washburn model.

As discussed by Gostick et al. the wettability of �brous media is not solely

determined by the contact angle, but also the pore-scale geometry [17]. As ex-

plained in section 6.2.1, a positive pressure is always required in the invading

phase to penetrate the constriction of a torus irrespective of the contact angle.

This means that hysteresis in the capillary pressure data does not result purely

from contact angle hysteresis, and also explains why spontaneous uptake of water

or air is not seen at the beginning of each experiment. In-fact there is no expla-

nation given for contact angle hysteresis inside the porous structure of a GDL,

especially one that would give rise to such drastic di�erences as those predicted

by Schwarz et al., who �t their data to a mean contact angle of 92◦ for liquid

intrusion and 52◦ for gas intrusion [291]. Weber also chooses to use a distribution

of contact angles centred around very di�erent mean values for liquid intrusion

and withdrawal in his bundle of capillaries model [303].

Contact angle hysteresis is generally understood as a surface phenomenon,

observed in droplets under stress where the advancing contact angle is greater

than the receding, and can be attributed to pinning of the trailing contact line

[304]. The situation inside a GDL is very di�erent. Firstly, the gravitational force

is small compared with surface tension, as the size of the droplets are constrained

to the maximum pore size. Secondly, phases are often not droplets but continua

connected throughout multiple pores. Thirdly, the geometry of the intertwined

�bres are not �at surfaces, so water may impinge at any number of angles in

an irregular way. This makes it di�cult to argue why signi�cant contact angle

hysteresis should occur and it is therefore unlikely to be the primary cause of the

capillary pressure hysteresis observed in GDLs. Furthermore, Gostick has already

shown that the Purcell model �ts very well with drainage data, when used in a

random PNM constructed with a Voronoi diagram representing the �bres of the

GDL, and a Delaunay tessellation de�ning the throat connections [69]. Gostick
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found that unrealistically high contact angles must be used to �t drainage data

using the Washburn equation with a realistic PSD. It has now been shown in this

chapter that the Purcell model may be used to �t drainage and imbibition data,

without any need to invoke contact angle hysteresis.

The Purcell model matches the capillary pressure hysteresis in the experi-

mental data very well in the present study, and also agrees reasonably well with

residual saturation at low capillary pressures caused by the trapping of water. In

practice, the residual saturation is found to vary quite signi�cantly from sample

to sample, so lesser importance should be placed on this result. No contact angle

hysteresis is applied and some hysteresis can be attributed to the �ink-bottle�

e�ect, where the critical entry pressure is calculated for throats during drainage,

and pores during imbibition. It is clear that the Washburn equation cannot be

used to model the capillary pressure hysteresis without employing assumptions

about contact angle hysteresis. Alternatively, when using the Washburn model

to simulate imbibition, one can view the contact angle as an e�ective angle that

incorporates both wetting and geometrical e�ects. However, this does not resolve

the pore sizing problems discussed in Section 6.3.1. The Purcell model is physi-

cally satisfying, as the constrictions between �bres found in the GDL are much

more like the constriction of a torus rather than a straight capillary tube, and the

hysteresis in phase pressure is a natural consequence of the local solid geometry.

The importance placed on the capillary pressure hysteresis is questioned by

Weber several times in the context of operating fuel cells [303], [60]. It is noted

that only the liquid intrusion data is important, as this is the main method by

which water is introduced into the GDL when injected from the catalyst layer.

Liquid withdrawal characteristics are important when drying occurs, and the

liquid distribution may be signi�cantly di�erent in this case. As discussed in

Section 2.8, under certain operating conditions, drying is the main method of

water management in fuel cells, so it is necessary to understand both processes.

Also for validation, experiments utilising a drying technique to obtain saturated

samples for multiphase characterisation, such as those conducted by Hwang and

Weber [18], may have had di�erent results if the liquid had been injected. Pore

network modelling is used in the next section to elaborate on these di�erences.
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6.3.3 Relative Di�usivity

The following section presents the numerical results of a Fickian di�usivity algo-

rithm at varying levels of saturation, as calculated by the percolation algorithms.

Trapping of the liquid phase is not considered for the following simulations to en-

able results over the entire range of saturation. The absolute e�ective di�usivity

of the dry network is calculated with 100% air phase occupancy, and this value

is then used to normalize the results for partial occupancy at each stage of the

percolation algorithm, so that relative air di�usivity can be calculated.

The relative di�usivity is an important parameter for multiphase character-

isation of porous media and is indicative of how well phases are separated. A

linear relation between e�ective di�usivity and saturation indicates well sepa-

rated phases, as the connected pathways open to the �ow of each phase are not

tortuous, and depend in number only on the volume fraction of each phase. A

power law dependence is more common, where the higher the power the more

tortuous the �ow paths and the more intermingled the phases become.

Figure 6.5 shows that the relative di�usivity can be represented as a function

of saturation, g(S), and tends to follow a power law for drainage (originally

presented as Equation 2.2.12), and a log normal relation for imbibition (originally

presented as Equation 5.3.1), where �tted parameters are included in the �gure

legends:

g(S) =

{
(1− S)n if drainage

1/2(1 + erf [(−ln(S) + a)/b]) if imbibition

The present �nding, that the relative di�usivity for phase distributions ob-

tained by drainage follows a power law with exponent between 3 and 4 is consis-

tent with other studies on this type of porous media [15], [156] for the through-

plane direction of transport. The exponent decreases slightly with compression,

which is consistent with the results presented in Chapter 4. The imbibition re-

sults are compared to the experimental data for SGL 10 BA obtained by Hwang

and Weber [18] who controlled the saturation by drying fully saturated samples

to a desired weight. This process is air imbibition so it is encouraging that we
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Figure 6.5: Relative di�usivity of air plotted against saturation (water volume
fraction in the pore space) as calculated from the phase distributions determined
by (a) drainage and (b) imbibition algorithms. Experimental data from Hwang
& Weber [18] is also shown.
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Figure 6.6: Comparison of the relative di�usivity g(S) relations for saturation
distributions obtained under drainage and imbibition for both compressed and
uncompressed samples.

�nd good agreement. The experimental data lies mostly between our numerical

data sets for uncompressed and compressed samples, which is expected as Hwang

& Weber used a gasket of 320 µm to seal their sample GDLs, giving a level of

compression between our modelled samples.

Interestingly, at intermediate saturation, g(S) under drainage saturation dis-

tribution is signi�cantly di�erent from g(S) under imbibition conditions, as shown

in Figure 6.6. The imbibition relative di�usivity data di�ers from the drainage

data in several ways, and this is largely a feature of the conducting phase tak-

ing on di�erent roles for each data-set. Beginning with imbibition scanning back

along the curve from high saturation to low: air is the invading phase and has

poor network-level connectivity at high saturations in both cases, in fact closer

inspection of Figure 6.5 reveals that the data seems identical, and very close to

zero, above saturations of 0.8, and Equation 5.3.1 tends to over-predict the dif-
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fusivity in this region. As more air enters the network, clusters of pores invaded

with air begin to merge, and conductivity within the phase steeply increases to

a near maximum dry level. At low saturation, relatively few clusters of liquid

exist and none appear to span the entire network or block air di�usion signi�-

cantly, which is why the �at region exists in g(S) at low saturation for imbibition

(between 0.0 and 0.1).

With drainage scanning from low saturation to high: at low saturation when

water has just begun to invade the network we observe a steeper decrease in air

di�usivity than with the imbibition data. This is because the invasion of water is

concentrated in one region of the network near the bottom face where the inlets

are designated. The liquid phase is spread in a planar fashion along the bottom

face and creates a bottle neck for air transport in the through-plane direction.

This has a signi�cant e�ect, as shown by evaluating the di�erent g(S) relations for

a saturation of 0.2 (a value typical for an operating fuel cell), shown graphically

in Figure 6.6 with the yellow dashed lines. At a saturation of 0.2 under a drainage

con�guration of phases, the relative di�usivity is between 0.4 and 0.5 of the dry

value, whereas it lies be between 0.6 and 0.8 with an imbibition con�guration,

depending on the level of compression. With increasing saturation air again has

poor network conductivity, and above saturations of 0.6 there is little di�erence

between the liquid con�gurations and resulting relations.

6.4 Concluding Remarks

The genetic algorithm approach has been successfully applied to the optimization

of a pore network model in matching the drainage data of a typical fuel cell gas

di�usion layer. Selecting the correct pore-scale model for capillary entry pressure

is shown to be critical for matching both drainage and imbibition data for �brous

media, thus improving the reliability of the pore size distribution and transport

characteristics. Relative di�usivity of the networks is also shown to match well

with the literature under di�erent percolation scenarios, and it is demonstrated

that care should be taken when using constitutional relations to consider the

e�ects of phase con�guration, especially when modelling compressed materials.

One constitutive relation may not be su�cient to cover all operating scenarios
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when continuum modelling fuel cells, and it is recommended to use pore network

modelling to establish the phase con�guration using the Purcell model.
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Chapter 7

Conclusion

7.1 Foreword to the Conclusion

Water plays a key role in two of the performance loss mechanisms associated with

PEFCs, as water is needed to hydrate the membrane in order to increase proton

conductivity, but liquid water trapped in the GDL blocks reactant gases, thus

leading to greater mass transport losses. This problem of water management, i.e.

striking the right balance, is well documented and has received much attention

in the last few decades. Jiao & Li [7] provide an excellent review of water man-

agement for PEFCs and highlight the areas needing further research, including

the need for a fundamental understanding of the multiphase processes occurring

at the micro-scale. In Chapter 2 a literature review was presented covering a

diverse range of topics relating to the more general theme of water management

in PEFCs. A simple google scholar search of the words �water management poly-

mer electrolyte fuel cells� returns 52,000 results with roughly 18,000 occurring

within the last 10 years. So formulating a plan to research a topic within this

broader theme was quite a challenge in itself and required extensive research into

the state of fuel cell science in order to identify gaps in the knowledge. Having a

background in physics with speci�c interest in �uid dynamics it was decided to

pursue a modelling approach and �rst construct a working model of a single cell.

The subsequent work then pursued a narrower focus analysing the transport of

water within the GDL component under compression, as this seemed to be an

important yet incomplete part of the body of knowledge.
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Using the commercial CFD software ANSYS Fluent, a single-cell model was

developed to simulate the polarization curves of the fuel cell previously built by

Dr. Masli Rosli and Dr. Mohammed Ismail, which at the time, was available

in the department labs for testing. This task was completed in the �rst year of

study, using the built-in fuel cell model provided with the software. However, it

became clear that to really investigate the multiphase �ow inside a fuel cell, the

continuum approach, where porous media are modelled as homogeneous volume

averaged regions, would be insu�cient. The simplistic Leverett-J function relat-

ing saturation and capillary pressure was originally developed for sand and does

not capture the capillary processes occurring in �brous fuel cell di�usion media.

Also, the requirement that liquid saturation become zero in the �ow channels

sets the boundary condition, and therefore saturation pro�le, within the di�usion

media, and is an oversimpli�cation. The discrete percolation processes resulting

in capillary �ngering are also misrepresented and smoothed out due to the ap-

proximate treatment of the liquid transport as a di�usion process. Overall, the

treatment of liquid water within the CFD model was too simplistic, and led to

an over-prediction of fuel cell performance.

The modelling process did provide an opportunity to learn the CFD approach

and become familiar with the challenges of operating fuel cells, so was not a wasted

exercise, but the results are not published or included within this thesis. George

Box is credited with the aphorism �all models are wrong, some are useful�, and

whilst the CFD model was useful for parametric analysis of engineering design

parameters, the treatment of multiphase �ow was insu�cient for the complex

processes that became the focus of this study. The polarization curve produced

by the continuum model is also not a particularly helpful representation of fuel

cell performance in terms of deducing cause and e�ect. Fuel cell models su�er

from over-parameterization, so any number of factors can be adjusted to achieve

the same result.

An understanding of the �uid dynamics is central to understanding the overall

behaviour of PEFC and current CFD models based on volume averaged porous

media are lacking in a realistic representation of liquid water transport. As the

management of liquid water is critical to performance, a model must incorporate

the production and distribution of liquid water with as much �delity as possible,
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but also retain the greatest utility possible. The objective of this work was to

investigate the liquid transport in porous media through modelling with a more

realistic microstructure, and through experimentation. The e�ects of structural

changes induced by compression of the porous media have been investigated and

the in�uence on multiphase �ow can be used to inform future modelling e�orts. In

addition the OpenPNM framework co-developed as part of this work can be built

upon directly, incorporating additional physical models and increasing the utility

of the pore network approach. A promising area of research now is to combine

models appropriate for di�erent scales, and a few open source CFD packages are

already being used for this purpose. What now follows is a summary of the work

completed in this study and suggestions for future work.

7.2 Summary of Work Completed and Final Con-

clusions

7.2.1 Modelling Work

In Chapter 3 the e�ect of compression of a 2D model structure representing

the PEFC gas di�usion layer was modelled using computational �uid dynamics.

Rather than constructing a homogeneous volume averaged porous domain, an

e�ort to replicate features of the actual microstructure was made. This approach

had several advantages: the multiphase interface could be resolved in high detail,

therefore factors in�uencing its progression through the modelling domain could

be studied in greater depth. However, the approach also had disadvantages: the

structures were perhaps oversimpli�ed and did not incorporate enough statistical

variation to fully represent the real microstructure. Also, the computationally

intensive solving process employed by the volume of �uid method meant that

only a domain of limited size could be investigated, and the dimensionality was

restricted to 2. However, the model did produce some interesting behaviour and

the simpli�cations could still be considered representative of the average proper-

ties of the media. Five geometries were meshed utilising a structured tessellation

technique, and a single-phase study revealed that a switch in permeability occurs

at high compression, where the through-plane value becomes greater than the
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in-plane. A simpli�ed Kozeny-Carman relation using an e�ective capillary tube

diameter was found to agree very well with the numerical data and reproduces

the permeability switch at the correct level of compression.

Multiphase simulations using three of the geometries revealed that liquid

transport is directed by compression, resulting in a lower saturation at break-

through. The cases with mild or no compression display high levels of lateral

spreading owing to the bifurcations in liquid �ow path and uniform surface ten-

sion in both directions, whereas the case with high compression exhibits preferen-

tial liquid pathways and faster water ejection. When the contact angle is reduced

to represent a neutrally wettable medium the e�ect is also reduced, signifying

both the importance of structure and surface energy in determining the liquid

�ow.

These initial �ndings were published [1] and helped to explain some of the

previous experimental observations, such as why saturation distribution follows

porosity distribution, but further work was required to establish relations for the

relative permeability as a function of compression ratio, due to the expensive

nature of the computations. Moreover, a critical assumption highlighted by this

study is how the �bre spacing changes in each direction under compression. From

the �ndings it can also be concluded that increasing the through-plane permeabil-

ity by other methods would have a bene�cial impact on the liquid water transfer,

as laser perforation has demonstrated.

The work presented in Chapter 3 helped to form the basis of future investi-

gations using pore network models (PNMs) and highlighted the need for further

understanding on the topic of transport under compression. In Chapter 4 a

series of PNMs subject to compression were presented. The work was carried

out as part of the development of a collaborative open source modelling project

called OpenPNM [3]. Much of the focus of the author's contribution was on

the development of random network geometry and topology models, but also in-

cluded percolation algorithm development and multiphase model development.

The project was initially started by Professor Je� Gostick and his PhD student

Mahmoud Aghighi at the University of McGill, with Professor Aimy Bazylak

and post-doctoral fellow James Hinebaugh at the University of Toronto, under

the guidance and funding of Andreas Putz at AFCC. After �nding information
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about the project on the internet, the author contacted the development team

and became part of the core developing group, participating in weekly teleconfer-

ences, and helping shape the architecture and solving problems. At the time of

writing the author's overall contribution, visible on github (the development tool

used for code-change management), is ranked 4th with approximately 3,000 lines

of net additional code. To date the OpenPNM project has garnered international

popularity with several European and North American institutions adopting it

and numerous research papers have been published utilising it: [260], [305], [306],

[247], [272].

The numerical results presented in Chapter 4 have also been published [2],

and are in good agreement with experimental drainage and single phase transport

data. E�ective and relative transport simulations were performed, and the e�ect

of compression was shown to reduce e�ective transport, but increase some relative

transport, depending on the direction and phase. It was found that compression

has a more adverse e�ect on the in-plane transport than through-plane, and this

can be explained by considering the di�erent structural changes to constrictions

between �bres. The results are an extension of the work presented in Chapter 3,

and demonstrate the power of the simple pore network modelling approach. To

obtain the relative transport curves required running the transport algorithms

for at least 20 di�erent saturation points, and to obtain a statistically valid set of

results the process was repeated 100 times. There are 6 di�erent transport curves

presented and a total of 6 levels of compression were investigated including the

uncompressed model. In total, around 72,000 simulations were performed in

order to produce the results for Sections 4.4.1 and 4.4.2. With each simulation

taking just a matter of seconds to complete, the entire modelling process could be

completed in a day once the network topology and geometry had been generated.

In contrast, one multiphase simulation (from Chapter 3), performed with CFD

solving the full Navier-Stokes equations and resolving the liquid interface with the

VOF model using 32 cores each with 2GB ram took up to 4 days to �nish. The

PNM approach enables a speed increase over the CFD model of about 6 orders

of magnitude and allows for better representation of the microstructure. The

sacri�ce comes with a less rigorous treatment of the �uid dynamics, as transport

is modelled as a series of �ow-in-pipe calculations, and liquid is assumed to follow
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the path of least resistance. When �ow is capillary dominated, these assumptions

are valid, and in the majority of fuel cell operating conditions this is the case.

When purging the fuel cell, and in situations where there may be large pressure

di�erences between adjacent channels, convection plays a more important role, so

PNM modelling is an oversimpli�cation in these cases. However, the bene�ts of

the PNM approach in providing the speed and e�ciency to be able to calculate

relative transport curves, far outweighs the negatives.

Also presented in Chapter 4 were results based on having a GDL with an in-

plane porosity variation. This simulated the e�ect of compression on percolation

and di�usive transport under a land-channel-land scenario. In-plane porosity gra-

dients were shown to a�ect the liquid percolation pathway, with a strong correla-

tion between saturation and porosity. Using a simple limiting current calculation

based on the di�usive �ux, it was shown that the saturation distribution a�ects

the limiting current achievable with a fuel cell, which increases proportionally

with the channel area fraction, and decreases with the number of inlet clusters.

Physically this represents the liquid entry points into the GDL and can be con-

trolled with the inclusion of a microporous layer, lending weight to the argument

that this is the primary role of the MPL. Where other studies have focused on

through-plane porosity gradients and the impact of an MPL, this work has high-

lighted the importance of in-plane gradients induced by compression. This is a

factor which should not be ignored from future modelling and one which can

easily be controlled.

When considering water management in fuel cell GDLs, one also has to ac-

count for drying processes. In Chapter 6, a genetic algorithm approach was

successfully applied to optimizing a standard cubic PNM to match the drainage

data of an SGL GDL with di�ering amounts of compression. The aim of the

chapter was to highlight the importance of selecting the correct pore-scale model

for capillary entry pressure, and also to investigate the e�ect of saturation dis-

tribution under conditions of drainage (invasion) and imbibition (drying). The

toroidal-based Purcell model, which accounts for the converging-diverging nature

of �brous constrictions, is capable of matching both drainage and imbibition data

for �brous media, thus improving the reliability of the pore size distribution and

multiphase behaviour. The model accounts for the hysteresis observed in drainage
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and imbibition, without the need to include contact angle hysteresis. The use of

the Purcell model to infer size information from porosimetry is therefore highly

recommended for �brous media.

The saturation distribution or phase con�guration obtained by drying ma-

terials fully saturated with the non-wetting phase are shown to be signi�cantly

di�erent from those obtained from invasion of the non-wetting phase. Relative

di�usivity of the networks is also shown to match well with the literature under

di�erent percolation scenarios, and it is demonstrated that care should be taken

when using constitutional relations to consider the e�ects of phase con�guration,

especially when modelling compressed materials. One constitutive relation may

not be su�cient to cover all operating scenarios when continuum modelling fuel

cells and it is recommended to use pore network modelling to establish the phase

con�guration using the Purcell model.

7.2.2 Experimental Work

The experiment performed and detailed in Chapter 5 extended work performed

by Rinat Rashpov [5], a former Masters student of Professor Gostick's, on dry

materials to investigate the e�ect of saturation on relative in-plane di�usivity

through GDLs.

A new method for measuring the relative IP di�usivity of partially saturated

thin porous material has been created. This was primarily accomplished by ther-

mally encasing a custom-designed sample holder, which was built in-house by the

author partly with a 3D printer. The holder encompassed cooling channels in

order to maintain constant saturation through-out the experiments which could

last up to an hour. Several GDL samples were investigated, with little di�er-

ence found between data-sets, except for a slight decrease in relative di�usivity

for untreated samples compared with treated. However, behaviour observed by

other researchers investigating TP relative di�usivity for varying hydrophobic

treatment levels was not found in the current data, suggesting that the treat-

ment a�ects transport di�erently in di�erent directions. The method was found

to produce the expected relation between relative di�usivity and saturation for

homogeneous three-dimensional media: a power law dependence with exponent
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around 2. Where other techniques for measuring e�ective properties of dry mate-

rial are not suitable for measuring partially saturated material, this method has

proved successful.

7.3 Scope for Future Work

It is recommended that further investigation into the land-channel in�uence on

transport in the GDL is conducted, combining the topological considerations pre-

sented here, and the phase change considerations presented elsewhere. It is hoped

that performing simulations with OpenPNM, an open source framework devel-

oped as part of this work, will aid future investigations. The work has highlighted

the importance of choosing the appropriate pore-scale capillary pressure model

in predicting the phase con�gurations under di�ering percolation scenarios. An

assumption of the current work is that thin �lms of wetting �uid present in sub-

pore-scale features such as cracks and corners do not e�ectively conduct. The

morphological image opening technique used to establish the late pore �lling re-

lations has revealed that upon initial invasion, the residual wetting pore volume

fraction is quite high. Therefore, future work could focus on the validity of the

assumption that �lm conduction is very low. However, the PNM framework is not

best suited to conduct this further investigation, and instead Lattice Boltzmann

or other techniques resolving the microstructures with higher resolution would

be required. An area where further investigation is warranted is the uniformity

of PTFE treatment and its impact on multiphase �ow, as highlighted by the ex-

perimental results. If PTFE inherently hinders through-plane transport and not

in-plane transport, because of its interaction with the base �brous structure, then

alternative treatments that do not display this tendency may be more bene�cial

to fuel cell performance.

A very promising avenue for future modelling research is the combination of

PNMs with other techniques and a few examples have already been published in

the fuel cell literature [307], [308]. Whilst PNMs o�er speedy calculations and

simple algorithms for water placement, they are not readily applicable to models

of single cells or stacks as not all components are porous and the length scales
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involved in representing the various components mean that continuum approxi-

mations must be made when the pore size is much greater than or smaller than

a suitable elementary volume. Therefore, coupling PNM's with CFD could be

resource e�ective and illuminating. However, the nature of the coupling is critical

and as yet not fully explored.

Extension of the experimental work could include investigation of the in-plane

relative di�usivity under di�ering compression, with di�ering injection methods,

and for di�erent fuel cell layers. Due to time constraints, it was not possible to

perform any of these additional investigations, and work focused solely on the

method. Future work could utilise the same set-up with minor modi�cation to

measure the relative permeability and also study the e�ect of saturation and

porosity inhomogeneity on the relative transport properties. In addition the

bottom plate may be modi�ed to allow for in-situ liquid injection, to investigate

the e�ect of di�ering saturation distributions.
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Appendix A

Tabulated �tting parameters for

compressed PNMs

CR Shape Location Scale
0.0 0.217 -4.667E-06 3.678E-05
0.1 0.269 8.266E-07 2.956E-05
0.2 0.255 -8.112E-07 2.954E-05
0.3 0.234 -3.453E-06 3.032E-05
0.4 0.249 -2.876E-06 2.741E-05
0.5 0.260 -2.414E-06 2.429E-05

Table A.1: Pore diameter �tted parameters under compression using the lognorm
distribution from SciPy's statistics routines.

CR Shape Location Scale
0.0 0.152 -6.494 15.830
0.1 0.156 -6.019 15.105
0.2 0.151 -6.384 15.205
0.3 0.148 -6.743 15.212
0.4 0.142 -7.515 15.588
0.5 0.121 -10.483 18.076

Table A.2: Pore coordination �tted parameters under compression using the log-
norm distribution from SciPy's statistics routines.
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PNMS

CR Shape Location Scale
0.0 0.489 -4.521E-6 1.712E-5
0.1 0.489 -4.416E-6 1.649E-5
0.2 0.485 -4.462E-6 1.601E-5
0.3 0.484 -4.399E-6 1.549E-5
0.4 0.491 -4.271E-6 1.480E-5
0.5 0.502 -4.119E-6 1.409E-5

Table A.3: Throat diameter �tted parameters under compression using the log-
norm distribution from SciPy's statistics routines.

CR Shape Location Scale
0.0 0.332 8.769E-6 2.934E-5
0.1 0.312 6.689E-6 3.023E-5
0.2 0.352 8.829E-6 2.662E-5
0.3 0.145 -2.590E-5 6.094E-5
0.4 0.261 -7.59E-7 3.398E-5
0.5 0.256 -2.328E-6 3.431E-5

Table A.4: Throat length �tted parameters under compression using the lognorm
distribution from SciPy's statistics routines.
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Appendix B

Python code used to �t transient

di�usion

import matp lo t l i b . pyplot as p l t
from matp lo t l i b import s t y l e
from f i p y import *

import numpy as np
import math
from s c ipy . opt imize import minimize

s t y l e . use ( " ggp lot " )

###################
#Experimenta l Data
times , O2 = bespoke_data_load_method ( your_data )
###################
#Constants

Dgdl_guess = 1 .0 e−5 # i n i t i a l guess
num_iter = 15
nx = 380
dx = 1e−4
start_conc = O2 [ : 3 ] . mean ( )
end_conc= O2 [ len (O2) −20 : ] .mean ( )
c0 = start_conc
c1 = end_conc
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l = (nx )*dx
z = 10e−3
nmax = 100
s_l = 2 .5 e−2 # sample l e n g t h
t_l = nx*dx #t o t a l l e n g t h
Dbulk = 1.79 e−5
timeStepDuration = 1
s t ep s = np . int ( len ( t imes )/ timeStepDuration )
best_so l = None
import time
s t = time . time ( )
sim_count=0
###################
def run_simulation (Dgdl ) :

global t imes
global Dbulk
global nx
global dx
global c0
global c1
global t imeStepDuration
global s t ep s

mesh = Grid1D (nx=nx , dx=dx )
phi = Ce l lVar i ab l e (name="O2 Concentrat ion " ,

mesh=mesh ,
va lue=c0 )

d i f f = Ce l lVa r i ab l e (name=" d i f f u s i o n  c o e f f i c i e n t " ,
mesh=mesh ,
va lue=Dbulk )

x = mesh . c e l lC en t e r s [ 0 ]
d i f f . setValue (Dgdl , where= x <= s_l )
va lueLe f t = c1
phi . c on s t r a i n ( va lueLe f t , mesh . f a c e sL e f t )
# Exp l i c i t f i n i t e d i f f e r e n c e
eqI = TransientTerm ( ) == DiffusionTerm ( c o e f f=d i f f )

eq = eqI
ct = np . z e r o s ( [ s teps , nx ] )
s o l u t i o n = [ ]
s o l u t i o n . append ( c0 )
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s enso r = np . int (nx−(z/dx ) )
for s tep in range ( s teps −1):
eq . s o l v e ( var=phi , dt=timeStepDuration )
ct [ step , : ] = phi . va lue
i f np . remainder ( s tep * timeStepDuration ,1)==0:
#pr in t ( phi . va lue [ np . i n t ( z*nx ) ] )
s o l u t i o n . append ( ct [ step , s enso r ] )
s o l u t i o n = np . asar ray ( s o l u t i o n )

return s o l u t i o n
###################
#Ana l y t i c a l So lu t i on
def sum_terms (D, l , z , nmax , t ) :

my_sum = 0
for n in range (nmax ) :
my_sum+= ( (−1)**n * math . e r f c ( ( (2*n+1)* l−z )

/ (2*np . s q r t (D* t ) ) ) )
my_sum+= ( (−1)**n * math . e r f c ( ( (2*n+1)* l+z )

/ (2*np . s q r t (D* t ) ) ) )
return my_sum

###################
#Ana l y t i c a l So lu t i on f o r a l l t imes
def run_d(D) :

global l
global z
global nmax
global t imes
global c1
global c0

c_t_test = np . z e r o s ( len ( t imes ) )
for step , t in enumerate ( t imes ) :
c_t_test [ s t ep ] = sum_terms (D, l , z , nmax , t )

return ( c1 − c0 )* c_t_test + c0
###################
#Assess d e v i a t i on from an a l y t i c a l s o l u t i o n
def evaluate_d (D, s o l ) :

global sim_count
global s t
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c_t = run_d(D)
sq_d i f f = np .sum( ( c_t − s o l )**2)
sim_count +=1
return sq_d i f f

###################
#Assess d e v i a t i on from an a l y t i c a l s o l u t i o n
def evaluate_d_sim (D) :

global s t
global sim_count
global O2
global best_so l
s o l = run_simulation (D)
best_so l = s o l
sq_d i f f = np .sum( ( s o l − O2)**2)
sim_count +=1
return sq_d i f f

###################
#so l u t i o n = run_simulation (Dgdl )
i g = t_l / ( ( s_l/Dgdl_guess )+(( t_l − s_l )/Dbulk ) ) # i n i t i a l guess
#Crank Fi t
print ( " S ta r t i ng  Crank f i t ,  time :  " +str ( time . time ()− s t ) )
r e s u l t 1 = minimize ( fun=evaluate_d ,
x0=(ig , ) ,
a rgs=(O2 , ) ,
bounds=(( i g *0 . 5 , i g * 1 . 5 ) , ) ,
method = 'L−BFGS−B ' ,
opt ions={ ' f t o l ' : 1 e−99, ' g t o l ' : 1 e−99, 'maxfun ' : num_iter })
Dcrank = r e s u l t 1 . x [ 0 ]
Dres = s_l / ( ( t_l/Dcrank)−(( t_l − s_l )/Dbulk ) )
#Fipy s imu la t i on f i t
i g = Dcrank
sim_count=0
print ( " S ta r t i ng  Simulat ion  f i t ,  time :  " +str ( time . time ()− s t ) )
r e s u l t 2 = minimize ( fun=evaluate_d_sim ,
x0=(ig , ) ,
bounds=(( i g *0 . 5 , i g * 1 . 5 ) , ) ,
method = 'L−BFGS−B ' ,
opt ions={ ' f t o l ' : 1 e−99, ' g t o l ' : 1 e−99, 'maxfun ' : num_iter })
Dsim = r e s u l t 2 . x [ 0 ]
print ( " Sta r t  conc" , start_conc , "End conc" , end_conc )
print ( '−−−−−−−−−−−−−−−−−−−− ' )
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print ( "D Sim Fi t t ed :  "+str (Dsim ) )
print ( "D Crank Fi t t ed :  "+str (Dcrank ) )
print ( "D Re s i s t o r s :  " +str ( Dres ) )
print ( "Error :  "+str (np . around (100*np . abs ( Dres−Dsim)/Dsim))+"%" )

p l t . f i g u r e ( )
p l t . p l o t ( times , best_sol , 'b−− ' , l a b e l="Sim Fi t t ed " )
p l t . p l o t ( times , run_d(Dcrank ) , ' r−− ' , l a b e l="Crank" )
p l t . p l o t ( times ,O2, ' g− ' , l a b e l="Experiment" )
p l t . l egend ( bbox_to_anchor =(0 , 1 . 02 , 1 , 0 . 102 ) ,

l o c =3,
nco l=5,
borderaxespad=0)
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