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Abstract

The performance, reliability and durability of fuel cells are strongly influenced by the
operating conditions, especially temperature and compression. Adequate thermal and
water management of fuel cells requires knowledge of the thermal bulk and interfacial
resistances of all involved components. The porous, brittle and anisotropic nature of most
fuel cell components, together with the micro/nano-sized structures, has made it

challenging to study their transport properties and thermal behavior.

The main purpose of this research was to explore, and guide the improvement of, the
thermal behavior of fuel cell materials under compression. Thickness-based methods,
having the capability of deconvoluting bulk from the contact resistance, were employed
to accurately measure the thermal conductivity of several gas diffusion layers (GDLS)
with different PTFE loading. The interfacial thermal resistances of these GDLs with
adjacent micro porous layer (MPL) and graphite bipolar plate (BPP) were also
determined, through both systematic experiments and comprehensive models developed
in this work. The thermal conductivity of a coated MPL as a function of compression and
that of a Ballard graphite BPP with respect to temperature were also measured and
reported in this thesis. Higher values of contact resistance compared to the bulk resistance
at low compression and the reduction of GDL thermal conductivity with PTFE loading

are among the main findings of this study.

The present work also revealed the following novel counter-intuitive facts: (i) contact
resistance may decrease with increasing the porosity of the mating porous materials; (ii)
the conventional notion that the thermal conductivity of fibrous materials decreases with
increasing porosity does not necessarily hold; and (iii) fiber spacing can be as crucial as
porosity to the transport properties of fibrous media. The main conclusion is that the
equations that are based solely on porosity should be either discarded or used, with

caution, over the limited range of conditions under which they have been formulated.



Through a series of experiments combined with theoretical analyses, this thesis presents
some key data that helps unravel some unexplained trends reported in the literature. It
also provides novel insights into the unexplored thermal behavior of fuel cell components
and guides the modification of their micro-structures for better heat management of fuel

cells.

Keywords: Contact resistance; thermal conductivity; gas diffusion layer; micro
porous layer; graphite bipolar plate, fuel cell
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Executive Summary

The performance and durability of a proton exchange membrane fuel cell (PEMFC) are
strictly connected to the transport properties of its components with regard to the heat and
water management. A PEMFC produces a considerable amount of waste heat and
tolerates only a small deviation in temperature from its design point. The heat distribution
through a PEMFC stack needs precise temperature control in order for the PEMFC to run
efficiently. Such stringent thermal requirements, coupled with the complex and delicate
micro-structures of the components, necessitate an accurate thermal management. A
proper thermal management provides the balance between the generated heat and its
removal, which determines the operating temperature of the fuel cell. An inadequate heat
management leads to a either high or low operating temperature, which leads to the
typical consequences as listed in the table below.

The consequences of improper heat management of PEMFCs

Temp. Issue Main consequence Negative effect on
_ Local hot spots Intensified degradation Durability/performance
o Membrane dehydration lonic conductivity drop Performance
Bf&?g:ed reaction Increased kinetic losses ~ Performance
Low Heating up catalyst layer Slow start-up Durability/performance
Vapor over-condensation  Flooding Performance
Low species diffusivities Increased transfer losses  Performance
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Heat transfer through a PEMFC is highly dependent on the thermal properties of its
porous micro and nano-sized materials, especially gas diffusion layers (GDLs) and micro
porous layers (MPLs). A proper heat balance inside a stack is connected particularly to
the thermal conductivity of the components and specifically to the interfacial heat transfer
occurring at their interfaces. This thesis is aimed to provide fundamental understanding
of the thermal behavior of PEMFC materials, namely: bipolar plates (BPPs), GDLs and
MPLs, as well as their thermal contact resistances (TCRs). Key guidance on improving
GDLs and MPLs thermal properties are also presented, which can be useful to fuel cell

manufacturers to improve PEMFCs performance and durability.

1) Gas diffusion layers (GDLS)

GDLs are fibrous porous materials composed of a dense array of carbon fibers. They play
an important role in the thermal and electrical connection between the BPP and the
electrode. The main functions of GDLs are to provide conductivity and help gases to
come in contact with the catalyst. The thermal and interfacial resistances of GDLs,

together with the porosities and microstructural features, determine their functionality.

Many of the characterization of GDLs transport properties have to date been performed
as a function of porosity with little attention devoted to other geometrical properties. A
statistical unit cell model is developed in this thesis for predicting the GDLs thermal
conductivity by introducing new approaches for determining geometrical properties such
as:

e Intersecting fibers angles.

e Characteristic distances between fibers/aspect ratios.

The dependency of the thermal conductivity on these geometrical parameters is analyzed,
and the GDL structure is identified for optimal heat conduction. The contributions/

findings include:
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e Fibers aspect ratio is as important as porosity in determining thermal conductivity.

e The traditional notion that a porous medium with higher porosity has a lower thermal
conductivity does not necessarily hold.

e Two fibrous media with the same porosity may have completely different
conductivities.

e The highest thermal conductivity of a GDL occurs at an aspect ratio of unity.

e The highest possible value of the thermal conductivity for fibrous media is
independent of aspect ratio and fiber diameter but depends upon porosity and fiber

angles.

The geometrical concepts and the measured data presented in this thesis help unravel
some unexplained trends reported in the literature and provide novel insights into
optimization of GDLs structure. The methodology can be extended to estimate other
transport properties such as electrical conductivity, permeability and diffusivity.

1.1) PTFE treatment

In PEMFCs, GDLs are treated with Teflon (PTFE) in order to make the material
hydrophobic. Although PTFE improves water transport inside GDLs, it has some side
effects on heat management due to its low thermal conductivity. PTFE also increases
mass transfer losses as it reduces the GDL porosity. For these reasons, an optimum value
of PTFE loading is desirable, which makes it necessary to investigate its effect on
PEMFC heat and water management.

Through both modeling and experiments, the effect of PTFE on GDL thermal
conductivity is thoroughly explored. In particular, this study reveals:

e The unimportant role of PTFE distribution inside a GDL.

e The important effect of PTFE scattered on the GDL surface on its thermal

conductivity.

XXXii



It is also observed that:
e PTFE reduces thermal conductivity, even though porosity decreases.

e PTFE increases the contact resistance of GDLs with clamping surfaces.

It is worth noting the reductive effect of PTFE on GDLs thermal conductivity in spite of
decreasing their porosity. In general, PTFE negatively impacts heat removal from

PEMFCs despite its well-proved effect on water management.

2) Micro porous layer (MPL)

Many of the standard GDLs that are produced today come with an MPL composed of
carbon particles and PTFE. Although the positive impact of MPLs on PEMFC
performance was well proved through experiments, its role in thermal and electrical
management of PEMFCs has not yet been well understood. Many studies reported the
following incorrect, uncorroborated point: MPLs fill in the gaps between CLs and GDLs

and hence minimize the contact resistance.

This point was erroneously asserted to be one reason for the PEMFC performance
improvement as a result of using MPLs. However, the findings of this PhD program
shows that, contrary to widely-accepted beliefs, MPLs cannot only decrease the GDL
thermal conductivity, but also dramatically increase the contact resistance. Any
improvement in PEMFC performance as a result of adding MPLs to MEAs should have
other reasons, mostly attributed to the positive impact of MPLs on water management

and on gas reactant distribution inside the electrodes.
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2.1) Thermal conductivity of an MPL coated on a GDL

A precise and systematic approach is adopted to measure the thermal conductivity of a
coated MPL. Applying the ‘two thickness method’ to two different thicknesses of GDL
substrates with and without MPL yields the thermal conductivity of the coated MPL. This
thesis reports the only data available in the literature for the thermal conductivity of a
coated MPL. This MPL resistance has been accurately deconvoluted from the other
present resistances including the TCR between the MPL and the clamping surfaces.

2.2) Effect of MPL on the GDL thermal resistance

The key findings of this thesis regarding the MPL influence on GDL resistance are as

follows:

e MPL reduces thermal conductivity, even though porosity decreases.

e MPL increases the contact resistance of GDLs at the interface with the clamping
surfaces.

e MPL increases the contact resistance significantly compared to GDLs with zero or
low PTFE content.

The findings of this study show that MPLs have a negative impact on the heat transfer
inside the stack despite their positive effect on the water management as asserted in the

literature.

3) GDL-MPL Thermal Contact Resistance (TCR)

GDLs coated with an MPL on one side, such as SGL BC types, improve the PEMFC
water management. However, due to the very low thermal conductivities of carbon black

and PTFE mixed with it, MPL adversely influences the heat transfer inside the stack. As
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a result, knowing the thermal contact resistance of MPLs with the GDL substrates will be

useful to both heat and water managements of PEMFCs.

A novel analytic model for GDL-MPL TCR is developed and validated experimentally
which reveals the following findings:
e TCR between two porous materials may decrease with their porosities.

e The conventional notion that TCR decreases with porosity is not necessarily true.

With increasing the porosity of GDLs and MPLs:
o Diffusivity of reactants to the CL surface increases and mass transfer losses decrease.

e Contact resistance typically increases and so do ohmic losses.

The novel finding here can be considered as a criterion for using GDLs and MPLs with
higher porosities in PEMFCs, which enables one to enhance diffusivity while reducing
TCR (and also electrical contact resistance). The porosity range of PEMFC porous
materials is restricted to specific values considering both ohmic and mass transfer losses.
Since there is a trade-off between these two types of losses in terms of GDLs and MPLs
porosities, an optimum value of the porosities can lead to an improvement to the
performance. Ultimately, considering other GDL parameters such as fiber diameters and
aspect ratios, an optimized structure of fibrous GDLs with the maximum possible
porosity can result in a noticeable improvement in PEMFCs efficiency and performance.
Particularly, this point can be important at high current densities where mass transfer
losses dramatically increase, which leads to a noticeable reduction in the PEMFC

efficiency. This can be an intriguing topic for future research.

4) Graphite bipolar plate (BPP)

Bipolar plate is a multi-functional component within a PEMFC stack, which conducts

heat and electrons through the cells, as one of its main functions. An inadequate contact
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between a BPP and a GDL deteriorates the PEMFC performance by disturbing its
electrical and heat management.

In this thesis, thermal conductivity of a graphite BPP is measured under different
temperatures and pressures using the two thickness method. The bulk resistance of the
BBP samples is deconvoluted from their contact resistances with the clamping surfaces.
This allows not only accurately measuring the thermal conductivity of the BBP but also
addressing the effect of compression, PTFE, MPL, out-of-flatness and cyclic loads on its

TCR with different GDLs. The key results are summarized below:

Thermal conductivity of the graphite BPP decreases with increasing temperature.

e The TCR of the BPP with the clamping surfaces reduces with temperature.

e The BPP-GDL TCR increases with both MPL and PTFE, regardless of the PTFE
loading.

e High PTFE loading, MPL and BPP out-of-flatness increase the GDL-BPP TCR
dramatically.

e The BPP-GDL TCR can be the dominant resistance in GDL-BPP assembly.

e Load cycling reduces the total thermal resistance of the BPP-GDL assembly
considerably.

e The reduction effect of load cycling on the thermal resistance of the BPP-GDL

assembly is more pronounced for GDLs with lower PTFE loading.

An analytic model is also developed for fibrous-plate contact resistance that, contrary to
all the TCR models, considers the waviness of the fibers. This model reveals that fiber
waviness, diameter and surface curvature, as well as GDL porosity, have a strong
influence on TCR whereas fiber length does not affect the TCR when the porosity is kept
constant. The insights gained through this work can open alternative avenues for tailoring
and optimizing the microstructure of fibrous porous media such as GDLs from the

viewpoint of manufacturing process and transport properties.
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5) Effect of clamping pressure

In general, there is a trade-off between ohmic losses and mass transfer losses as a result
of compression. For porous materials of MEA, with increasing stack clamping pressure:
e Ohmic resistances reduce as bulk and contact resistances decrease.

e Mass transfer increases as porosity decreases.

This point demonstrates that increasing stack clamping pressure is useful as long as the

porosities of fuel cell components do not decrease dramatically. The variations of thermal

conductivities of GDLs, MPLs and BPPs and their interfacial resistances with

compression are thoroughly addressed in this work. The following can be used as a

framework and database for fuel cell manufactures and development:

e Data of deconvoluted contact from bulk resistances of GDLs, MPLs and BPPs over
compression.

e Guidance given on improving the thermal (and possibly electrical) properties of
GDLs and MPLs with regard to their microstructures, porosity and the clamping

pressure.

The following figure shows the road map and the deliverables for the present research.
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Chapter 1.

Introduction

1.1. Setting the scene

The supply of clean and sustainable energy is one of the most important challenges facing
humanity in the 21st century. Fuel cell technology has the potential to contribute to a
more efficient and secure energy supply and to address the climate change by reducing

emissions [1][2].

A polymer electrolyte membrane fuel cell (PEMFC) is an electrochemical device that
converts the chemical energy of hydrogen into electricity, water and heat. Fuel cells are
unique in terms of the variety of their applications and sizes; they can provide energy for
systems as large as a power station and as small as a cell phone. They are currently being
investigated as an alternative to the internal combustion engines in transportation

applications and, in general, as a secure and clean supply of energy in the future.

Although fuel cells are one of the best candidates to replace gasoline-based engine, the
technology is still immature for large-scale commercialization [2] [3] [4]. Critical
prerequisites for the commercialization of fuel cells are improvements in their
performance, reliability and durability as well as reductions in their production costs [5]
[6] [3]. Figure 1.1 shows the target cost for fuel cells as defined by the US Department of
Energy (DOE). The DOE has reduced the target cost of automotive PEMFCs from
$106/kW in 2006 to $55/kW in 2014 and is targeting a cost of $30/kW [7]. Other target



values set by the DOE are: (i) Demonstrated 2,500-hour (75,000 miles) durability for
PEMFC systems in vehicles operating under real-world conditions, with less than 10%
degradation [8], (ii) improved performance of stationary fuel cells [9], and (iii) advanced
manufacturing methods and materials that enable a 50% decrease in the cost of porous
(gas diffusion) layers compared to 2008 costs [10]. These targets indicate the importance
of durability and performance of fuel cells and that substantial research and development
is still required to reach these ultimate targets.
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Figure 1.1.  Projected transportation PEMFC system cost defined by the DOE
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units/year) [7]



1.1.1. Fibrous porous materials

A porous medium is a solid with voids distributed throughout the bulk of its body. The
basic characteristic of such medium is porosity, which plays a major role in defining its
transport properties (fluid, mass, heat and electrical charge transfer). The properties can
be improved by determining and manipulating the key parameters through modeling and
experiments. This approach can help modify and improve the structure of the
manufactured porous medium to enhance the transport property of interest, with minor
side effects on its other properties. The key findings can be employed for manufacturing

new materials with improved properties.

The last decade has witnessed a dramatic growth in the application of fibrous porous
materials in existing and emerging technologies such as bioengineering, energy,
electronics, and water filtration, to name a few. Examples of these fibrous materials are
gas diffusion layers for fuel cells, textile composites for tissue engineering, zeolite
membranes for water treatment, porous hydrogels for neural tissue, graphene coated
textiles as capacitor, and fiber reinforced concrete. Figure 1.2 shows several fibrous

porous materials with different applications.
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Figure 1.2.  Different fibrous materials widely used in existing & emerging
technologies (adapted with permission from the original references)



According to the orientation of the fibers, fibrous structures can be categorized into three

different groups as shown in Figure 1.3 [15]:

e One-directional (1D) media, where the fibers’ axes are parallel to each other, e.g.
tube banks;

e Bi-directional (2D) media, where the fibers’ axes extend along parallel planes,
with an arbitrary orientation within these planes, e.g., gas diffusion layers (GDLS)
of fuel cells.

e Three-directional (3D) media, where the fibers’ axes are randomly positioned and

oriented in any given volume.

(@) 1D (b) 2D (c) 3D

Figure 1.3.  Fibrous porous media categorized in three groups in terms of
structure and fiber orientation (adapted with permission from Ref.

[15])

Fibrous materials are generally anisotropic, and more specifically orthotropic i.e., the
transport properties in one direction differ from those on the other two directions. The
materials studied in this thesis are generally 2D fibrous media. The terms “fibrous



material” or “fibrous medium” will denote a 2D fibrous medium unless otherwise

specified.

1.1.2. Porous materials composed of spherical particles

Porous materials made of spherical particles are widely used in a number of applications,
such as porous carbons, aerogels, catalysts, adsorbents, ion exchange materials. These
materials provide high surface area and an open framework structure, which enables

production of materials with multiscale porosity.

According to the International Union of Pure and Applied Chemistry (IUPAC) [16],
porous materials can be classified into three categories based on the effective width of the
pores: macro porous (>50 nm), meso porous (2 ~50 nm), and micro porous materials (<2
nm). The fibrous and porous materials studied in this thesis lie within the macro and

Meso Porous groups.

1.2. PEMFC components

PEMFCs are made of stacked individual cells, called membrane electrode assemblies
(MEASs). As shown in Figure 1.4, the main components of a PEMFC are a porous catalyst
layer (CL) that are coated on the polymer electrolyte membrane (PEM) and the fibrous
porous gas diffusion layers (GDLs) that are usually accompanied by another porous
material called the micro porous layer (MPL). The MEA is under compression in
between two bipolar plates (BPPs). As mentioned earlier, PEMFCs generate electricity,

heat and water. Figure 1.4 also shows all the thermal and electrical resistances available



in a PEMFC, which include the bulk resistances of all the components and the interfacial

(contact) resistances between the contacting components.

RBPP RGDL RMPL RCL RPEM

W—W— W— WNW— WN— N—N— " N— W\
TCRgpp oL TCRGpLmpL TCRypLcL TCReL pem

Figure 1.4.  Main components of a fuel cell and their bulk and interfacial
resistances

1.3. How do PEMFCs work?

A PEMFC converts the chemical energy released during the electrochemical reaction of
hydrogen and oxygen into electrical energy, as shown schematically in Figure 1.5. A
stream of hydrogen is fed through the anode side of the MEA. At the anode side, the



hydrogen is catalytically split into protons and electrons. This oxidation half-cell reaction
or Hydrogen Oxidation Reaction (HOR) is represented by:

H —2H +2e (1-1)
@ Hydrogen @ Oxygen
Electron (&) @ Proton (H*)
Anode i Cathode
Oxygen
Hydrogen .
ydrog @w &g WA & from air
oy |8
\ %
Hydrogen o Air and
recycling ® ‘ water vapor
GDL CL I CL DL
PEM
H2—>2H++29_ 15 02+2H++2e'—> HZO
®, 202 @202 — @

Figure 1.5. A schematic showing how a PEMFC works



The newly formed protons migrate through the membrane to the cathode. The electrons
go through an external circuit to the cathode side of the MEA, thus generating the current
output of the fuel cell. A stream of oxygen is fed into the MEA cathode where oxygen
molecules react with the protons passing through the membrane and with the electrons
arriving through the external circuit to form water molecules. This oxygen reduction

reaction (ORR) is represented by:

Y O+ 2H" + 26" — H,0 (2-1)

These reactions produce water and heat, which have to be removed from the cell through

proper thermal and water management.

1.4. Thermal management of PEMFCs

Thermal management is one of the key challenges on the path to full commercialization
[17] [18] [19] [20] [21]. There are different heat transfer modes and issues in PEMFC
components and different practical cooling systems are used. Kandlikar and Lu [17]
provided a succinct summary of the PEMFC heat management, the different heat transfer
modes inside PEMFCs components and the link between heat and water management of
PEMFCs.

1.4.1. Heat generation

Heat generation in a PEMFC includes entropic reactions heat, irreversibilities of the
electrochemical reactions and ohmic losses, as well as the heat released by water
condensation [22]. The entropic heat is related to the entropy change of the

electrochemical reaction and must be balanced inside an operating cell to maintain a
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constant temperature. The irreversibility of the electrochemical reactions [17] generate
significant amount of heat on both anode and cathode sides of a PEMFC. However, more
heat is generated at the cathode side due to the higher entropy change and overpotentials
[23] [24] [25] [26]. For this reason, the temperature at the cathode side is higher than that
at the anode side, which makes it more challenging to keep a uniform temperature
distribution across the MEA. The electrical resistances arose from the electron and proton
transfer lead to the ohmic heat inside a cell. This ohmic loss can be reduced by using
higher conductive materials. The heat generated by the entropy change, reaction
irreversibility and ohmic losses account for 55%, 35% and 10% of the total heat release,

respectively [27], which reduce the power output of a PEMFC considerably [17].

1.4.2. Heat transfer in PEMFCs

The heat generated in a PEMFC is primarily removed by conduction through the
components, convection by the feed streams and convection over the external surfaces of
the stack. The thermal properties of individual components in a PEMFC, along with other
transport properties such as permeability, significantly affect the rate of heat removal.
The thermal conductivities of PEMFC materials are usually obtained from either ex-situ
measurements or in-situ determinations inside a PEMFC [17]. In some cases where
experimentation is not feasible, robust models are the only tools available to determine
the thermal conductivity. In general, experimental data supported by theoretical analyses
provide a better platform for analyzing the thermal properties of porous and anisotropic

micro/nanoscale components of PEMFCs.

The mechanisms of heat transfer differ between the various components. In porous
components, i.e., CLs, GDLs and MPLs, both conduction and convection contribute in
various degrees to the heat transfer while heat is transferred through the PEM via

conduction. Heat transfer also occurs as a result of coupling with mass transfer
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phenomena inside the cell. One of the most important couplings is between the heat and
water transport in a PEMFC: (i) evaporation and condensation of water inside the pores
absorbs or releases the latent heat; (ii) water and heat transports are coupled through the
heat pipe effect (temperature variations lead to phase change, which affects water
transport, and vice versa) [28]; and (iii) the vapor pressure is a strong function of

temperature [17].

1.4.3. Fuel cell stack cooling

There are several factors that play major roles in removing heat from, and in designing an
effective cooling system for, PEMFCs. The first is operating temperature, which has to be
kept at about 80 °C. This temperature is much lower than the typical 500-700 °C [29]
operating temperature of internal combustion engines. This makes the thermal
management of PEMFC more challenging than that of the internal combustion engines,
as there is a lower temperature difference for cooling PEMFCs. Second, the heat
generated in a PEMFC has to be removed by an effective cooling system since the
exhaust streams cannot meet the heat removal requirements. The third issue is related to
water condensation and vaporization inside the cell, which has to be taken into account in
the heat balance. These requirements for proper heat removal from a stack, but still can
be met by using oversized radiators, represent major challenges in the design of PEMFC

cooling system especially in automotive applications [17] [30].

1.4.4. Non-uniform temperature distribution in a PEMFC

In a PEMFC, there should be a balance between the heat generation and the heat removal
rates in order to keep the operating temperature at a required steady-state level. The

temperature inside a PEMFC peaks at the cathode CL due to the large amount of heat
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generated by the electrochemical reaction [31] [32] [33]. This has been observed from
experimental measurements [34] and predicted by various thermal models [22] [27] [35].
A temperature drop of ~5 °C is expected across the MEA at the current density of 1 A
cm [34] [36]. This temperature difference, which significantly influences the water and
heat transport in a PEMFC, is mostly dictated by the thermal conductivities of the MEA
components and their interfacial resistances. The brittle, anisotropic and microstructural
nature of the MEA components complicates the thermal measurements and heat transfer
modeling [17] [37].

1.4.5. Coupled heat and water transport in a PEMFC

The heat transfer in a PEMFC is inherently linked to water transport and is influenced by
water phase change [21] [38] [39]. According to Eikerling [40], water vapor is desirable
in the cathode CL, and this can be achieved through adequate and simultaneous thermal
and water management of PEMFCs. The thermal gradients across the MEA play
significant roles in the water transport toward the gas channels and its phase change
within the MEA. These gradients are highly dependent on the transport properties,
specifically thermal resistances, of the PEMFC components. A detailed review of the
transport mechanisms of water in conjunction with the temperature distribution inside the

stack is given by Kandlikar and Lu [21].

1.4.6. Thermal management issues in a PEMFC

Figure 1.4 also illustrates schematically the various bulk and interfacial resistances. The
transport and physical properties of MEA components, coupled with the interactions at
their interfaces, are crucial for determining the performance of PEMFCs and enhancing
their efficiencies [1] [39] [41]. Specifically, knowledge of the thermal bulk and contact
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resistances of all involved components is essential for proper thermal and water
management of PEMFCs [11] [12] [43] [44] [45]. An inadequate temperature distribution
may cause local hot spots in the cell, which can intensify degradation of the cell
components, especially MEAs, and reduce their lifetime. In addition to this, higher
temperatures in the cell reduce the membrane humidity and, therefore, its ionic
conductivity, as well as the maximum theoretical voltage the cell can produce [46]. Any
excessive drop in operating temperature, on the other hand, can cause reductions in
reaction Kinetics and species diffusivities, leading to malfunction [45] [47]. In addition to
the above phenomena, heating of the catalysts during the start-up of PEMFCs, especially
in sub-zero conditions [24] [25], is also highly dependent on the thermal conductivity of
the cell components, especially GDLs [50]. Table 1.1 summarizes the main factors and

phenomena affected directly by heat management of a PEMFC.

Table 1.1. Main factors affected by the heat management of a PEMFC and the
consequences of improper heat management

Main phenomenon/issue ) Negative effect

in/for a PEMFC Main consequence on PEMFC’s

Local hot spots Intensified degradation Lifetime

Membrane dehydration lonic conductivity drop Performance & Lifetime
Temperature drop Decreased reaction kinetics Performance
Temperature drop Low species diffusivities Performance

Inability to heat CL Slow start-up Reliability & Lifetime
Water management Flooding or cell humidity drop Performance
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As shown in Table 1.1, there are a number of issues in PEMFCs related to the transport
properties of the cell components, especially thermal conductivity and interfacial
resistances of the components, specifically those of treated and untreated GDLs.
Investigating the dependency of these properties on salient variables such as
compression, humidity, additive materials of PTFE and MPL, cyclic load and hysteresis
behavior are vital for understanding and improving the performance and longevity of
PEMFCs. However, due to difficulties in experiments and complexity in modeling,
relatively few experimental work and modeling studies have been reported to date on the
thermal bulk and contact resistance of fuel cell materials [51] [52]-[54] [55] [56]-[58].
The brittle, porous and anisotropic nature of most fuel cell components, together with
their low thicknesses, has made it challenging to measure and analytically model their

thermal resistances.

The lack of experimental and analytical work is one of the key motivations for this study.
This research intends to develop a framework in which the microstructure and properties
of the porous media required to enhance PEMFC’s performance can be studied. The
focus will be mainly on gas diffusion layers, micro porous layers and the graphite bipolar
plates, and interactions at their interfaces. The in-plane electrical conductivity and
through-plane thermal resistance of catalyst-coated membrane will also be studied as part

of this program but is not reported due to the confidentiality issues.

It is worth emphasizing that in order to achieve the optimum fuel cell performance, it is
essential to improve understanding of the characteristics of GDLs and MPLs, i.e. their
structure, pore size, porosity, thermal and electrical conductivities, gas permeability,
wettability, surface morphology and water management. This is because GDLs and
MPLs are the functional components that provide a support structure for gas and water
transport in PEMFCs. They play a crucial role when the oxidant is air, especially when
the fuel cell operates in the higher current density region. For these reasons, analysis and
characterization of GDLs and MPLs are crucial to improving the performance and

durability of PEMFCs. There has been a noticeable growth in the research and
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development of GDLs’ and MPLs’ characteristics and behavior to improve their
properties [59]. The present thesis attempts to provide some key data on GDLs’ and
MPLs’ characteristics and their bulk and interfacial thermal behavior. The optimized
structure of GDLs and MPLs for having higher thermal conductivities and lower contact

resistances will also be discussed in detail.

1.5. Polarization curves: Impact of contact resistances

The main impact of GDL and MPL conductivities and contact resistances are on ohmic
loss, which is one of the main losses in normal fuel cell operation. The contribution from
the contact resistance to the ohmic loss has been reported to be approximately equal to
that from the proton conduction resistance in the membrane [60] [61] [62]. Chang et al.
[60] reported that in the practical range of stacking pressure, e.g. 10 bar, the magnitude of
electrical resistance becomes less than 50 mQ cm?, whereas a fully hydrated Nafion 112
membrane has an electrical resistance of 70 mQ cm? [63].

A plot of cell potential against current density under a set of constant operating
conditions, known as a polarization curve, is the standard tool for characterizing the
performance of fuel cells. A polarization curve shows information on the performance
losses in the cell. The curve has three major regions: kinetics or activation loss; ohmic
loss; and mass transfer loss. Polarization curves shown in Figure 1.6 [64] show how the
ohmic loss decreases with compression. It should be noted that the optimum compression
at which the overall performance of a fuel cell is highest is not necessarily the highest or
lowest clamping pressure applied. Since the variation of bulk resistance with compression
is small for fuel cell thin components, the decrease of ohmic loss with compression is
largely attributed to the reduction in the contact resistance between the fuel cell
components (ionic conductivity is also important). This underscores the importance of

contact resistance and its direct impact on fuel cell performance. Yin et al. [65] and
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Salaberri and Vera [66] have shown that at low assembly pressures, the inadequate
electrical contact between the GDL and the BPP greatly deteriorates the cell
performance. Therefore, the role of the contact resistance on the fuel cell performance is
critical [60] [67] [68] [69] and need to be thoroughly investigated.
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Figure 1.6.  Effect of GDL compression ratio on the performance of a PEMFC.
The compression ratio of the GDL is defined as the ratio of the change
in operating thickness to the GDL original thickness (reprinted with
permission from Ref. [64])
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1.6. Polarization curves: Ohmic versus mass transfer losses

The effect of GDL compression on fuel cell performance was experimentally studied in
several works. Yim et al. [70] observed that the decrease of contact resistance by high
GDL compression affects more dominantly on the stack performance than the increase of
mass transport resistance in the present stack configurations. The polarization curves of
Ref. [64] shown in Figure 1.6 also clearly illustrate the effect of compression on the cell
performance. In general, there is a trade-off between ohmic and mass transfer losses as a
result of compression [71] [72] [73] [74] [75] [76] [77]. The more the compression, the
lower the contact resistance but the higher the mass-transfer overpotential would be since
the porosities of the components decrease with compression. This point indicates that
increasing stack clamping pressure is useful as long as the porosities of the fuel cell
components do not decrease dramatically (also see [67] [70] [75] [78]). An interesting

question is whether it is possible to reduce contact resistance while increasing porosity?

If it were possible, both ohmic and mass transfer losses would be reduced, which could
eventually result in an improvement in the PEMFC performance. This challenging

question is addressed in Chapter 6 of this thesis.

One of the main side effects to PEMFCs performance due to increasing the porosity of
GDLs is related to the reduction in thermal and electrical conductivity. As a result, it
would be preferable to increase porosity without decreasing thermal and electrical
conductivity. This raises another question: how can the fuel cell manufacturers increase
GDL porosity without decreasing its conductivity? This question is addressed and
answered in Chapter 4 of this study by referring to the GDL structure and its
manipulation. The impact of porosity and compression on bulk and contact resistances,
which can directly affect the cell ohmic losses, are central issues discussed in detail in
this thesis.
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1.7. Objectives

One of the key parameters that directly affects both heat and water management of a
PEMFC, as well as durability and longevity of its components, is the temperature
distribution inside the MEA [2] [79] [80] [81] [82] [83] [84] [85]. This temperature
distribution is highly dependent on the thermal conductivity of the components,
especially GDL [48] [86] [87]. It is also affected by contact resistance at the interfaces of
adjacent MEA component [81]. As a result, the accurate prediction of GDL thermal
conductivity and quantifying its dependency on salient parameters such as compression,
microstructural characteristics and additive materials such as PTFE and MPL are
essential for understanding and improving the performance and longevity of PEMFCs. A
similar study on contact resistance is also required to understand the unexplored
phenomena occurring at the interfaces of fuel cell components. For instance, the effect of
PTFE [88] and MPL on GDL thermal conductivity and on its contact resistance with
adjacent layers has not yet been well understood and needs to be addressed thoroughly
and accurately. The thermal conductivity of coated MPLs is still unknown and has to be
measured with sufficient accuracy. A comprehensive study is required to reveal the effect
of GDL and fiber specifications on its contact resistance with flat surfaces such as bipolar

plates.

These studies provide a data-base and framework for the fundamental understanding of
heat conduction through GDLs, MPLs and BPPs and their interfaces. They can also guide
the development of new materials that improve the heat (and possibly electrical)
management of PEMFCs by shedding light on the thermal behavior of these components.
Analytic models developed in this research can be useful for the design, simulation and
optimization of PEMFCs since conventional trial-and-error or computational approaches

are time-consuming and not economically viable.

18



1.8. Contributions

The present work contributes to the science and technology of fuel cells by characterizing
the bulk/interfacial thermal properties and key parameters effective for thermal (and
possibly electrical) management of PEMFCs; specifically the thesis clarifies and
quantifies:

(1) Impact of fiber spacing or aspect ratio and how to determine it for a fibrous medium.

- The traditional notion that porosity always decreases the thermal conductivity of a
porous material is not necessarily true. This is a novel finding that can help improve the
transport properties of fibrous materials considerably.

(2) Thermal conductivity of a graphite BPP as a function of temperature (Ballard project).
(3) Thermal conductivity of 14 untreated and PTFE-treated Sigracet GDLSs.

(4) Thermal conductivity of coated MPLs.

(5) Effect of compression and PTFE on GDL thermal conductivity and contact resistance.
(6) Impact of MPL on GDL thermal conductivity and contact resistance.

(7) Effect of cyclic loading and hysteresis behavior on thermal resistances of GDLSs.

(8) Key parameters that affect the thermal/electrical conductivity and TCR/ECR, with the
hope of optimizing the GDL and MPL and of manufacturing new materials with

improved transport properties.

Table 1.2 summarizes the main parameters that affect the heat management of PEMFCs
and have been studied in this work. The knowledge of the thermal behavior of fuel cell
components sheds light on their realistic impact on PEMFC heat management. This can
ultimately lead to a better heat and water management and a more sophisticated design
and manufacturing of PEMFCs.
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Table 1.2. Factors and issues affecting the heat management of PEMFCs and
discussed in this thesis

Factor/parameter/treatment What they affect

Thermal conductivity
Microstructure of GDLs:

Porosity, fiber spacing, diameter, waviness and angles GDL-BPP TCR

GDL-MPL TCR

: ) Thermal conductivity
Treating a GDL with PTFE

TCR

. . Thermal conductivity
Coating a GDL with an MPL

TCR
Microstructure of MPLs:
Porosity and carbon particles diameter GDL-MPL TCR
BPP out-of-flatness (machining) GDL-BPP TCR

The literature review in the next chapter identifies a number of controversial issues and
typical questions regarding heat management of PEMFCs, about which there is still a
debate in the literature. These include, e.g., the question of whether thermal conductivity
increases or drops with porosity, fiber spacing and additive materials, and the question of
what the impacts of temperature and surface treatment are on the thermal behavior of
PEMFC components. These issues are resolved through a series of experiments combined
with theoretical analysis, see Table 1.3. Studying the items listed in Table 1.2 enables us
to analyze the controversial aspects of the thermal behavior of PEMFC components as
listed in Table 1.3. Answers to these key questions can reveal unexplored behavior of fuel
cell components, which leads to determining some counter-intuitive phenomena that

affect both thermal and electrical management of PEMFCs. It is hoped that the findings
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of this work will be useful for enhancing PEMFC performance and longevity by
characterizing and optimizing the structure, transport properties, design and
manufacturing aspects of their micro/nano-scaled components. Based on these criteria,

the work plan shown in Figure 1.7 has been taken for the present PhD program.

Table 1.3. Controversial issues and common questions addressed in this thesis

Items to be studied

Reduction of GDL thermal conductivity with porosity & fiber spacing?
Reduction of GDL thermal conductivity with PTFE-treatment?
Reduction of TCR with porosity?

Thermal conductivity of a coated MPL

Variation of thermal conductivity of a graphite BPP with temperature
Variation of TCR and thermal conductivity with compression

Role of MPL in the heat management of PEMFCs

1.9. Thesis outline

This thesis is organized into 8 chapters and 3 appendices. The present chapter (Chapter 1)
includes an introduction on background and motivation, as well as the importance and all
deliverables of the work covered in the present program. A critical and comprehensive
review of the pertinent literature is presented in the next Chapter to motivate the research
directions. In particular, the main drawbacks of the available work in the literature and
the gaps in knowledge of the transport properties of porous materials are discussed in
detail. All the experimental data measured through this work, along with a detailed
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description of the experimental apparatus, are included in Chapter 3. Chapter 4
incorporates the modeling of thermal conductivity of both untreated and PTFE-treated
GDLs, and introduces new techniques for determining fibers angles and fiber spacing in
GDLs. The remarkable impact of fiber spacing on GDL thermal conductivity is presented
in this chapter. Chapter 5 shows through lateral optical images of GDLs that fibers are
wavy and not straight. With this information, the contact resistance between wavy GDLS
fibers and a flat plate is modeled analytically. The thermal contact resistance between
fibrous media such as GDLs and porous media made of spherical particles including
MPLs is modeled in Chapter 6. This chapter also presents the counter-intuitive reduction
of TCR with porosity, which occurs under specific conditions. The challenges
encountered during this PhD program, the solutions, the sources used for conducting this
project are all presented in Chapter 7. The industrial collaborators that provided some
samples and technical information are also included in Chapter 7. Finally, Chapter 8
concludes the dissertation with a summary of the main achievements and a perspective on
possible future work. Appendix A provides the thermal conductivity of Pyrex 7740 as a
function of temperature. Two 1-in circular samples of Pyrex 7740 with different
thicknesses were used to calibrate the thermal resistance measurement machine in this
work. The experimental uncertainties reported in the thesis are estimated using the
procedure described in Appendix B. The tabulated experimental data of this research are
presented in Appendix C. Appendix D presents the article usage dashboard, which is

available only for the articles published after May 2013.
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Chapter 2.

Literature review

2.1. Thermal conductivity of GDLs

2.1.1. Experimental studies

Limited, and often contradictory, information is available in the literature on the bulk and
interfacial thermal resistances of GDLs (see, e.g., Refs. [51] [54] [89]) and, hence, more
sophisticated measurements are required. In principle, there are two classes of methods
for measuring thermal conductivity [90]: (1) transient and (2) steady state methods,
usually referred to as guarded heat flowmeter methods. Although transient tests are much
faster, they usually need the sample heat capacity [49] [86] [90], which is difficult to
measure accurately for porous materials [86] [90]. In-situ measurements of thermal
properties are also challenging due to the porous nature and the micro scale of the
components and the complexity of the numerous phenomena occurring simultaneously
within an operating PEMFCs. The guarded heat flowmeter method is known as the most
accurate one for measuring the thermal conductivity of porous materials, where an

effective value for thermal conductivity is required [90].

To date, there have been few thermal conductivity studies of GDLs using the steady state
method. Khandelwal and Mench [91] and Sadeghi et al. [56] [58] [92] measured the
through-plane thermal conductivity of different GDLs with two thicknesses of one

material to deconvolute the contact resistance. No sample thickness measuring device and

24



no vacuum chamber (to best minimize heat loss from the sample) were used in thermal
conductivity measurements of Ref. [91], which may have decreased the accuracy of its
measurements. Ramouse et al. [43], Karimi et al. [90], and Burheim et al. [93] used the
same guarded method, but with a different approach, for the measurement of GDL
thermal conductivity. They assumed a negligible contact resistance between two (or
more) stacked samples, which cannot be accurate for two porous samples with noticeable
roughness. On the other hand, Alhazmi et al. [94] considered the contact resistance
between the stacked samples by considering the slope of the total resistance-thickness
line. However, the determinant of the systems of the resultant equations sounds to be zero
and it is not clear how they could solve the equations mathematically. In turn, they
combined the number of samples with the GDL thickness in one term but not in another
term of the same equation. In-situ measurement of the thermal conductivity of GDLs
were reported by Burford & Mench [95], Vie et al. [96] and Kawase et al. [97]. They
provided total resistances including contact resistance based on local measurements
inside the stacks. Table 2.1 summarizes the details of the experimental work conducted
for measuring the GDL thermal conductivity. It should be noted that the work employing
the transient methods were also included in this table. Xu et al. [42] measured thermal
conductivity of dry and saturated GDL samples by using a Hot Disk TPS2500S Thermal
Constants Analyzer, which is based on a transient method. They asserted that the device
can deconvolute the contact resistance from the bulk resistance by referring to Refs. [98]
[99]. It is worth mentioning that some transient methods, such as the one used in Ref.
[86] for the measurements of the in-plane thermal conductivity of GDLs, requires the
heat capacity values of the tested GDLs, which was estimated as a function of the heat
capacities of pure solid and fluid phases by using mixing rules. Such estimations may
introduce considerable uncertainties and reduce the level of confidence for the thermal

conductivity determinations.
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Table 2.1. Measurement of GDLs through-plane thermal conductivities

Authors Types of GDLs & Remarks *
thermal conductivity
(Wm'K?
Burford & E-Tek ELAT: + In-situ measurement.
Mench 0.13-0.19 ++ Estimated from temperature
(2004) [95] difference inside a fuel cell.
+¢ Total resistance (bulk + contact) was
measured.
Ihonen et al. SGL 10BC: ++ Thermal impedance.

(2004) [100]

Thermal impedance of 10-
24 K cm® W™ for P=0.5-12

+¢ Total resistance (bulk + contact) was
measured.

bar + Large heat loss.
+ Neglected radial heat conduction.
Vie et al. ETEK ELAT: +* In-situ measurement.
(2004) [96] 0.2 ++ Large thermocouples inserted into

the fuel cell.

+ Large uncertainty for some of the
tests.

+ Single local measurements.

Khandelwal
and Mench
(2006) [91]

Toray-H-60 & 90:

1.80 and 1.24 (at 26 and 73

°C, respectively)
SGL 24AA,BA, DA:
0.48, 0.31, 0.22 (58 °C)

E-Tek ELAT: 0.22 (33 °C)

% Measuring heat flux through the
sample using insulation (10%
overestimation [91]).

++ No thickness measurement.

++ Only one compression (22 bar).
+ Neglected TCR between a double
layer E-Tek ELAT.

+ Contact resistance deconvolution
using two thickness method.

Ramouse et al.
(2008) [43]

Quintech: 0.36-1.36 (20
oc)
SGL: 0.26-0.34 (20 °C)

% Neglected TCR between stacked
samples.

+¢+ Upper and lower bonds for thermal
conductivity could be provided.

Radhakrishnan
(2009) [41]

SGL 25BC & 35BC:
0.6-0.9

Toray-H-060 and -120:
1.6-1.9

(P=0.4-13 bar)

DS

» Heat guarded plate.

No vacuum to minimize heat loss.
Considering either of MPL-coated
GDLs 25BC and 35BC as one GDL.

K/ 7/
A XA X4
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Kawase et al.
(2009) [97]

Toray-H-060: 2.8
(P=19 bar)

“*In-situ measurement.

+ Estimated from temperature
difference in a working fuel cell.

+¢ Total resistance (bulk + contact) was
measured.

Karimi et al.
(2010) [90]

SpectraCarb: 0.25-0.7
(0.7-13.8 bar & 70 °C)
SolviCore: 0.24-0.51

(0.7-13.8 bar & 70 °C)

% Measuring heat flux through the
sample using insulation (no vacuum to
best minimize the heat loss).

¢+ Neglected TCR between the stacked
samples.

Burheim et al.

(2010) [93]

SolviCore:

0.27, 0.36, 0.40 (25 °C)
Toray-H-60:

0.41, 0.53, 0.66 (25 °C)
(P=4.6, 9.3, 13.9 bar)

¢+ Measuring heat flux through the
sample using insulation (no vacuum to
best minimize the heat loss).

% Neglected TCR between stacked
samples.

++ All thermal conductivities were
measured at three pressures.

Sadeghi et al.
(2011) [56]

Toray-H-60 & 90: 1.5-2
(3.5-15bar & 70 °C)

% Using a vacuum chamber to best
minimize the radial heat loss from the
sample and fluxmeters.

+»+ Contact resistance deconvolution
using two thickness method.

Zamel et al.
(2011) [49]

Toray-H-120:

1.1-1.8 (low deformation)
0.1-0.5 (high deformation)

«» Transient method.
¢+ Thermal capacitance (Slug)
calorimeter was used.

(-50-120 °C) ¢+ Assuming constant thermal
diffusivity for GDL.
¢+ Neglected contact resistance.
Burheimetal. Toray-H-60: %+ Measuring heat flux through the

(2011) [101]

0.5-0.73 (5% PTFE)
1.4-1.5 (5% PTFE, wet)
0.48-0.69 (10% PTFE)
0.28-0.32 (60% PTFE)

sample using insulation (no vacuum to
best minimize the heat l0ss).

% Neglected TCR between stacked
samples.

(P=4.6-13.9) +¢ All thermal conductivities measured
at three compression.
Teertstraetal. SolviCore: +¢ Parallel thermal conductance (PTC)
(2011) [102] 0.25-0.52 technique in vacuum.
SpectraCarb: % Neglected TCR.
0.28-0.6 % In-plane thermal conductivity.

(P=0.7-13.8 bar)




Burheimetal. SGL 24DA:

(2013) [103] 0.247, 0.332, 0.403
(P=4.6, 9.3, 13.9 bar)
SGL 24BC: 0.369 (9.3 bar)
SGL 25BC: 0.270 (9.3 bar)

¢+ Measuring heat flux through the
sample using insulation (no vacuum to
best minimize the heat loss).

% Neglected TCR between stacked
samples.

s*Aged & wet samples.

Alhazmietal. SGL GDLs:
(2014) [94] 0.25-0.55

¢+ A home-made apparatus similar to
the guarded heat flowmeter.

(T=35-80 °C) +¢ It is not clear how the equations
(with a seemingly zero determinant)
have been solved.
Xu et al. U-105 (MRC 105), SGL % Transient method.

(2014) [42] Sigracet® 25 BC, and
General Motors (GM):
0.2-0.9, 0.15-0.7, 0.12-0.13

(Dry)
(P=1-20 bar)

¢+ A Hot Disk TPS2500S Thermal
Constants Analyzer was used to
measure the thermal conductivity.
¢ Two samples of each GDL were
layered for each stress—strain
measurement.

% Dry & wet samples.

Toray [104] Toray-H-60: 1.7 (25 °C)

+¢+ No published information.

* In the work that used the steady-state guarded methods, some insulation was employed around
the sample and the fluxmeters to minimize the radial heat loss except Refs. [56] [102] where a

vacuum chamber was employed.

28



2.1.2. Models in the literature

A few models have been presented in the literature for estimating the through-plane
thermal conductivity of GDLs. Most of these models are based on porosity only and do
not consider other important geometrical parameters such as fiber angles and aspect ratio,
that is, the ratio of the distance between fibers in the in-plane (x-y) directions. The main
idea in such models is to reconstruct a porous structure having the same porosity as the
actual GDL, and then use a theoretical model to calculate the thermal conductivity on the
basis of the solid and pore fractions, i.e., porosity. The results show similar values for
thermal conductivity of different GDLs having the same porosity and sometimes
overestimate [44] or underestimate [43] [45] the measured thermal conductivity.
Considering the complexity of the structure of fibrous porous media, improvements in
model accuracy are likely to require consideration of all salient geometric parameters. In
the present work, an attempt is made to incorporate the intersecting angle and
characteristic distance between fibres into a new analytical model. Table 2.2 summarizes
the effective medium theory based models and Table 2.3 lists the computational work
available in the literature for the estimation of GDL thermal conductivity. It is worth
noting that the effective-medium theory based models are based on one parameter, i.e.,

porosity. This is the main drawback of such models as they do not consider fiber spacing.
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Table 2.2. Effective medium theory-based models for thermal conductivity of
GDLs
Author(s) Model/equation Remarks
Ref. [105] ketrp = ekair + (1 — &)ks % Series & parallel models.
1 +¢+ No fiber orientation was
Ko = considered.
' g/kair + (1 - 3)/ks
Carson et al. + Effective medium theory:

(2005) [106]

ke = 3 (B0~ £) ~ Dk
+(2-3(1 - &)kair +
([ -e - Dk +
(2-301—&))ka|” +

0.5
8kairks) )

A random, mutual dispersion of
two components.

+» No fiber orientation was
considered.

Wang et al.
(2008) [107]

keffs 8keffp
ket = —=| [14+—2—1
off 2 * keff,s

+»+ Co-continuous model:

Both phases are assumed to be
continuous.

+» No fiber orientation was
considered.

Eucken
(1940) [108]

ket = kcont(l - gcont) +

3Keont
kyo(l—gq0)—=2 /(1 —
dlS( dlS) 2kcont+Kais (

+«» Maxwell-Euken model:
One phase is assumed to be
dispersed in a second, continuous

3kcon
Econt) T (1 — &qis) —chonct(:'lzdis phase.
Das et al. ke 3ef(e) ++ Series model for the lower
T LT —A-8  imit

(2010) [109]

ks 3

+¢ Parallel model for the upper
limit.

+¢+ No fiber orientation was
considered.

Zamel et al.
(2010) [110]

f(e) = A1 —&)Bexp(C(1
_ 5))

A, B and C are constant.

+¢ Numerical carbon-paper GDLs.
+ Describes the effective thermal
conductivity as a function of
porosity and thermal conductivity
of the solid and gas species.

Zhang and
Zhang
(2014)
[111]

k
e 1 -0.975(1 — £)~0-002
ks

3
exp(0.77(1 — ¢)) (Tf_g))

+» Fitted to simulated results.
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Table 2.3. Computational and analytical models for GDL thermal conductivity

Author(s) Remarks

Wang et al. +¢ Lattice Boltzmann modeling.
(2007) [44] +«* Numerical study.
++ TCR was not considered.
Becker et al. v' Phase Contrast Tomographic Microscopy (structural model).
(2009) [112] ++ TCR was not considered.
Nitta et al. +* Numerical method.
(2008) [113] ++ TCR was not considered.
Ramousse et al. +¢ Upper and lower bounds based on effective medium theory.
(2008) [43]
Sadeghi et al. v" Analytic model.
(2008) [57] v TCR was considered.
+¢ Fiber spacing was assumed to be unity.
Pfrang et al. v/ Based on x -ray CT data.
(2010) [45] ++ TCR was not considered.
Veyret & Tsotridis v 3D structural model.
(2010) [114] +«+ Numerical computation of the energy transport equation.
++ TCR was not considered.
Pfrang et al. v Based on structural model.
(2011) [105] +¢+ TCR was not considered.
Yablecki et al. v" Based on Sadeghi et al.’s model with some changes.
(2012) [115] +¢» Compression reduces thermal conductivity.

Jiang et al. (2012) <+ An exact closed form formula of the local effective thermal
[116] conductivity is obtained by solving Laplace’s equation.
+¢ Series model is used for thermal conductivity and for the
heat flux inside the fibrous medium.

Huang & Zhang +¢ Finite volume method combined with experimental data.

(2014) [117] [118] <« TCR was not considered for the fibrous insulation sample.
+» Fitting experimental parameters to one-dimensional energy
equation to back-calculate the thermal conductivity of the
fibrous insulation.

v': shows the advantage of the work. <*: shows more information on the work.
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2.2. Thermal conductivity of MPL

Few experimental studies have been to date performed to measure the thermal
conductivity of MPL. Burheim et al. [93] obtained the through-plane thermal
conductivity of an MPL equal to 0.6 W m™ K™ from measurements performed on an
MPL-membrane assembly. Karimi et al. [90] measured the thermal conductivity of the
MPL of SolviCore GDLs in the range of 0.25-0.52 W m™ K™ at 70 °C for a
compression pressure of 0.7-13.8 bar. In the same lab and for the same type of GDL, i.e.,
SolviCore, the thermal conductivity of the MPL was also measured by Unsworth et al.
[119] [120] by subtracting the measured thermal conductivity of a SolviCore carbon
paper coated with the MPL from that of a bare one. The reported MPL thermal
conductivity was 0.30 W m™ K™ and independent of the compression pressures.
Unsworth et al. [119], contrary to Ref. [90], found a negligible thermal contact resistance
of the MPL with the iron clamping surfaces and attributed this result to the high surface
contact area of the MPL. It is worth mentioning that none of the other work performed
for measuring the MPL thermal conductivity [90] [93] [119] have to date taken into
account the TCR between MPL and substrate. In addition, as mentioned in Table 2.1, the
tests of Refs. [90] [93] and Ref. [119] have not been performed in a vacuum chamber and

the thermal contact resistance between the stacked GDLs has also been simply omitted.

Using a transient laser flash method for a stand-alone MPL, Burlatsky et al. [121]
reported the thermal conductivity of MPL from 0.035 and 0.057 W m™ K%, with low and
high PTFE content, to 0.097 W m™* K™ (MTM187 modified substrate hot plate method)
by referring to an unpublished reference. However, the thermal conductivities of the MPL
reported in Ref. [121] are close to the thermal conductivity of air (0.026 W m™ K ™) and
therefore are unlikely to be accurate, considering the typical porosity of MPLs [87] [122]
[123].
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Table 2.4. Experimental studies reporting the thermal conductivity of MPLs

Author

Materials Thermal
conductivity
(W mtK?

Remarks

Burlatsky et al.

Stand-alone 0.035-0.097

«* Transient laser flash method

(2009) [121] MPL (details were not reported.)
Karimi et al. SolviCore 0.25-0.52 «» P=0.7-13.8 bar & T=70 °C
(2010) [90] % Neglected TCR

GDL-GDL
Unsworth et al. SolviCore 0.3

(2012) [119]

* Neglected TCR
MPL-FM
+ Independent of compression

Burheim et al.
(2013) [124]

Stand-alone 0.05-0.12

MPL

% Neglected TCR
MPL-MPL

2.3. Thermal conductivity of graphite and metallic BPPs

Design constraints, low cost, mechanical strength, high chemical stability and high

conductivity are among the main factors of selecting and manufacturing efficient bipolar

plates. To meet the above requirements, bipolar plates with different composition and

types have been used. Carbon-carbon, carbon-polymer and metallic bipolar plates are the

most common ones being tested to date to reach an optimal material. Due to this diverse

composition, a broad range of thermal conductivity from 5 to 200 W m™ K™, have been

reported for bipolar plates. Table 2.5 summarizes the thermal conductivities reported for

different bipolar plates. There is no information on the device or method used for

measuring the thermal conductivity of the biplolar plates for the some of the work as
listed in this Table 2.5.
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Table 2.5. Thermal conductivity of bipolar plates reported in the literature

Author Material Value  Remarks
(W m?
K™
Frano Barbir ~ Graphite 98 +¢ No details of measurement were
(2005) [125] Graphite/polymer mix 20 reported.
Graphite POCO 95
BBP 4 SGL 20.5
PPG 86 SGL 14
BMC940 19.2
Chen et al. Composite BPP 54-63 ++ No details of measurement were
(2007) [126] (75wt% Graphite and reported.
different Carbon
Nano Tube contents)
Composite BPP 59-63
(different graphite
contents)
Composite BPP 51-59
(75wt% Graphite and
different Ni-graphite
contents)
Spiegel (2007) BPP 16,19, <« No details of measurement were
[127] 22 reported.
Shimpalee et A Graphite BPP 20 +¢+ A numerical modeling
al. (2009) considering a value of 20 for the
[128] thermal conductivity of BPP.
Hsiao et al. A nanocomposite 27.2 +¢+ The thermal conductivity was
(2010) [129] (low graphene) measured using a Hot Disk thermal
analyzer (TPS2500, Sweden), based
on the TPS method [130].
Zheng et al. A BPP 20-50 <+ A numerical analysis considering
(2010) [131] a value of 20-50 for the thermal
conductivity of BPP.
Wang and A graphite BPP 100 ++ A numerical modeling

Chen (2011)
[132]

considering a value of 100 for the
thermal conductivity of BPP.
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Taherian Triple-filler 9.6 +¢ No details of measurement were

(2012) [133]  composites reported.
[134]
Gao et al. A BPP 52 ++ No details of measurement were
(2012) [135] reported.
Shahsavari et A graphite BPP 30-60 < A numerical parametric study.
al. (2012)
[136]
Ghosh et al. CF/CB/NG/NPFR 50 +¢+ Thermal conductivity measuring
(2014) [137] 5/5/60/30 % * instrument (Gunt: WL376,
GP/CFICB/NG/NPFR 77 Germany) was used. _
1.5/5/5/58.5/30 % < Temperature at different points
CE/CB/NG/NPER 20-407 _ along the sample was measured.
5/5/60/30 % ++ No contact resistance was
CF (Imm)/CB/ 50-73"  Considered.
(NG(+GP))/NPFR % Effect of fiber length
5/5/60/30 % ®: Effect of Graphene

* CF: Carbon fiber; CB: Carbon black; NG: Natural graphite; GP: Graphene; and NPFR: Novolac
phenol formaldehyde resins.

2.4. Thermal contact resistance between GDL-BPP

Due to experimental difficulties, no measurement has been reported to date on the
thermal contact resistance (TCR) between GDLs and graphite BPP [123] [138].
Consequently, this contact resistance has either been neglected or roughly estimated in
modeling studies [90] [67]. The only attempt to estimate the thermal contact resistance
between BPP and GDLs (TCRgpL-gpp) to date is due to Nitta et al. [113], which was based
on simulations using Fluent, with an unverified assumption of 128 W m™ K™ for the
thermal conductivity of the graphite BPP. The reported thermal conductivity of the GDL
was several times higher than typical values found in the literature and was also
independent of compression. These results are inconsistent with physical observations
and with several experimental studies showing the significant dependency of GDL
thermal conductivity on compression [49] [51] [52] [57] [89] [92] [139].
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Since there is no data for TCRgpL-gpp €xcept for that of Nitta et al. [113] and also due to
similarity between thermal and electrical resistances, it can be useful to know the models
and experimental procedures on how to deconvolute the electrical contact resistance
between BPP and GDL from their bulk resistances. Table 2.6 summarizes all modeling

and experimental studies conducted on electrical contact resistances between GDLs and

graphite or metallic BPPs (ECRgpL-gpp)-

Table 2.6. Modeling and experimental studies on electrical contact resistance
(ECR) between BPP and GDLs
Author(s) Sample & Remarks
compression
Miachon and - Electrode % In-situ measurement of ECR.
Aldebert - Copper current ¢ Numerical computation of the energy transport
(1995) [61]  collector equation.

R=20-28 mQ cm?’

+ Total resistance between the electrode and
graphite plate was reported (no deconvolution).

Makkus et
al.
(2000) [140]

- Stainless steel
BPP
- E-tek electrode

- P=2-12 bar
- R=25-50 mQ cm?

+ A thin gold wire was placed between the E-tek
backing plus electrode and the membrane.

% Total resistance between BPP and membrane
was measured (no deconvolution).

lhonen et al.
(2001) [141]

- ELAT® gas
backing

- Stainless steel
BPP

- P=0-80 bar
- R=0-260 mQ cm?

+¢ In-situ ECR measurements.

¢ Unplated and plated stainless steel.

+»+ Ex-situ measurements were used to validate the
in-situ contact resistance measurements.

“+ ECR was measured ex-situ on small samples
similarly to the measurements by Barbir et al.
(1999) [142].

+»+ The associated error can, in the worst case,
make the quantitative measurements invalid.

Wang et al.
(2003) [143]

- Carbon paper
- Stainless steel
BPP

+¢ Stainless steel (SS) bipolar plate.

% Modified Davies’ method [144].

¢+ All bulk resistances were neglected.
% R=ECRgpL-gpp + all bulk resistances.

K/
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- P=1.5-18 bar

- R2:100-1500 mQ2

cm
Cho et al. - Graphite BPP s+ Copper plates were used (corrosion issue).
(2004) [145] - Composite +¢+ Using the four-point probe technique, bulk
resistivity of samples was measured.
- P=0-33 bar + Total resistance of each assembly was named

- R=30-95 mQ cm?

as contact resistance.

Mishra et al.
(2004) [76]

- Carbon paper
- Graphite BPP

> ECRcpL-BPP modeling:
¢ A fractal asperity based model based on data
obtained using surface profilometric measurement

- P=5-30 bar systems.

- R=1-6 mQ cm? % A volume fraction weighted harmonic mean
was used for the bulk resistivity of the gas
diffusion layer.

» ECRgpL-srp €Xperimental data:
“+ A BPP/GDL assembly was used.
+ Gold plates were used.
«¢ Electrical resistivity of graphite, carbon paper
and gold plate were set as known values (no
reference provided).
Matsuuraet - TGP-H-090 + Total resistance of BPP, copper plates and the
al. - A metallic BPP GDL sandwiched in between them was measured.

(2006) [146]
- R=30-95 mQ cm?

+¢+ The electric contact between a metallic bipolar
plate and another cell part was evaluated by a
structural analysis with a finite element method
and a compression test.

++ Copper plate were used (corrosion issue).

Zhou et al. - SGL GDLs
(2006) [147] -BPP
- P=10 bar
-R=0.1-1.2 mQ m

% A power relationship between interfacial
resistance and contact pressure was considered
based on Ref. [76]: ECR=a(b/P)‘ where a, b and ¢
are constants obtained from experiment, P
compression and ECR is electrical contact
resistance.

% Finite element method (FEM).

+¢ Fitted formula based on Refs. [76] and [143].

- GDL TGP-H-120
- Graphite BPP

Zhang et al.
(2006)

> ECRGDL-BPP modeling:
++ Contact resistance—pressure constitutive
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[68]

- P=5-50 bar
-R=3-10 mQ cm?

relation.

+»* FEM model.

+»+» Smooth interface between BPP and GDLs is
assumed.

Both models are based on experimental data.

» ECRgpL-srpr €Xperimental data:

+¢ Electrical conductivity of the GDL and BPP
were set as known values (no reference provided).
% An experimental setup similar to Ref. [76].

++ The sandwiched graphite plates/GDL assembly
was placed between two gold plates.

+ BPP/GDL assembly was sued.

+ Flat and smooth BPP.

X. Yan et al.
(2006) [148]

P=1-14 bar
Rtot:15‘ 170 mQ
cm?

% Total resistance of BPP/GDL assembly was
measured.
% |-V curves for the single cells are used.

Zhou et al.
(2007) [149]
[150]

-SGL GDLs
- BPP

- P=5-30 bar
- R=1-6 mQ cm?

> ECRgpL-PP mOdEling:

¢+ A micro-scale numerical model for ECRgpp-
GDL-

+¢+ Spherical asperity on BPP surface - cylindrical
fibers of GDLs.

¢+ An elastic finite element method was used to
solve the sphere—beam contact problem
numerically (numerical study).

++ Holm equation [151] was used for the ECR
estimation.

» ECRgpL-grpr €Xperimental data:

+ Experimental data of GDL-BPP ECR.

+¢ Electrical resistivity of carbon fiber and BPP
were set as known values.

++ Copper plate was used for electrical tests.

% The change of the bulk resistance of BPP and
GDL during compression was neglected.

Chang et al.
(2007) [60]

- Carbon paper
GDL
- Graphite BPP

- P=0-35 bar

¢ Experimental measurement of ECRgp-gpp.

% GDL/BPP assembly was used.

++ Copper plate was used (corrosion issue).

% No information about the GDL and BPP bulk
resistance was provided.

7/
*
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- R=30-1000 mQ

cm?

Kraytsberg - GDL Toray paper » ECRgpp.gpL modeling:
etal. (2007) - Stainless steel ++ GDL/BPP assembly was used for ex situ
[152] BPP measurement.
¢+ Holm equation [151] was used for bulk
R=350 mQ resistivity estimations.
» ECRgpp-cpL €xperimental data:
¢+ Toray, copper and BPP resistivity were sat to
known value.
++ Copper probes were used (corrosion issue).
++ No details of the testbed were provided.
++ Some of the resistances were estimated and
found to be negligible.
++ Effect of compression was not considered.
Wu et al. - GDL Toray TGP- <« An analytical modeling based on Holm's
(2008) [150] H-30 equation [151].

(2009) [153]

- A grade FU 4369
graphite plate.

¢+ The micro-contact between a BPP asperity and
a carbon fiber was modeled as a hemisphere in
contact with an external cylinder using the

- P=0-35 bar Greenwood—Williamson (GW) model for rough
- R=30-1000 mQ surfaces [154].
cm? ¢ Unknown GDL carbon fiber length density.
+¢ Electrical resistivity of carbon fiber and BPP
are taken from Refs. [149] and [153], respectively.
Lai et al. - Toray TGP-H- ¢+ Ex-situ experimental measurement of contact
(2008) [155] 060 resistance.

- A flat graphite
plate

¢+ FE modeling.

++ Corrosion of copper plate was not considered.
%+ GDL and BPP bulk resistances were taken
from Ref. [149].

“+ A mechanical—electrical FEM model was
developed to predict the contact resistance
between the BPP and GDL based on the
experimental interfacial contact resistivity.
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Andre et al.
(2009) [156]

- SS specimen
- H2315 T10A
Freudenberg
carbon felt

P=2-30 bar

ECR=0-600 m£2

cm?

+ Bulk resistance of SS alloys was deduced from
4-probe measurements using Van Der Pauw
method.

++ Contact resistance was measured by a 2-probe
device.

% SS specimen was sandwiched between two
carbon felt.

¢+ The assembly was compressed between two
coppers.

¢+ Unknown copper and GDL electrical bulk
resistances.

Avasarala
and Haldar
(2009) [77]

- GDL TGP-H-060
- A molded
graphite BPP

¢+ Untreated Toray® TGP-H-060 carbon papers
were used.

%+ GDL-BPP assembly.

%+ The BPP-GDL assembly was sandwiched

- P=5-65 bar between gold coated copper plates.
ECR=24-32 mQ ¢+ BPP bulk resistance was adapted from the
cm? manufacturer’s datasheet.
¢+ GDL electrical bulk resistance was assumed to
be known.
%+ ECRgpL-spp Was obtained from the total
resistance of the GDL-BPP assembly.
Zhou et al. - GDLs ¢+ A power function model for determining the
(2011) [157] -BPPs relationship between contact resistivity and
contact pressure:
- No numerical ECR=aP® where a and b are the fitting parameters

results reported.

based on the experimental data.

Mason et al.
(2012) [158]

- GDL Toray H120
- Graphite BPP

- P=2-25 bar
- R=14-28 mQ cm?

+ Resistance measurements were achieved using
Electrochemical Impedance Spectroscopy (EIS).
++ The resistance is a summation of the BPP-GDL
interface, fiber bulk resistance and GDL internal
fiber connections and bulk system resistance.

El-harouf
(2012) [159]

Woven GDLs HCB
and TCC

- P=0-38 bar:
- R=5-45 mQ cm?

7/

% ECR was measured.

+¢ Gold plated stainless steel (SS) current
collectors.

+¢ Resistance was measured by the 4-wire Kelvin
method.

+* GDL and BPP resistivity were assumed to be
negligible.
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Ismail etal. - SGL GDLs ¢+ The resistivity of the graphite plate was
(2013) [160] - A graphite BPP provided by the supplier.
++ The volume-weighted harmonic mean of the

P=5-27 bar resistivity.

R=0-130 Qm cm™  of air and the carbon fiber was used in order to
estimate the resistivity of the GDL: k¢p, =

P=0-27 bar S

R=3.5-10 Qm cm? T rper
+ The change in the GDL resistance while
compressing the GDL was ignored.
+ Interfacial contact resistance between stacked
GDLs was assumed to be negligible.

Netwall - SGL GDL 25BC <« In-situ measurement using impedance.

(2013) [161] - Graphite plate % Gold electrode was used.
¢+ Ex-situ measurements similar to Ref. [149].
P=0-22 bar % ECRGolg-mpL 1S assumed to be the same as
R=50-150 Qm cm™? ECRgol¢-cpL.

Singdeo et - GDL SGL 25- » ECRgpL-spr modeling:
al. (2014) series %+ An analytic models based on asperity on a
[162] - Graphite BPP graphite BPP.
++ Gaussian distribution of asperities on the BPP
- P=0-80 bar: surface.
ECR=4-30 and ++ Surface spectral moments as outlined by Nayak
ECR=5-28 mQ cm® et al. (1971) [163] was used to estimate unknown

parameters.

for carbon paper + Straight fibers and rough BPP are assumed.

and carbon cloth
GDLs,

respectively. » ECRgpL-grp €Xperimental data:

+¢+ Bulk resistances of the GDL and BPP were
taken from Refs. [153] and [164], respectively.
“ BPP/GDL assembly resistance was measured
using four probe method.

+ Brass plates were used as clamping surfaces.

Lietal. - HCP GDLs %+ Measurement of BPP-GDL ECR.
(2014) [165] - A BPP +¢ Electrical conductivity of BPP and GDL were
taken from Ref. [68].
P=15-50 bar +¢ A relationship of pressure and contact
ECR=1-7mQ cm® resistivity was established by the least square
method.

+¢ Based on the commercial code ABAQUS, a
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FEA was performed to predict the contact

resistivity.

Sow et al. - SGL GDLs % AS impedance spectroscopy.

(2015) [166] - SS BPP +¢+ Deconvolution of bulk from contact resistance.
¢ Two or multiple thickness method was not
used.

ECRgppcpL = +¢ Contact resistance between sensing electrode
0-180 and the sample was omitted.
P=0-45 bar +* Results are sensitive to the size of electrode.

¢ Resistivity of BPP was set to a known value.

2.5. Thermal contact resistance between GDL-MPL

No experimental or theoretical data has been reported to date for the thermal contact
resistance at the complex interface of GDLs and MPLs. The data of thermal
conductivities of both GDLs and MPLs and their contact resistances with clamping
surface are required for measuring GDL-MPL TCR, which have been overlooked by all
the studies in the literature. In this thesis, the GDL-MPL TCR are estimated for two
different types of SGL GDLs and reported as the first and the only data of this type of

TCR available in the literature.
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2.6. Summary: Gaps in the literature

Though much effort has been devoted to the study and characterization of fuel cell porous
media, the preceding review reveals a number of fundamental gaps and unresolved
questions. Most of the studies and work conducted to date did not deconvolute the bulk
resistance from the contact resistance and only reported a combination of these two
resistances. Table 2.7 summarizes the unresolved questions and the gaps in the literature
regarding the thermal bulk and interfacial resistances of GDLs, MPLs and BPPs and their
thermal behavior. The work conducted in this research is designed to resolve these
questions and fill the gaps by providing an experimental database supported by

theoretical analyses, which can be beneficial for the heat management of PEMFCs.
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Table 2.7. Gaps in the literature regarding the thermal behavior of GDLs, MPLs
and BPPs with respect to the heat management of PEMFCs

Property/parameter

Gaps in the literature & controversial issues

Thermal conductivity of
untreated GDLs (modeling)

+ Impact of fiber spacing on GDL thermal conductivity?
++ How to determine fiber spacing in GDLs?

Thermal conductivity of
PTFE-treated GDLs
(modeling)

¢ Lack of an analytic model considering the TCR
between fibers, all GDL geometrical parameters, and the
PTFE scattered on the GDL surface.

 Why and how the filling PTFE decreases thermal
conductivity while it increases the solid fraction of
GDLs?

Thermal conductivity of
GDLs (experiments)

+¢ A little accurate information is available (limited data).
+»+ Contact resistance was often combined with bulk
resistance.

+»+ Effect of PTFE and MPL on GDL thermal
conductivity?

Thermal conductivity of
MPLs (experiments)

++ No ex-situ data of the thermal conductivity of coated
MPLs.

+»» Deconvolution of contact from bulk resistance was
often overlooked.

GDL-MPL TCR (modeling)

+ No (analytic) models.

% Completely overlooked in the literature.

K/

GDL-MPL TCR
(experiments)

+* No data.

Thermal conductivity of a
graphite BPP

%+ No experimental data on the thermal conductivity of a
graphite BPP as a function of temperature.

GDL-BPP TCR (modeling)

¢ No models considering the waviness of GDL fibers.
+ Only one data (Ref. [113]) based on an unverified
value for the thermal conductivity of the graphite BPP.

GDL-BPP TCR
(experiments)

+“ No experimental data of the TCR between graphite
BPP and GDLs.

+»+ Effect of out-of-flatness on the TCR?

+» Effect of PTFE and MPL on the TCR?
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Chapter 3.

Experimental apparatus, methodology and results

3.1. Experimental apparatus: Thermal contact resistance
machine

In this thesis, the thermal contact resistance (TCR) apparatus shown in Figure 3.1 was
used for all thermal conductivity and thermal resistance measurements. The design of this
apparatus, also called TCR machine for short, is based on the guarded heat flux meter
device as recommended by the ASTM E1225 [167]. The TCR machine, shown in Figure
3.2, is comprised of two disk plates and also two cylindrical Armco-iron heat fluxmeters,
in between which the sample is located. A temperature gradient is induced across the
sample using an electric heater, imbedded in the upper plate as a heat source (the hot
plate), and a cold refrigerant liquid (Ethylene Glycol), circulated inside the lower plate as
a heat sink (the cold plate). The temperatures along each fluxmeter are measured using 6
T-type thermocouples placed at 5 mm distances, i.e., 12 thermocouples in total. From the
temperature profiles, recorded by a data acquisition system using LabView, the contact
surface temperatures, T, and T, can be extrapolated using a linear regression, see Figure
3.3. The difference between the two extrapolated temperatures of T, and T, and their
average can be taken as the temperature drop across the sample and the sample
temperature, respectively. The heat transfer is limited to one-dimensional conduction,
from the upper (hot) plate to the lower (cold) plate, by creating a high vacuum condition
inside the test chamber. This vacuum provides a more accurate measurement over other

available TCR machines that employ insulation around their fluxmeters and sample
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instead of using a vacuum chamber. The control of the compression pressure applied on
the sample is performed using a hydraulic pressure device (ENERPAC P392) and the
pressure is measured using a load cell located beneath the cold plate. The measurement
and monitoring of the changes in the thickness of the compressed sample is carried out
with a laser displacement sensor (Acuity AR700-1). Knowing the thermal conductivity of
the Armco-iron fluxmeters and the measured temperature profile along them, the heat
transferred through the sample and the temperature drop across it can be obtained, which

yields the total thermal resistance.
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Figure 3.1. Thermal conductivity and contact resistance apparatus (TCR
machine)

47



Laser displac
sensor (AR70D-

Hydraulic pre{ss
(ENERPAC P3¢

Hot plate
(heat source)

Upper fluxme

BPP sample

Lower fluxme

Cold plate
(heat sink)

(@)

48



Applied load

Steel ball
Electrical
heater r
1 10
— 1+
—
Upper -— 1+
flux meter Thermocouples
————
A
10
!
Sample
f
10
.
— T
Lower
flux meter Thermocouples
—_——
A
Cold plate
(heat sink) PMMA
Load cel

insulation layer
Base plate | |

All dimensions are in mm

(b)

49



~—

~__/, TCR e

Sample <— —=me—> R=1/kA [}R,,

T TRy,

Thermocouples

Fluxmeter <«—

Fluxmeter <«— {

Cold plati

(©

Figure 3.2.  (a) Components of the TCR testbed used for thermal resistance
measurement in this study, (b) TCR testbed with the position of
thermocouples, and (c) Schematic of the fluxmeters and
thermocouples with the heat transferred from the hot plate to the cold
plate through the sample shown as red arrows. All components are
operated within a vacuum chamber (not shown).
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The total thermal resistance of a sample sandwiched between the two fluxmeters can be

written as:

t
Riot = 77 + 2TCR (3-1)
where t [m] and k [W m™ K™ ] represent the thickness and the thermal conductivity of the
sample, respectively. A [m?] stands for the cross-sectional area of the fluxmeters and of
the sample, TCR [K W™] denotes the thermal contact resistance at the interface between
the sample and the fluxmeters, and R.,; [K W™] represents total thermal resistance,
which can be measured as:
T, — T,
Rior = M (3-2)
Q
where Q [W], the heat rate passing through the sample, can be obtained by averaging the
heat transfer rates measured through the two fluxmeters. The heat transfer rate Q can be
calculated from the temperature gradients inside either fluxmeters based on the Fourier’s

law of heat conduction:

daT
Q = kem(T)A E (3'3)

In Eq. (3-3), kpy [W m™ K] is the thermal conductivity of Armco-iron fluxmeter
(kpm = 107*T(°C)? — 0.046T (°C) + 75.233) and % is the slope of the T-x lines
showing the linear variation of the temperature along either fluxmeter, as illustrated in
Figure 3.3. The focus in this study will be on the experimental procedure utilized in

conducting the tests to de-convolute the contact resistance between the sample and the

fluxmeters from the other present resistances.
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Figure 3.3.  Temperature gradients inside the lower and upper fluxmeters (LFM
and UFM) and the extrapolated temperature drop across the sample

3.2. Two thickness method

Using two samples of the same material with different thicknesses t; and t, (Figure 3.4),
the bulk resistance (thermal conductivity) can be deconvoluted from the contact
resistance of the sample. The total value of the thermal resistance for each sample can be

written as:
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t
Riot, = k_,14 + 2TCR (3-4)

t;
Reot, = 77 + 2TCR (3-9)
TCR, the thermal contact resistance between the sample and the fluxmeters, is, unlike the
bulk resistance t;/kA = R; (i=1,2), independent of the sample thickness (t;). R;.:, the

total resistance, is the only measurable resistance here.

Figure 3.4.  Thermal resistance network for samples with different thicknesses
(R1=t1/KA and R,=t/kA) (also see Figure 3.2)

The sample thermal conductivity k and the TCR are the two unknowns that can be
obtained from two Eqgs. (3-4) and (3-5) as follows:
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(t; — t1)

k =
(Rtotz - Rtotl)A

(3-6)

(t2Rtot, — t1Riot,)

TCR =
2(t; — tq)

3-7)

This accurate and effective way of de-convoluting thermal contact resistance (TCR) from
bulk, and in fact from measurable total resistance, is called two-thickness method.

3.2.1. Testbed accuracy

The accuracy of the TCR machine was verified using two Pyrex 7740 [168] calibration
samples with different thicknesses of 3.3 and 9.0 mm, which have thermal resistances on
the same order of magnitude of typical GDLs (see Appendix A). The tests were
conducted at two pressures of 7 and 11 bar at the temperature of approximately 50 °C.
The test results shown in Figure 3.5 were satisfactory, as the maximum difference
between the measured and manufacturer’s data was 8% and the measurements well

agreed within uncertainty to the manufacturer’s data.
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Figure 3.5.  Calibration sample data showing the accuracy of the TCR machine

3.2.2. Uncertainty analysis

The uncertainty in the total resistance and thermal conductivity measurements of similar
test apparatuses have been calculated using the procedure in Appendix B in conjunction
with different relations in Refs. [47] [58] [90] [91] [92] [119] [169]. The analysis
accounts for error propagation from measured to calculated quantities

The resistance and thermal conductivity measured by the TCR machine is a function of

the following parameters:

AT
Riot =5 = f(Q, AT (A, kem, T, %)) (3-8)
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k = f(Riop, t, A) (3-9)

where AT is the temperature difference across the sample and all the other parameters
have already been defined. The uncertainty for the thermal resistance can be calculated

from the root-sum-square or quadrature method [170] [171] [172]:

6Rt0t

Rtot

_j<15Q>2+< TG G &y @

The following equations should be used for the uncertainty calculations of the thermal
conductivity k and TCR considering Egs. (3-6) and (3-7) (see Refs. [171] [172]):

OR,,..% + 6R 2\ /51: + 6t \
Ok _ ‘/ otz oh / ’ - ' / +( )2 (3-11)
-4

k - Rt0t2 - RtOtl

2 2
STCR \/ 5ty + 8Reor,” + 8ty % + SReor,” / 5t,* + 6t,° 312)

+
TCR t2Riot1 — t1Rior2 thp—t

All the parameters and the associated uncertainties resulting from this analysis are
summarized in Table 3.1 and Table 3.2. Note that the main uncertainty stems from the

heat flow rate passing through the fluxmeters, Q.

56



Table 3.1. Uncertainty of involving parameters in the thermal resistance
measurements in the present study

6Q oT 6A 6kpm ox O6R;y;

Material — — %
Q T A kgm b Riot %)
Calibration 1, 003 0002 0003 0010 75
sample
GDLs 0.095 0.003 0.002 0.003 0.010 4.8
BPPs 0.113 0.003 0.002 0.003 0.010 57

Table 3.2. Uncertainty in the measurement of thermal conductivity and thermal
contact resistance for different samples

) ot ok 6TCR
Material ot (um _ — (0 (0
(}1 ) t k (%) TCR (%)
Calibration +100 0.022 173 13.8
sample
GDLs +10 0.050 18.6 10.0
BPPs +100 0.050 20.2 18.1
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3.3. Samples used in this work

3.3.1. Sigracet GDL samples

Different treated and untreated SIGRACET [173] gas diffusion layers, series SGL 24 and
34, as well as 25 and 35 (Figure 3.6) were tested to obtain their thermal conductivity. The
advantage of working with this type of GDLs is that the effect of PTFE and MPL on their
thermal resistances can be separately investigated. Substrates of SGL BA and DA are
fabricated by adding 5 and 20 wt% PTFE to the plain (untreated) substrate AA,
respectively, and the BC type is the BA substrate with MPL on one side, see Figure 3.7
[173]. The numbers 24 and 34, as well as 25 and 35, included in the GDL names, refer to
their thicknesses, as reported in Table 3.3. Hence, the only difference between the
substrates of SGLs 24 and 34 and those of SGLs 25 and 35 is their thicknesses, which
makes the two thickness method an appropriate approach for measuring thermal

conductivity and contact resistance.
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Wt.% PTFE 0 5 20
Figure 3.7. GDLs of SGL AA, BA, DA, and BC (the black layer represents MPL
and the gray one represents GDL substrate with 0% PTFE) [173]
Table 3.3. Specifications of SIGRACET GDLs studied in the present work
SGL 24 25 34 35
AA BA DA BC|AA BA BC| AA BA DA BC|AA BA BC
PO(E,ZS)'W 88 84 72 76|92 88 80|88 84 72 76|92 8 80
Thickness | 19y 199 190 235|190 190 235|280 280 280 315|300 300 325
(um) £10
PTFE
Thickness
surface
(um)
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3.3.2. Ballard BPP samples

Three graphite bipolar plate blank samples of the same material (machined from one
blank plate) with different thicknesses of 2.95, 4.94, and 5.84 mm (Figure 3.8), herein
referred to in terms of their thicknesses, were employed for thermal conductivity
measurements. Before performing any measurements, some surface analysis tests were
carried out on all three samples to ensure the acceptable flatness of the sample surfaces.
The deviations in the flatness of the sample surfaces, obtained by a surface dial indicator
Mitutoyo MTT513-412 (Figure 3.9), are summarized in Table 3.4.

Figure 3.8.  Ballard’s graphite BPP samples with different nominal thicknesses of
2.95, 4.94 and 5.84 mm

Granite

GraphiteBPPsample  Dial surface indicator

Figure 3.9.  Measuring deviations in the flatness of the BPP sample surfaces using
a dial test indicator
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Table 3.4. Maximum deviations in the flatness of the studied samples’ surfaces

Sample thickness (mm)  2.95 4.94 5.84

Max. dev. in flatness (mm)

/0.0127
One surface 0.5 <15 0.5
The other surface <0.5 <0.75 <05

In order to measure the most accurate thermal conductivity values using the two
thickness method, the 2.95 and 5.84 samples that showed proper surface flatness are
selected. Sample 4.94 is only used later for investigating the effect of BPP out-of-flatness

on its thermal contact resistance with GDLs.

3.4. Thermal resistance (conductivity) of the graphite BPP (Rgpp)

Applying the two-thickness method to the BPP samples with different thicknesses yields
the thermal conductivity of the BPP and its contact resistance with the fluxmeters. In this
study, the thermal conductivity or resistance of the BPP (Rggp) iS required for
determining its TCR with the GDLs. The tests are performed at five different
temperatures to gain the thermal conductivity of the BPP as a function of temperature
(Figure 3.10).
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Hot plate

BPP

o

" Cold plate

Figure 3.10. A BPP sample sandwiched between the two fluxmeters of the TCR
machine for thermal conductivity measurements

The thermal conductivity of the graphite BPP is plotted as a function of temperature and
compression in Figure 3.11. The thermal conductivity does not change with compression,
as expected; however, it increases with decreasing temperature. The temperature
dependency of the BPP thermal conductivity, shown in Figure 3.12, can be approximated

by a third-order polynomial equation as:

k = (5.713 X 1075)T3 — (4.653 x 1073)T2 — 0.188T
+24.718 (3-13)

where k and T represent thermal conductivity (W m™ K™) and temperature (°C),
respectively. The slope of the k-T curve decreases with increasing temperature from 10 to
70 °C.

It should be noted that the typical range of compression in PEMFC is between 8 and 15
bar. In this study, in order to prevent any damage to the microstructure of the graphite

BPPs, the tests have been conducted at lower compression (<7 bar).
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Figure 3.12. Thermal conductivity of the graphite BPP (kgpp) as a function of
temperature

3.4.1. Thermal contact resistance of the graphite BPP with fluxmeters

The TCR between the BPP and the Armco-iron fluxmeters decreases with both pressure
and temperature, as shown in Figure 3.13. The results show that the effect of temperature
on this TCR is, however, much stronger than that of compression. The descending trend
of the TCR with temperature is similar to the trends observed for the data of other solid-

solid contact resistance available in the literature; see e.g. Ref. [174].
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Figure 3.13. TCR between the graphite BPP and the Armco-iron fluxmeters at
different temperatures and compression (obtained from repeated
tests).
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3.5. Thermal resistance (conductivity) of GDLs (Rgp.) and their
contact resistance with the fluxmeters (TCRgpL-Fm)

Sigracet (SGL) GDLs are available in two thicknesses [173], which allow determining
their thermal conductivity (bulk resistance: Rgp;) and their contact resistances with the
fluxmeters (TCRgpr—pm) 1N terms of compression using the two-thickness method
(Figure 3.14). The GDL bulk and contact resistances (Rgp, and TCRgpr—gm) are both
required for determining its TCR with the graphite BPP.

Hot plate

| n(i:bildﬁate

Figure 3.14. A GDL sandwiched between the two fluxmeters of the TCR machine
for thermal conductivity measurements.

The thermal conductivities of SGL 24 & 34 AA, BA, DA, and BC and those of series 25
& 35 AA, BA, and BC are shown in Figure 3.15. The effect of PTFE loading (content)

and compression is discussed in the following subsection.
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Figure 3.15. Thermal conductivity of Sigracet untreated and treated GDLs (KgpL)
as a function of compression: RepL=tcpL/(KcpLA)

3.5.1. Effect of PTFE on GDL thermal conductivity

Figure 3.16 also depicts the effect of different PTFE loading on the through-plane
thermal conductivity. The reduction in thermal conductivity with PTFE is clearly shown
in Figure 3.16 and can be attributed to the low thermal conductivity of PTFE, which
increases the overall thermal resistance of the entire GDL. The trend observed here is in
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qualitative agreement with the results of Khandelwal and Mench [91] and Burheim et al.
[93] [101] [103], but not with the negligible changes reported in Ref. [49] even for 60
wt% PTFE.

1.05
1.00 - . * ¢ 0 IS ®24AA, 0%
[ ]

w 0.95 - ® 24BA, 5%
N ©25AA, 5%
X )
S 090 ° o A
! o o ° ° A24DA, 20%
3 A 025BA, 5%

0.85 - ® ®
;_5 : = 2 e _ 24BC,
< . = MPL+5%
~ 080 a

a
a
0.75 - g 25BC,
a o MPL+5%
0.70 [ [ [ [

| | | |
O 2 4 o6 8 10 12 14 16 18
P (bar)
Figure 3.16. Variation of thermal conductivity with pressure and effect of PTFE
and MPL on the thermal conductivity of a GDL substrate:

Comparison between thermal conductivities of the studied GDLs with
reference to the thermal conductivity of SGL 24AA (0% PTFE)
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It is interesting to note that the highest decrease observed in thermal conductivity on
Figure 3.16 pertains to an increase in PTFE from 5 to 20 wt%. The effect of 5% PTFE
loading is negligible, as the data of substrates AA (0% PTFE) and BA (5% PTFE) almost
overlap or are very close to each other. It is worth mentioning that the general trend of
PTFE loading in thermal conductivity reduction is the same for the two series SGL GDLs

investigated.

It is also important to note that, contrary to the through-plane thermal conductivity, the
in-plane conductivity does not decrease with PTFE; rather, a slight increase was observed
in Ref. [58]. This is attributed to the very thin layer of PTFE covering the fiber layers on
both surfaces of GDL which only influences the GDL thermal resistance in the through-
plane direction and has no impact on the in-plane conduction. However, since the low
thermal conductivity material of air is replaced by PTFE, it is reasonable to expect a
slight increase in the in-plane thermal conductivity, as observed experimentally and
predicted analytically in Ref. [58] (see Figure 3.17). However, Zamel et al. [86] reported
an opposite trend. This might be due to their use of a “mixing rule” instead of direct
measurement to estimate the bulk values of the heat capacity and, eventually, of the
thermal conductivity of the GDLs studied in Ref. [86]. In addition, the transient method
employed in Ref. [86] for the thermal conductivity measurements is not appropriate for

GDLs commercially coming in very thin thicknesses [87] [90].
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Figure 3.17. In-plane thermal conductivity of Toray carbon paper TGP-H-120
over a range of PTFE contents [58]

3.5.2. Thermal contact resistance of GDLs with the fluxmeters

Figure 3.18, showing the thermal contact resistances of the tested GDLs with the Armco-
iron fluxmeters of the TCR machine, indicates that the TCR always decreases with
compression, regardless of the PTFE content or MPL coating. This contact resistance is,
in turn, a by-product of the two-thickness tests performed on the GDLs. However, it still
reveals the behaviour of GDL-plate TCRs and can be deemed as a reference data for the
TCR between GDLs and metallic BPPs.
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Figure 3.18. Thermal contact resistances of Sigracet untreated and treated GDLs
with the Armco-iron fluxmeters (FM) as a function of compression:
TCRepL-rm & TCRvpL-EM
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3.5.3. Effect of PTFE on GDL-FM thermal contact resistance

Our data (Figure 3.18) shows that the thermal contact resistance between each of GDLs
and the Armco-iron fluxmeters (FM) increases with PTFE. Remarkably, at lower
compressive pressures, the thermal contact resistance becomes much more sensitive to
PTFE treatment. In other words, with increasing compression, the effect of PTFE on
thermal contact resistance decreases. These results provide qualitative insights into the
thermal contact resistance between a metallic bipolar plate and GDL, as function of PTFE

loading, compression and porosity.

3.6. Thermal conductivity of MPL and its effect on contact
resistance

GDLs coated with an MPL on one side, such as SGL BC types, or on both sides [47]
[175], provide better electrical contacts between the GDL and catalyst or BPP and reduce
ohmic losses, as the main component of MPL is the high electrical conductive material of
carbon black. However, due to the low thermal conductivity of carbon black and the
hydrophobic agent of PTFE mixed with it, MPL may adversely influence the heat transfer
in the fuel cell stack. As a result, knowing the thermal conductivity of MPL, as well as its
thermal contact resistance with the GDL substrate, can be beneficial to the heat
management of fuel cells. However, due to the complication associated with maintaining
the integrity of this layer after separation from the substrate, experimental measurements
of its thermal conductivity can be troublesome [87]. This problem is circumvented in the
present study using the procedures described below.
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The total thermal resistance inside a GDL treated with MPL (Figure 3.19) can be written
as:

Repr = Rsup + RmpL + TCRsyp-MpL (3-14)

FWD | E-Beam| Tilt
650 X |6.750( 5.00 kV| -0.0°

Figure 3.19. SEM image of the cross-section of a GDL with an MPL (GDL
substrate-MPL assembly of SGL 35BC)
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It is important to note that although the MPL and GDL substrate interpenetrate rather
than form a distinct and well-defined interface, there is nonetheless a contact resistance
between the two media, TCRsy-mpL, Which has been overlooked in all the previous
studies aimed at determining the GDL thermal conductivity, see e.g. [121] [102] [176].
This resistance should be deconvoluted from the bulk resistance of the GDL. Having
measured the thermal resistance of a GDL coated with MPL, the thermal bulk resistance
of the MPL and its thermal contact resistance with the GDL substrate can be obtained
using the two-thickness method. The determination of the MPL conductivity is

independent of the contact resistance between the substrate and MPL.

Measuring the thermal resistance of two different thicknesses of a GDL coated with MPL
and subtracting it from the thermal bulk and interfacial resistance of the GDL substrate
yields the thermal conductivity of the MPL. Sigracet GDL pairs SGL 24 & 34BC and
also SGL 25 & 35BC include MPLs and GDL substrate with different thicknesses, which

enables one to measure the thermal conductivity of the MPL.

Figure 3.20 shows the thermal conductivity of MPLs of SGL 24BC and SGL 25BC,
measured in the present study, as a function of compression. The thermal conductivity of
both MPL increases with compression up to around 10 bar and then decreases. The
thermal conductivity of SGL 24BC MPL lies in the range of 0.37-0.55 W m™* K},
showing a little lower values of thermal conductivity compared to the ones of MPL SGL
25BC ranging from 0.41 to 0.712 W m™ K™ within a pressure range of 2-14 bar. Note that
the penetration depths and the interfacial contact resistances of the two MPLs coated on
SGL 24BC and SGL 25BC are different as their substrates, i.e., SGL 24BA and SGL
25BA, differ from each other in terms of porosity and fiber spacing [52].

It should be noted that the SGL GDLs of type BC are fabricated with an MPL coating on
one side of SGL BA with 5 wt% PTFE. In order to accurately determine the effect of
MPL on the thermal conductivity of GDLs and their contact resistances with other

materials, the results of BC type materials are compared with BA types. Figure 3.15 and
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Figure 3.18 show that MPL reduces thermal conductivity to some extent and increases
contact resistance dramatically. This finding is in qualitative agreement with Ref. [90] but
not with the result of another study conducted by the same group on the same type of
GDL (SolviCore) [119] reporting a negligible contact resistance of MPL with iron
clamping surfaces. These uncorroborated findings of Ref. [119] were attributed to the
high surface contact area of the MPL. It should be noted that none of the previously
reported measurements of MPL thermal conductivity [90] [93] [119] [120] accounts for
the TCR between MPL and substrate. In addition, the tests reported in Refs. [90] [119]
[120] were not performed in a vacuum chamber to minimize heat loss from the sample

and the thermal contact resistance between stacked GDLs was simply omitted.
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Figure 3.20. Thermal conductivity of SGL MPLs as a function of compression
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Figure 3.21. Interfacial resistances inside a GDL-MPL assembly (Eq. (3-14)): TCR
here represents the contribution of the thermal contact resistance
between MPL and the GDL substrate to the total resistance

3.7. Thermal resistances inside GDLs containing an MPL

Figure 3.21 presents the contribution of each resistance in Eq. (3-14) to the total
resistance of the GDLs SGL 24BC and 25BC, and reveals that the thermal contact

resistance between substrate and MPL is in fact comparable with the resistance of the
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MPL itself. It should be noted that the thickness of substrate in SGL BC is several times
(~7 times) higher than that of the MPL. Assuming the same thickness of the MPL and
substrate, it could be argued that the thermal contact resistance between substrate and
MPL, which is independent of the thickness of either component, can exceed either of the

substrate and MPL resistances.

Figure 3.21 also shows that with increasing compression (up to 10 bar), the impact of
MPL on contact resistance and on the GDL thermal conductivity becomes more
pronounced, and in general, the contribution of MPL to the increased total resistance
increases. Note that the contribution of MPL resistance to the GDL resistance is
proportional to the ratio of the MPL thickness to that of the substrate. For GDL substrates
with thermal conductivities sufficiently higher than that of the MPL, this ratio should be
kept as low as possible in order to reduce the adverse influence of MPL on the bulk

thermal conductivity of the GDL.

3.8. Effect of compression on the thermal resistances of GDLs

The thermal conductivity of all the GDLs increases with compression as shown in Figure
3.15, whereas their thermal contact resistance with the clamping surface decreases
(Figure 3.18). These reductions in the bulk and contact resistances can be attributed to a
better contact between fibers of two adjacent layers and between the GDL and the iron

clamping surface (fluxmeters) under higher compression, respectively.
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3.8.1. Variation of GDL thicknesses with compression

Carbon-based gas diffusion layers, typically made of 30-50 layers of carbon fibers
attached to each other, are of thicknesses ranging from 150 to 500 um. Because of the
porous nature of the GDL and the elastic nature of the carbon fibers, the thickness of

GDLs can change notably with compression. Figure 3.22 shows the variations in

thickness with pressure increasing up to 15 bar.
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Figure 3.22. Variation of GDL thickness with compression (the thickness
measurement uncertainty is +10 pm)
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The curves in Figure 3.22 for each GDL exhibit two parts, a non-linear part extending up
to about 7 bar, where the reduction in thickness is steep, and a shallower linear part
thereafter for pressure increases from 7 to 15 bar. These trends for the SGL GDLs are
consistent with the results in Refs. [90] [113]. Unsworth et al. [119], on the other hand,
reported a linear behavior for the entire range of compression for SolviCore GDLs with
and without MPL.

The data of MPL thickness with compression, the solid data points shown in Figure 3.23,
is based on the assumption that the MPL thickness decreases with compression at a rate
equal to the ratio of the virgin MPL thickness to the virgin GDL substrate thickness (e.g.,

typL(P) = 45 — %(235 — tg pc(P)) for SGL 24BC). This assumption leads to the

thickness-compression curves with trends similar to the MPL-coated GDLs (SGL BC
types). Such trends can be considered to be reasonable as they are similar to the trends of
GDLs with an MPL (SGL BCs). It should be noted that subtracting the thickness of
GDLs SGL BA (GDL substrates) from GDLs SGL BC (MPL-coated GDLs) does not
provide any reasonable values of the MPL thickness as shown in Figure 3.23 (hollow
data points). As a result, the hollow data points as the variation of the MPL thickness

with compression are not acceptable.

83



50

a o
oponfopp0 g oo OO 25BC
45 - ﬂﬂoooo% o o o0 O 24BC
P 0%, 0 0 , 0
40 - 2%
= ° e 24BC
53 35 25BC
=
= 30 -
25 -
20 ‘ ‘ ‘
0 5 10 15 20
P (bar)

Figure 3.23. Variation of MPL thickness with compression (solid data points)

3.9. Effect of cyclic load on the total thermal resistance of GDLs

Fuel cell components may experience hundreds of thousands of load cycles during their
lifetime [177] due to hygrothermal stresses induced by the swelling of the membrane
under changing humidity level. The investigation of load cycling effects is important as
they induce internal stresses and deformation and exacerbate a variety of chemical and
mechanical degradation mechanisms. Figure 3.24 shows the effect of cyclic loading on
the total resistance of SGL 34BC at the temperature of 60 °C and in the pressure range of
0.77-8.2 bar. As seen, the successive cycling loads practically reduce the total resistance,

and this reduction continues until 8" loading cycle. However, the highest reduction,

84



almost 20%, occurs between the first and second loadings. With increasing the
compression pressure, the effect of cyclic loading on the total resistance reduces. The
more pronounced difference between loading and unloading of one cycle is evidently
observed for the first cycle where a difference of as high as 30% can also be seen. From

the 1st to the 8th loading, a resistance reduction of 30% can be observed at low pressures.
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Figure 3.24. Effect of different successive cyclic loads on the total resistance of
SGL 34BC at the temperature of 60 °C

85



3.10. Effect of hysteresis behavior on the total thermal resistance of
GDLs

Heat management of PEMFCs is essential over the course of their operational lifetime.
The numerous start-up and shut-down cycles of a PEMFC during its lifetime can cause
discontinuous compressions and releases, which is different from the cyclic compression
effects. In fact, discontinuous successive compressions and releases performed at

different periods of time lead to hysteresis behavior of fuel cell components.

Figure 3.25 shows the hysteresis behavior of the already-tested sample of SGL 34BC for
subsequent discontinuous cyclic compression tests conducted over four successive days.
The data of the first and eighth loadings of sample 34BC, already shown on Figure 3.24,
are also added to Figure 3.25 to facilitate comparison of the hysteresis behavior with the
successive loading behavior and also with the behavior of a virgin sample. It is
worthwhile noting that the sample resistances related to each of the four test days always
lay within the resistances of the first and last (8th) compressive loadings already exerted
on the sample. In fact, discontinuous compressive tests performed over four separate days
on the already-tested sample have never been led to resistances as high as the total
resistance of the virgin sample (1* loading). It is evident from Figure 3.25 that there is a
big difference between the first loading and the subsequent ones, which shows the

noticeable irreversible behavior of compressed GDLs in terms of thermal resistance.
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Figure 3.25. Hysteresis behavior of subsequent discontinuous load cycles on the
already-tested sample of SGL 34BC (related to Figure 3.24) over 4

successive days
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3.11. GDL-BPP assembly

3.11.1. Thermal contact resistance between BPP and GDL (TCRgp..gpp)

To measure the BPP-GDL TCR, the total thermal resistance of a GDL-BPP assembly
should be obtained. As a result, in addition to testing the BPP and the GDLs, an assembly
of the two has to be tested, as schematically shown in Figure 3.26. To determine the
contact resistance between a BPP and a GDL, the thermal conductivity of the BPP needs
to be known as well. Each test is repeated at least three times to ensure that the results are

repeatable and reproducible.

To measure the thermal contact resistance between BPP and GDL, two GDLs with one
BPP in between are sandwiched between the two fluxmeters of the TCR machine, as
illustrated in Figure 3.26. The thermal resistance equation for this set of the GDL and
BPP assembly is as follows:

2TCRgpL-BBp = Rtot — (Rgpp + 2Rp1, + 2T CRGp—FM) (3-15)

where Rgpp, the BPP thermal resistance, Rgp;, and TCRgpL—pMm, the thermal resistance
(conductivity) of GDLs and their thermal contact resistances with the two fluxmeters, are
all known as measured in this study. Hence, measuring the total resistance (R;) Of the
components shown in Figure 3.26, using the TCR machine, the contact resistance
between the BPP and each GDL, TCR¢py—ggp, Can be determined using Eq. (3-15).
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Figure 3.26. In addition to testing GDLs and BPP separately, assemblies of these
two materials are to be tested by the TCR machine for measuring the
GDL-BPP TCR (the cylindrical fluxmeters and the thermocouples
placed inside them were not labeled)

3.11.2. Thermal contact resistance between BPP and MPL

Micro porous layer (MPL) has become an essential component of the MEA [175]. It has
been recently asserted [122] that MPL on the BPP side of GDLs can also improve the
overall performance of fuel cells. Therefore, measuring the contact resistance between

the MPL and BPP can be useful for the purpose of PEMFC heat management.
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Gas diffusion layers with an MPL on one side, such as BC type of SGL GDLs, have two
different surfaces; the MPL and the substrate. The substrate is a BA-type SGL GDL,
which has a carbon-based structure, called plain substrate, treated with 5% PTFE. In fact,
SGL GDLs of BC type are fabricated by coating one MPL on the BA types. In order to
measure the thermal contact resistance between MPL and BPP, the two GDLs are placed
on both sides of the BPP, all sandwiched between the two fluxmeter, so that the MPLs
always face up into the upper fluxmeter (the one contacting the hot plate). The resistance

equation for such arrangement will thus be:

TCRMPL—BPP = RtOtSGL_BC—BPP - (RBPP + 2RSGL_BC
(3-16)

+TCRyvpL-rM + TCRsyubsypTrE-FM T CRsubs0,PTFE-BBP)

where TCRsupsopTrE-FM aNd TCRsunsopTre—BBP ar€ the thermal contact resistance of
the substrate BA with the (lower) fluxmeter and BPP, respectively. The values of Rgpp,
RsgL Bc and “TCRypL-pm* TCRsupsyprre—rm’ have already been measured. Hence,
there are only two unknowns, TCRypr,—gpp and TCRsupsopTrE—BRP: IN EQ. (3-16). The
unknown TCRsupsopTrE—BRp CaN be obtained from the data of similar tests on sample

SGL BA, using the following equation:

2T CRsubswpTrE-BBP = Riotsgy,,—ppp — (RBPP + 2RsGLg,
(3-17)

+2T CRsubs%PTFE-FM)

where the thermal resistance of SGL BA (substrate with 5wt% PTFE), i.e., Rsgy, ga, and
its contact resistances with fluxmeters, 2T CRgs,pso,pTrE—FM, Nave already been measured.
Plugging the value of TCRsuphsepTrE—BRP, ODtained from Eq. (3-17), into Eqg. (3-16)

yields the target parameter of the thermal contact resistance between MPL and BPP, i.e.,

TCRyp1-BBP-
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Knowing the thermal conductivity of the BPP and those of GDLs and the thermal contact
resistance between GDLs and fluxmeters, the thermal contact resistance between the BPP
and GDLs can be determined as explained earlier. The BPP-GDL TCRs presented in
Figure 3.27 for different SGLs show that the TCR for all the GDLs decreases with
compression. The interesting point to note here is that the reduction rate of TCRgpL-gpp
with compression load decreases with increasing pressure, regardless of the GDL type. In
fact, at lower compression, the TCRgpL-gpe IS much more sensitive to compression for all
the GDLs, and as the pressure increases, the dependency of TCRgpL-gpp ON the pressure

decreases.
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Figure 3.27. Experimental data of TCR between the graphite BPP and 14 different
SGL GDLs (TCRgpL-spp) at an average temperature of 55 °C
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3.11.3.  Effect of PTFE loading and MPL on TCRgp, .gpp

Figure 3.27 also indicates that for both series of the studied SGLs, i.e., 24 and 34, and 25
& 35, PTFE increases the TCRegpL-gpe, Which is similar to the increasing effect of PTFE
on the TCR between GDLs and the fluxmeters, as discussed earlier. From Figure 3.27, it
is also observed that the effect of 5% PTFE on the TCRgpL-gpp IS minimal, whereas the
addition of 20 wt% PTFE to the plain substrate increases the TCRgpL-gpp dramatically,
especially at the higher pressures. For series 24 & 34 of SGLs, the effect of 20 wt%
PTFE on the TCRgpL-gpp IS cOmparable to that of MPL, which has the highest impact on
the TCRgpL-gpp iN cOMparison to the other GDLs of series 24.

It is also interesting to note that the effect of MPL on the BPP-GDL TCR is the same for
both series. The MPL markedly increases the TCR, especially in comparison to GDLs
treated with low PTFE loadings. In addition, the BBP-MPL TCR for both series of the
studied GDLs are very close to each other because the MPLs employed for both series
are practically the same [173]. It is also observed that at low compression, there is no
appreciable difference between the TCRs of BPP with different GDLs. In other words,
the dependency of the TCR on PTFE loadings and MPL increases with compressive load
for most of the GDLs.

The contribution of TCRgpp.cpL t0 the GDL-BPP total resistance has been shown on
Figure 3.28 for different GDLs, to further investigate the importance of TCRgpp.cpL With
regard to the bulk resistances of GDL and BPP. Figure 3.28 shows that the TCRgpp.gpL, @
parameter that has been usually overlooked in fuel cell thermal analysis, is indeed a large
resistance comparable to the GDL and BPP resistances, especially for the GDLs treated
with high PTFE loadings and MPL. For instance, the TCR between BPP and SGL 24DA
is approximately 40% of the total resistance at the compression of 4 bar, which makes it
the dominant resistance, as the bulk resistance of GDL and BBP contribute, respectively,

35 and 25 % to the total resistance.
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Figure 3.28 also indicates that TCRgpp.gpL for SGL 25 is, to some extent, larger than that
for SGL 24. The reason for this is most likely related to the higher porosity and the lower
aspect ratio SGL 25 has, as these are the only difference between the two series 24 and
25, see Ref. [52].

It is also worthwhile noting that the contribution of TCRgpp.cpL, Which increases
dramatically with decreasing the load, reaches approximately 60% and 40% of the total
resistance for most of GDLs at the compression of 1 and 5 bar, respectively. The fact that
TCRgpp-cpL IS usually the dominant resistance in GDL-BPP thermal resistance network is
an important finding that underscores the need to fully count rather than neglect thermal
resistance compared to the bulk resistance of BPP and GDL in fuel cell thermal

management and modeling.
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Figure 3.28. Contribution of the TCR between the graphite BPP and different

SGL GDLs into the total resistance of the studied BPP-GDL
assemblies at an average temperature of 55 °C
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3.11.4.  Effect of BPP out-of-flatness on TCRgp. -gpp

The remarkable impact of BPP out-of-flatness on the TCRgpp.cpL Can be observed in
Figure 3.29 where a comparison between the TCR of different SGLs 24 with two BPP
plates with different out-of-flatness can be made. Figure 3.29 shows that the TCR of the
GDLs with bumpy BPP 4.94 is much higher than that with more flat BPP 5.84. It should
be noted that according to Table 3.4, BPP 4.94 is not excessively wavy and its out-of-
flatness would be considered low from the viewpoint of contact mechanics [178] [179].
Nevertheless, even such low out-of-flatness can lead to large TCRgpp-gpL, according to
Figure 3.28. Overall, the out-of-flatness of BPP 4.94 increased the TCRgpp.cpL by a factor

of 3, on average.

The results in Figure 3.29 indicate that the BPP out-of-flatness can exacerbate the
influence of PTFE and MPL on the TCR, as the gap between the TCR of the untreated
SGL 24 (24AA) and the treated ones with BPP 4.94 are larger than the corresponding
values for more flat BPP 5.84.

96



¢ SGL 24AA-BPP 5.84 e SGL 24BA-BPP 5.84
5 - A SGL 24DA-BPP 5.84 mSGL 24BC-BPP 5.84
© SGL 24AA-BPP 4.94 oSGL 24BA-BPP 4.94
A SGL 24DA-BPP 494 aSGL 24BC-BPP 4.94
4 - O
o (m)
> A =1 i
x 3 o
o A A
0 - °
2 - = o A
|
.
L+ [ o
1 - BPPGDL ® A < w° |
° o
* A
® o000
O [ [ [ [ [ ? N‘
0 1 2 3 4 5 6 8

Figure 3.29. Effect of the BPP out-of-flatness on TCRgpp.gpL (for comparison, the
data of SGL 24 already shown in Figure 3.27 has been duplicated in
this figure).
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3.11.5.  Effect of cyclic load on BPP-GDL assembly total resistance

The effect of cyclic load on the total resistance of two SGL 24BA, as well as separately
on two SGL 24DA, with BPP 5.84 in between, all sandwiched between the two
fluxmeters of the TCR machine, are presented in Figure 3.30 and Figure 3.31,
respectively. As seen in both Figure 3.30 and Figure 3.31, overall, the load cycles,
especially the initial ones, reduce the total resistance. This reduction is more pronounced
for SGL 24BA, due to having lower PTFE loading (5%) in comparison to SGL 24DA,
which has treated with 20% PTFE.

It is also evident from Figure 3.30 and Figure 3.31 that at high compression, the data of
different loadings tend to overlap, which completely conforms with the trend obtained for
the cases of one GDL sandwiched between the same two fluxmeters of the TCR machine.
No noticeable difference between the 3rd loading and unloading has been observed for
SGL 24BA whereas the gap between the successive loadings and unloadings for SGL
24DA is considerable, especially for the initial cycles, as evident in Figure 3.31. Overall,
knowledge of the thermal resistance behavior of GDL-BPP assembly under different load
cycles, as reported here, can inform the analysis of the temperature field within operating

PEMFCs and the design of appropriate heat and water management during their lifetime.
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Figure 3.30. Effect of load cycles on the total resistance of SGL 24BA-BPP 5.84
assembly (including the contact resistance of the GDL with the two
fluxmeters)
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Figure 3.31. Effect of load cycles on the total resistance of SGL 24DA-BPP 5.84
assembly (including the contact resistance of the GDL with the two
fluxmeters)
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3.12. Concluding remarks

Thermal conductivity of 14 SGL GDLs and its thermal contact resistance with Armco-
iron clamping surfaces were measured at the temperature of approximately 60°C at a
compression range of 2-14 bar. The carefully conducted measurements, using an
equipped device and including accurate deconvolution between bulk and contact
resistance, helped resolve some contradictory observation reported in the literature and
provided new insights into thermal behavior of GDLSs. It is observed that

e Both PTFE and MPL reduce thermal conductivity (even though porosity decreases).

e Both PTFE and MPL increase the contact resistance of GDLs with the iron surfaces.

e MPL increases the contact resistance dramatically compared to untreated GDLs or

GDLs with low PTFE content.
e Thermal conductivity of MPL and its contact resistance with iron surface were

accurately measured.

In addition to determining the thermal conductivity of GDLs coated with MPL, the
experimental procedure presented allowed estimation of the thermal contact resistance
between the MPL and the GDL. The results show that this contact resistance is not
negligible, and together with the MPL bulk resistance, accounts for roughly half of the

GDL total resistance.

Thermal conductivity of a graphite BPP was also measured under different temperatures

and pressures, with the following key results:

e Thermal conductivity of the graphite BPP and its thermal contact resistance with the
clamping surface (Armco-iron fluxmeters) decrease with increasing temperature.

e The variation of the BPP thermal conductivity as a function of temperature can be
conveniently represented in a compact form suitable for thermal analysis and

modeling.
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The TCR between the BPP and GDLs with different PTFE loadings and/or MPL were

also measured in terms of compression. The effect of compression, PTFE, MPL, out-of-

flatness, and cyclic loads on the BPP-GDL TCR were investigated thoroughly:

The TCR between BPP and GDL increases with both MPL and PTFE, irrespective of
the PTFE loading.

High PTFE loading, MPL, and the BPP out-of-flatness increase the GDL-BPP TCR
dramatically.

The BPP-GDL TCR can be the dominant resistance in GDL-BPP assembly, as its
contribution can increase to almost 60% and 40% at the compression of 1 and 5 bar,
respectively.

Load cycling reduces the total thermal resistance of BPP-GDL assembly
considerably.

The reduction effect of load cycling on the thermal resistance of BPP-GDL assembly

is more pronounced for GDLs with lower PTFE loading.
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Chapter 4.

Modeling of thermal conductivity of untreated and PTFE-

treated gas diffusion layers

4.1. Model assumptions and unit cell approach

The temperature field and heat transfer rates in a fibrous porous media depend on a
variety of factors including geometry, type of material, mechanical and thermal
properties, and operating conditions. The structure and thermal conductivity of GDLs is
anisotropic, and thus representative geometrical modelling will be important. The focus
in this chapter is on modeling of the through-plane thermal conductivity, though the
presented concept can be adapted for the estimation of other transport properties such as
in-plane thermal conductivity and permeability. In general the present model is an
extension of the previous work of Bahrami and Djilali (model of Sadeghi et. al. [57]),
which relies on a unit cell approach to represent the GDL as a periodic fibrous micro
structure, and assumes:

(1) 3-D repeating basic cell

(2) Steady state one-dimensional heat transfer

(3) Negligible natural convection within basic (unit) cell

(4) No radiation heat transfer between neighboring fibres

The additional features introduced here to make the model more general and improve the

physical representation of GDL structure are:
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(5) Statistical distribution of the angles between fibers in two adjacent layers: i.e. the
average value of the angles and their deviations from the average value

(6) Characteristic fibre spacing for various GDL types

(7) Addition of PTFE to the GDL

Our aim is to present a statistical unit cell approach by modifying Sadeghi et al.’s model
from the geometrical modelling point of view, which will extend its applicability to a
broader range of GDL types, and to use the new model to investigate the effects of
geometrical parameters and PTFE on the thermal conductivity. Detailed development of
Sadeghi et al.’s model can be found in Ref. [57] and the focus here will be on
improvements to that model, more specifically: (i) the determination of the GDL
geometrical properties (parameters); (ii) the statistical implementation of these
parameters into the unit cell model; and (iii) considering the addition of PTFE to the
GDL.

This work builds on the unit cell approach of Bahrami et al. [180] (see also [181] [182]
[183] [180] [184] [185]) that was successfully applied to several heat transfer
applications, such as packed beds, and of Sadeghi et. al. [57] who presented the first
analytical model that takes the main geometrical parameters into account in modelling
GDLs. Here we will be introducing new techniques for determining the geometrical
parameters of different GDLs and applying the determined parameters to a statistical unit
cell approach for the estimation of thermal conductivity. Thermal conductivity of PTFE-

treated GDLs will also be modeled by considering the addition of PTFE to the unit cell.

4.1.1. Unit cell for the model

A unit cell is the smallest part of a body that can reproduce the three-dimensional
structure of that body. In general, unit cell models are based on one unit (basic) cell

repeated through the entire medium. In the case of a fibrous porous material consisting of
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layers of fibers, such as most “paper” types of GDL, a simple, still comprehensive,
geometrical model like the one shown in Figure 4.1 has the capability to capture the
essential features. In this figure, | and w are the distance between fibers in the x and y
directions, d the fiber diameter, and 6 the angle between fibers in two adjacent layers.
The porosity (¢) of the unit cell is a function of all these geometrical parameters, as given

in Ref. [57]:

w
_nd L+ cos(0)

(4-1)
8 ( lw )

e=1

In principle, the unit cell model consists of mechanical and thermal models [57] applied
to the defined unit cell. Ultimately, using Fourier’s law of heat conduction and the
concept of a total thermal resistance network, the effective thermal conductivity can be
obtained (k.¢) as a function of the geometrical parameters, i.e., keie = f(€,0,d, 1, w).
The thermal resistance network for the unit cell consisting of the top and bottom blocks is
represented in Figure 4.2. The unit-cell thermal model is identical to that of Sadeghi et al

[57] and the equations of the model are summarized in Table 4.1.

(@)
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Figure 4.1.  Front isometric view (a) and top view (b) of the geometrical model of
GDL (the dashed parallelograms represent the unit cell)
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Figure 4.2.  Thermal resistance network for the top and bottom blocks of the unit
cell shown in Figure 4.1 [57]
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Table 4.1. Equations of the unit cell model [57]
Parameter Equation Number
Minor relative radius of  , — B S (4-2)
contact curvature A—ees@ele
Major relative radius of 7 = ;” (4-3)
contact curvature (4/d-1/p")
Integral function of _ 19.1V2 A=p'/p" (4-4)
(p'p" 1) 17 1+16.76VA+1.341" p/p (4-5)
Maximum force on E,., = CeoL (4-6)
each contact point 4
Effective elastic _ ( w = Uz) 1 4-7)
modulus Ep
Major semi axis of a=b ( )2/3 (4-8)
elliptical contact
Minor semi axis of b= (p "3Fp'p’ )1/3 (4-9)
elliptical contact ' aE’
Solid thermal = exp |—0.57 (=273 L4Mg ) (4-10)
accommodation p[ N ( 273 )](6 8+14Mg
rameter 2.4(-2
bara + (Af,"s)zx{l—exp[ 057(
(1459
Thermal P (2 as) +1 (4-11)
accommodation s
parameter
Fluid property g=—2 (4-12)
parameter Pr(y+1)
Pg,c0 -
Mean free path of gas 4 — A, m( )( 9, ) (4-13)
molecules
Gas thermal resistance 1 1(w-2 (4-14)
— =kg(—7—7)
of bottom block Rgi 9@ rapy)
Gas filled gap thermal 1 ( ) 2apy n-1 aﬁy+1) ) (4-15)
resistance of bottom Rger (W (
block
Gas thermal resistance d/2 (4-16)

of top block

(E_cos(e))
9 (_) a/2+afy
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Gas filled gap thermal 1 k(%) ( 20y ran-1( aMH)) (4-17)
resistance of top block Rgea  cos(8) “J(aBy)?-1 aBy—1
Spreading/constriction R orR. — ﬁ dt (4-18) &
resistance & modulus P €0 ™ 2mka 0 [1-nZsinZt’ (4-19)
of elliptic integral )
NS
Total thermal 1 1 11t (4-20)
Resistance Rior = [— + +—1 +
ot Rg,l Rgc,l Rco
-1

BRI ST

Rg2 Rgcz Rsp
Effective thermal Keose = 4d (4-21)
conductivity IWRtot

4.2. Determination of geometrical parameters

Fibrous porous media such as GDLs can have different structure and geometry in terms
of angle distribution, aspect ratio, and fiber diameter. These parameters can generally
vary independently of porosity, and it is a-priori necessary to take them into account in
geometrical modelling targeted at transport property estimation. In order to do so, we
need to have a detailed description of the relevant micro structural parameters for each
type of GDL. Such data can be measured optically by a microscope or by other methods,

as discussed in the following sub-sections.
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4.2.1. Fiber angle distribution

In the model of Ref. [57], the angles between fibers are assumed to be equal, typically
with a set at the mean value of zero. In turn, a distribution of angles exists, as can be
readily seen in GDL images. Individual angles can be measured optically, as shown in
Figure 4.3, and a probability distribution can be obtained using statistical methods as

described below.

Figure 4.3.  Angles between fibers measured optically for Sigracet and Toray
GDLs

In this study, the angle distribution for two commonly used GDLs, Toray (TGP-H- 060)
and Sigracet (SGL 25AA), have been optically measured and the corresponding
distributions are shown in Figure 4.4 and Figure 4.5. The peak probability occurs close to

0° (6=0; orthogonal arrangement) and the probability of angles larger than 8 =70° is low,
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especially for the SGL GDL. In fact, in the SGL GDLs, the bell curve is more
pronounced with higher probabilities of angles close to the orthogonal arrangement.

The statistical distributions were calculated using the statistical software Easyfit [186],
and can be approximated by a Gaussian (Normal) distribution in a —n/2-n/2 scale and/or a
Beta distribution in a 0-n/2 scale for the Toray GDL (Figure 4.4). A similar but not
identical trend can be seen for the SGL GDL (Figure 4.5). Note that, in general, the
angles between two fibers in two neighbouring layers can take any value from 0 to 90°,
yet Figure 4.4 and Figure 4.5 is plotted using a —m/2-n/2 scale by considering the
supplementary angles, hence resulting in a pseudo Normal distribution. In the thermal

model calculations, the Beta distribution (0-7t/2 scale) is the appropriate one to use.

Having measured the angles, the main question that remains is how to apply such a large
number of data to the model. Based on the work carried out by Bahrami et. al. [187] on
the pressure drop of rough micro-tubes, an analogous correction factor or deviation from
the average angles is introduced. The average value (8) and the statistical distribution of
the deviations from the average value (p=6-0) can be obtained from the measured
distribution. For any quantity of interest, in this case the effective thermal conductivity, a
correction factor corresponding to the deviation of that quantity from its average value

can be calculated using:

Mcor _ f; M(§+p)F(p)dp (4_22)

M= Mref_ M(é)

where M is an quantity of interest, M,.r and M., are respectively the reference and
corrected (overall) values of M, and F(p) is the statistical distribution of variable p

(a < p < b), obtained from the measured angles.

The corrected (overall) values of each quantity (M.,,-) can also be calculated in a simpler

way by
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N
Meor = M(6;)P(6,) (4-23)
2

where P(6;) represents the occurence probability of an angle with the value of 6;, and N
is the number of the measured angles. P(6;) acts as a weighting factor for M(6;), the

value of property M corresponding to the angle 6;.

0.18 0.7
== Beta distribution — Gaussian distribution

0<#<n/2: H=0.57 Rad -n/2<0<n/2: p=0, 0=0.68 Rad || &

60089(1.57—0)0855
1.14

0.16

0.14 | pPH)=
0.12

0.10

P(0)

0.08
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0.04

Gaussian PDF (-n/2<6<n/2)
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0.00

Figure 4.4.  Angle distribution of Toray (TGP-060)
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Figure 4.5.  Angle distribution of SGL (25AA)

4.2.2. Aspect Ratio (AR=I/w)

The distance between fibers, which defines the aspect ratio, affects the heat transfer paths
as well as the number of contact points between adjacent layers of fibers in a fibrous
medium, and is therefore expected to have a noticeable effect on thermal conductivity.
However, to the authors’ best knowledge, this important parameter has been overlooked
in existing heat transfer analyses on fibrous porous media. All the previous work based
on the unit cell approach for the calculation of either thermal conductivity [57] or
permeability [188] [189], considered unity aspect ratio (equal distance between fibers in
the x and y directions, see Figure 4.6). Here, for the first time, two techniques are
presented for determining the aspect ratio in GDLs. The first is, in principle, similar to

the method used for measuring the fiber angles, i.e., optical measurements. The other is
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based on the average pore diameter of each GDL obtained by Mercury Intrusion
Porosimetry (MIP) measurements. For a given porosity, | and w are related through the
porosity equation (4-1). The common approach in both techniques is to find a second
relationship between | and w and then, solve it simultaneously with Eq. (4-1), to obtain

the values of | and w and, subsequently, their ratio (AR=I/w).

- Optical measurement of aspect ratio

A sufficient number of areas enclosed between different fibers in two neighboring layers
(see Figure 4.6) can be measured optically, and their average (Agpem = Z’ivalAi /Ny) can

be considered equal to the gap area between the fibers in two neighboring layers:

Aave,m =(l-dw-4d) (4-24)

Aave,m= (-d)(w—-d)

Figure 4.6. Measurement of the gap area between fibers as optical measurement
of aspect ratio
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From the measured data of A;, a statistical distribution of aspect ratio and, in turn, of |
and w can also be obtained for each GDL. Figure 4.7, Figure 4.8 and Figure 4.9 illustrate
the statistical distribution of the aspect ratio for GDLs Toray TGP-060, SGL 24AA, and
SGL 25AA, respectively. Similarly to estimating the overall value of quantity M from the
angle distribution, i.e., Eq. (4-23), the following equation can be employed for the aspect

ratio distribution:

Na
Meor = M(AR;)P(AR;) (4-25)

where P(AR;) represents the occurrence probability of an aspect ratio with the value of
AR; , and N, is the number of the measured aspect ratios and, in turn, the number of A;.
In any case, the final value of M,,, will generally be an average of the two values of
M., obtained from Egs. (4-23) and (4-25).
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Figure 4.7.  Statistical distribution of the aspect ratio for Toray TGP-060
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Statistical distribution of the aspect ratio for SGL 24AA

Figure 4.8.
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Figure 4.9.  Statistical distribution of the aspect ratio for SGL 25AA

- Aspect ratio determination from MIP data

For many of the commonly used GDLs, such as the ones considered in this study, the
pore diameter size has been previously reported in the open literature for permeability or
other porous media calculations. The pore volume in the unit cell should be the same as
the average of the pore volumes inside the GDL of interest, and which can be obtained
from MIP measurements. Considering the equivalent diameter of the pore in the MIP
method [190] [191], the following relationship between the distance between fibers in the

x and y directions, | and w, can be written:

2
7po,ave

. (lwe) (4-26)
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With a prescribed porosity, solving this equation, or Eq. (4-24), simultaneously with the
porosity equation of the unit cell, Eq. (4-1), yields the two unknowns | and w and,
therefore, their ratio. Note that the statistical distribution of the aspect ratio in the case of
MIP can be obtained from the data of the pore size distribution. The average values of the
aspect ratio for some widely-used GDLs obtained from MIP [51] [192] [193] [194] [189]
[195] [196] [197] [198] and the optical approach are listed in Table 4.2.

It is worthwhile to mention that either of these two methods, optical or MIP, has
advantages and drawbacks. The MIP method gives the pore diameter based on volumetric
measurements (pores in all the layers) whereas the optical approach is based on gap area
measurements in some upper and lower layers of a GDL. The MIP method uses an
equivalent circular cross-section assumption for the gap area, which is not accurate. In
addition, for the case of treated GDLs, the contact angle of mercury with carbon fibers is
not exactly the same as that with PTFE and/or micro porous layer (MPL). Consequently,
the optical approach is more appropriate for thin, treated GDLs, such as most of the

Sigracet samples.

Table 4.2. Average aspect ratios and some relevant specifications for the well-
known studied GDLs

Quantity Porosity Average Pore diameter  Aspect ratio (-)

(%) (nm)
GDL MIP  Optical
Toray 060 78 39 [51] 3.9 2.8
Toray 090 78 33[192] [193] 2.8 -
Toray 120 78 28 [194] [195] 2 -
SGL 24AA 88+0.5 66 [192] [194] [196] 8 6.9
SGL 25AA 92+0.5 60 [192] [197] 2.6 3.4
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4.2.3. Fiber diameter

The diameter of fibers can be measured optically as well and a statistical distribution can
also be given for this geometrical parameter. However, such measurements are not
necessary since considering an average value for fiber diameter is sufficient for the
purpose of accurate thermal conductivity modeling, as discussed later. The average fiber
diameters measured in this study for the Toray and SGL GDLs are 8.5 and 7.5 pm,

respectively.

4.3. PTFE treatment

The GDLs of PEMFCs are usually treated with Teflon (PTFE) in order to make the
material hydrophobic and improve water transport. Examination of microscope images of
treated GDL samples, such as the ones shown in Figure 4.10, indicates that a
considerable portion of PTFE accumulates at the intersection of fibers (Figure 4.10b). For
convenience, we refer to the portions corresponding to the upper and lower halves in the
through-plane directions as PTFE’ and PTFE” respectively. In addition, some PTFE
(PTFE") cover each fiber randomly (Figure 4.10a and c) and a thin layer of PTFE on the
first and last layers of fibers in the GDL (PTFE layer) can be seen (Figure 4.10a).

119



PTFE disgfibuted randomly
along thg fibers
P

Figure 4.10. PTFE distribution inside different GDLs: (a) and (b) SGL 24BA
(present study) and (c) ELAT (with permission from Ref. [189])
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A geometric model representation of a PTFE-treated GDL is illustrated in Figure 4.11.
The model considers the general case of non-homogeneous penetration, which allows
representation of PTFE penetrating into all or only some of the layers at each side. The
PTFE treatment procedure commonly used in industry, in which the GDL is dipped in a
PTFE solution, is consistent with the latter case with penetration confined to the layers in
proximity to the surface. It should also be noted that geometric characteristics such as
fiber spacing and angle distribution would not change as a result of PTFE treatment.

PTFE ayer

PTFE' (upper half)
PTFE" (lower half)

PTFE™

Figure 4.11. Geometric model of GDLs treated with PTFE, see Eq. (4-1)

The present model is based on a unit cell approach that considers a GDL as a periodic
fibrous micro structure with a corresponding resistive network through which heat

transfer takes place. Extending the unit cell defined for untreated GDLs, a unit cell
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consisting of two blocks is taken here to represent the fiber layers containing PTFE and a
second unit cell represents the first and last fiber layers with a thin coating of PTFE
layers on both surfaces of GDLs, as shown in Figure 4.11 and Figure 4.12.

(@) Top block of the unit cell for the PTFE-treated fiber layers inside GDL (also see

Figure 4.11)
RPT?Elayer
i Rfree air tPTFE+d/2
X
O Lo
lorre d/2

(b) The unit cell for the first and last fiber layers (also see Figure 4.11)

Figure 4.12. Unit cells and top block defined for a PTFE-treated GDL
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For a GDL treated with PTFE, the thermal resistance network of the entire GDL, shown

in Figure 4.12, will be:

Riogt =2 ( ! + ! >_1
ot Rfree air RPTFE layer

-1

Ny, [ 1 1 1 1
+ Dwith PTFE + 4 L
2 [Rg1+ Rprre Rgern Ripree' Reo
] -1
Ny 1 1 1 1
+ with PTFE + < + > +—
2 _Rg,z Rgc’,z RZ,PTFE’ Rsp
- 1-1
4 Dwithout PTFE 1 N 1 4 1 (4-27)
2 _Rg,l Rgc,l Rco_
i 1-1
Ny, 1 1 1
+ without PTFE + +—
2 _Rg,Z Rgc,Z Rsp_

where all the resistances of Reo, Rsp, Rg1, Rg2) Rge1s Rge2s Rgern @nd Ryer , have been

defined before, and Rpregiayer aNd Rereeair are as follows:

LpTFE
RprE 1ayer = nd (L + ) (4-28)
kerre 7 =7

d

R 2+ teTes (4-29)
free air = -
[—d)(w—-d
kair ( )g_ )

where Kprre and kyir are thermal conductivities of PTFE and air, respectively, and tprpg IS

the average thickness of the PTFE coating on the fibers of the first and last layers of
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GDL, which is given in Table 3.3. The geometrical parameters I, w, and d are shown in

Figure 4.11, which have already been given for the studied GDLs.
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(a) Resistances of layers without PTFE (middle layers) (the negligible bulk resistance of
fibers has been omitted)
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(b) Resistances of layers with PTFE (the negligible bulk resistance of fibers has been
omitted)
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(c) The total thermal resistance network of the GLD treated with PTFE

Figure 4.13. Thermal resistance network for a PTFE-treated GDL

It should be noted that all PTFE resistances inside the GDL, i.e., Rprpe ,Rprpg's Rpregs
and Rpppem, are in parallel with a much lower resistance, the conduction through fiber-
fiber contacts, and therefore, will not have a noticeable impact on the total resistance of
the GDL, see Eq. (4-1). Accordingly, these PTFE resistances have secondary effects and
need not be considered for estimating the total resistance of the entire GDL. Although the

thermal conductivity of PTFE is one order of magnitude higher than that of air
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(kair=0.026<kprre=0.3 W m™ K * [36]), it is still some orders of magnitude lower than the
thermal conductivity of the fibers. As such, one can conclude that PTFE treatment on
GDLs can be modelled as only one “thin layer” on the top/bottom layers of GDLs and
will only affect the through plane thermal conductivity and the thermal contact resistance
at the interface of GDL-bipolar plate. For this reason, the PTFE distributed inside the
GDL does not have a noticeable impact on the through-plane thermal conductivity.
Hence, from the viewpoint of through-plane heat transfer, the thermal resistance of a
PTFE-treated GDL can be practically approximated in terms of untreated GDL, PTFE,

and gas (air) resistances as:

RF”I;FE—treated GDL
0

-1
~ (n — 1)Rt[(l)rétreated GDL +2 < 1 + 1 ) (4_30)
Rfree air Rprre layer

where n is the number of fiber layers (=tgp./d).
The thermal conductivity of GDLs can finally be calculated by:

_ 4tepy
eff lWRtot

(4-31)

It should be noted that resin and other additive materials, which can be randomly
distributed inside the “carbon fiber skeleton” of the GDL, have not been considered at
this stage of our work. However, the modeling framework allows for the treatment of
such additives in a similar way to PTFE. The fiber-fiber resistance is always much less
than other resistances, including fiber-X-fiber resistance where X can be any phenolic
resin or filler. It should be noted that fiber-X-fiber resistance includes the bulk resistance
of the lower-conductivity material X as well as two contact resistances of X with the

adjacent fibers.
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4.4. Parametric study

The code written in the MATLAB environment is used to perform a parametric study and
investigate the effects of geometric parameters on thermal conductivity. The present
analysis holds for PTFE-treated GDLs as well, even though the model doesn’t consider
the addition of PTFE to the GDL. As demonstrated earlier, PTFE inside GDL has a

negligible effect on the thermal conductivity.

4.4.1. Fiber angle

As noted earlier, each type of GDL has its own micro structure, and thus a different fiber
angle distribution. By plugging the angle statistical distribution (0-n/2 scale) into the
correction factor relation, Eq. (4-22), one can calculate the thermal conductivity
correction based on the angle distribution. In a simpler way, independent of the type of

statistical distribution, the overall thermal conductivity can be estimated by Eq. (4-23).

- Thermal resistance correction factors

From the angle distribution, one can find the average value (see Figure 4.4 and Figure
4.5) and also the correction factors for the deviation of all the possible angles from this
average. The values of the correction factors for thermal resistance components of each
GDL are given in Table 4.3. Note that the correction factors for gas resistances of the top
block are always unity since they are not dependent on fiber angle (see Egs. (4-14) and
(4-15) in Table 4.1); hence they are omitted in Table 4.3. As shown in Table 4.3, the gas
thermal resistance correction factor R,.,, contrary to the other gas resistances, is
significant and seems to be the most sensitive to the angle distribution. Finally, the most
important (controlling) factors are related to the spreading/constriction resistances, which
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are close to unity. In fact, these correction factors show the deviation of each angle from
the average value for each GDL. It should be noted that the gas resistances are so large
(compared to the other resistances) that heat transfer takes place preferentially and almost
exclusively through the solid matrix, even though this entails another large resistance
(spreading/constriction resistance) which is still much less than the gas resistances
themselves. As a result, the gas thermal resistances do not have any noticeable impact on
the through-plane thermal conductivity compared to the solid resistances.

Table 4.3. Typical values of correction factors for thermal resistance
components of two well-known GDLs

Thermal resistance correction factors

GDL R;p R;,Z R;C,Z R:ot
Toray 060  1.06 0.94 141 1.03
SGL 25AA 1.12 0.95 1.49 1.09

- Thermal resistance and thermal conductivity dependency on angles

The angle between two fibers determines the area of the contact spot, which, indeed,
affects the thermal contact resistance, i.e. spreading/constriction resistance. The
dependency of the ratio of spreading/constriction to the total resistance is shown in
Figure 4.14. The functional dependency is not simple and the contribution of the
spreading/constriction resistance is always more than 50%, which indicates the
importance of this resistance compared to the other samples. It should be noted that

changing the angle (0) is performed at a constant porosity.
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Figure 4.14. Dependence of spreading/constriction resistance on angle for GDLs

Figure 4.15 depicts the variation of the thermal conductivity with aspect ratios for
different fiber angles. The general trend of decreasing thermal conductivity with
increasing angle at lower aspect ratios, is reversed at higher aspect ratios, and the aspect
ratio at which the switch occurs varies from about 3 for small angles (near-orthogonal

fibres) to about 6 for the larger angles (near parallel). As noted earlier, the
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spreading/constriction resistance is the largest contribution to the total thermal resistance,
especially at higher aspect ratios (compared to unity). At aspect ratios close to unity the
thermal conductivity curves peak, and the contribution of the spreading/constriction
resistance is the lowest. It is worth mentioning that when we change 8 at a constant aspect
ratio, the porosity has to be kept constant, which changes the number of the contact spots

inside the fibrous medium. This makes the analysis of Figure 4.15 very complicated.

Another interesting and important point to note with respect to the manufacturing process
is related to the maximum value of thermal conductivity occurring at zero angle (6=0),
which corresponds to the orthogonal arrangement of fibers. If we connect the maximum
points, a second-order polynomial can be used to correlate the maximum effective
thermal conductivity in terms of the fiber angle () (for each specified porosity and
diameter). This indicates that the dependency of the maximum thermal conductivity on
fiber angles is relatively small, especially for the typical range of fiber angles (0<6<n/3).
Examination of Figure 4.15 shows that in this range of angles the maximum thermal
conductivity is essentially independent of aspect ratio. It would be useful to perform
similar studies on the in-plane electrical conductivity, convective heat transfer coefficient
[199] [200] [201], permeability [199] and diffusivity, to identify the optimal fiber angle
for GDLs.
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Figure 4.15. Dependence of thermal conductivity on angle for GDLs

4.4.2. Fiber diameter

The change in thermal conductivity for different aspect ratios is shown in Figure 4.16 at
different fiber diameters. Both thermal conductivity and its maximum value are virtually
independent of the fiber diameter throughout the range of investigated porosities and
aspect ratios. This suggests that the fiber diameter can be manipulated for increasing

other transport properties such as permeability [199] without incurring any penalty in the
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through-plane thermal conductivity. In turn, increasing the fiber diameter does not
change the thermal conductivity, but enhances permeability significantly [188] [189]. In
practice, the maximum thermal conductivity is not a function of aspect ratio and fiber
diameter (Ketf max 7 f(d,AR)).
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Figure 4.16. Effect of diameter on through-plane thermal conductivity of GDLs
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4.4.3. Aspect ratio

One of the most important geometrical parameters of fibrous porous materials is the
aspect ratio. The impact of this parameter can be as important to the thermal conductivity
as it is to the porosity, as it can be effectively manipulated to achieve the desired
transport properties for different purposes. Figure 4.17 represents the thermal
conductivity as a function of the two important parameters, aspect ratio and porosity. The
dependence of thermal conductivity on porosity is not as complex as the dependence on
fiber angle. Figure 4.17, similarly to Figure 4.16, depicts a maximum at an aspect ratio
very close, but not at unity, for each value of porosity. At specific values of 8 and d (real
case), the maximum thermal conductivity, kefmax, 1S practically independent of the
aspect ratio. This can be very important for GDL manufacturing. For a given type of
GDL, d and @ are usually fixed, and as a result, it would be sufficient to account for
Ketfmax [W m™ K™ as a function of porosity only; i.e., Kegrmax = f(€). Connecting the
maximum points in the cases shown in Figure 4.17, a linear relation is obtained in the

form of:
keffmax = —8.48¢ +c (4-32)

where the value of the constant c is depends on @ (and d) (e.g., for & =0 (d=8.5 pum); then
c=8.13). For the typical ranges of the fiber angles in GDLs, that is, 0<6<r/3 (see Figure
4.4 and Figure 4.5), the maximum thermal conductivity is practically independent of the
aspect ratio (Figure 4.15, also see Figure 4.16 and Figure 4.17). As a result, kq¢ max Can

practically be considered as a function of only two geometrical parameters; € and 6.

It should be noted that an aspect ratio of unity corresponds to the square arrangement,
which results in the highest through-plane thermal conductivity. However, other transport
properties such as in-plane thermal conductivity, permeability [199] , diffusivity, heat
transfer coefficient [199] [200] [201] and electrical conductivity have to be considered as
well. A multi-parameter optimization of such properties with respect to the geometrical

parameters is ultimately required to determine an optimum structure of a GDL for better
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water and heat management of fuel cells. It should also be noted that production of
optimally designed arrangements should become possible as precise control of fiber
orientations and arrangements during fabrication of fibrous media becomes more
practical due to progress in manufacturing technology (see, e.g., [202] [203] [204] [205]
[206] [207]).

Figure 4.17 provides a helpful illustration of the importance of the aspect ratio in
comparison to the primary parameter characterizing a porous media, i.e., porosity. It is
obvious that with increasing porosity (at fixed values of aspect ratio), the thermal
conductivity decreases whereas the permeability and diffusivity increase. As a result,
there is a trade-off between the through-plane thermal conductivity and
permeability/diffusivity in terms of porosity. For instance, consider points A, B, C, and D
on Figure 4.17. To double the thermal conductivity from 1 to 2 W m™ K™, the usual
approach would be to decrease the porosity (e.g., shown in Figure 4.17, moving from a
porosity 0.8 at point C to a porosity of 0.72 at point B), which may markedly reduce other
transport properties such as permeability [199] and diffusivity. Based on the insights and
results of this study, one can in fact double the thermal conductivity from point A to point
B by only manipulating the aspect ratio and keeping the porosity fixed (¢=0.72). This
example illustrates the strong dependency of the thermal conductivity on the aspect ratio.
As explained, points A and B, which are both on the solid curve, have the same porosities
(e=0.72) but completely different thermal conductivities due to their different aspect

ratios.

Conversely, one can keep the through-plane thermal conductivity fixed and increase the
porosity or decrease aspect ratio by following any horizontal straight line on Figure 4.17
(e.g., from point A to point C). For instance, points A and C have the same thermal
conductivities but different porosities and aspect ratios. In terms of the through-plane
heat transfer, there is no difference between points A and C. However, point C is
preferred, as it corresponds to a higher porosity, and hence higher permeability and

diffusivity, and less solid (fibers), which can reduce the cost of materials in the
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manufacturing process. These points might inform GDL manufacturing, as available
GDL products usually fall within the regions far from the peak points on Figure 4.17. In
general, depending on the specific application and the targeted properties, one can keep
one or two of the geometrical parameters fixed and adjust the others to achieve an

optimal fibrous medium structure.

Finally, we consider points A and D where point D has a higher thermal conductivity
with more porosity. Therefore, a fibrous porous medium with higher porosity does not
necessarily have a lower thermal conductivity. This interesting conclusion refutes the
traditional notion for heat transfer in porous media on which all the other available
models have been implicitly based: the higher the porosity, the less the solid matrix and,

therefore, the lower the thermal conductivity.
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It should be noted that for 6=0, the values at a given AR > 1 are equivalent to those for
the corresponding 1/AR value on the branch AR < 1, i.e., the curves are symmetric around

AR=1 when plotted on a log scale as shown in Figure 4.18. At non-zero 6, the thermal

conductivity curves are skewed toward aspect ratios other than unity.
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Figure 4.18. Symmetric curves of thermal conductivity-aspect ratio at different
GDL porosities (log scale)
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4.5. Model validation

Having determined the geometrical parameters of each GDL and a method to apply them
to the model, we can proceed to calculate the through-plane thermal conductivity. The
thermal conductivities of SGL 24 & 34 AA, BA, DA, and BC and those of series 25 & 35
AA, BA, and BC measured in this study and the Toray data [104] are used for the model
validation. Comparison of the experimental thermal conductivities of different treated
and untreated SGL GDLs with the model predictions, shown in Figure 4.19, indicate that
the model could well capture the experimental data for both untreated and PTFE-treated
GDLs. The most significant feature of the presented model is that the model captures the
experimental trend, i.e., as PTFE content increases the through-plane thermal
conductivity decreases. As mentioned in Chapter 3, the trend observed here is in
qualitative agreement with the results of Khandelwal and Mench [91] and Burheim et al.
[93] [101], but not with the negligible changes reported in Ref. [43] even for 60 wt%
PTFE. The present trends are opposite to the model predictions of Yablecki and Bazylak
[115] and Fishman and Bazylak [208] which is representative of the distribution of PTFE
in the bulk of the GDL but overlooks the thin coating of PTFE that forms on the surface
of the first and last fiber layers. PTFE distributed inside the GDL does not have any
noticeable impact on through-plane thermal conductivity. It is worth noting that although
PTFE displaces air “pores” that have lower thermal conductivity and reduces the GDL

porosity, it does not enhance the overall thermal conductivity of GDLs as discussed.
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Figure 4.19. Variation of thermal conductivity with pressure: Comparison of
model predictions with experiments for GDLs with different PTFE
loadings
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4.5.1. Model improvement

Different types of commonly used GDLs with documented through-plane thermal
conductivity (Toray TGP-H-060 to 120 and also SGL 24AA and 25AA) have been
selected, and their thermal conductivities were calculated using both the model presented
here and the model of Sadeghi et al. [57], with the results shown in Figure 4.20.

As shown in Figure 4.20, both models yield reasonable predictions of the thermal
conductivity of the untreated Toray GDLs (TGP H-060 and TGP H-090), with overall
better agreement for the present model, especially with respect to SGL 24AA, a GDL
with a high aspect ratio. It should be noted that in Ref. [91], the thermal conductivity
measurements were not performed under vacuum conditions (even though some
insulation was used), which resulted in a small over-estimate of the thermal conductivity,
as pointed out by the authors. Another point to note here is that the thermal conductivities
measured in Ref. [91] have been obtained from the so-called two-thickness method for
TGP-H-060 and TGP-H-090. As shown in Table 4.2, the porosities of these two GDLs
are the same and their aspect ratios are close to each other. As a result, the only value of
the thermal conductivity obtained for both GDLs TGP-H-060 and -090 by using the two-
thickness method can be considered as the average value of their actual thermal

conductivities.
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Figure 4.20. Comparison of the thermal conductivities calculated by the models
with experimental data

We also implemented both models for another temperature, 73 °C, for which

experimental data is also available. The comparisons indicate that both models account

well for the effect of temperature on effective thermal conductivity.

Some thermal conductivity data measured under different conditions have been reported
in Ref. [101] for each of the treated Torays: TGP-H-060, 090, and 120 (5% PTFE) and is
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presented separately in Table 4.4. The authors of Ref. [101] assumed a negligible thermal
contact resistance between two samples based on the observation that increasing
compression led to small changes in the sample-sample contact resistance. However, the
relative independence of sample-sample contact resistance with respect to changes in
compression pressure does not necessarily indicate that the contact resistance is
negligible. Nevertheless, the data of Ref. [101] can still be used for the purpose of
qualitative comparisons between the considered Toray GDLs. The measured data in
Table 4.4 show a reduction in the thermal conductivity from TGP-H-120 to TGP-H-060
at all compressive loads. This interesting reduction trend can now be explained by the
effect of the aspect ratio parameter; with increasing aspect ratio from TGP-H-120 to
TGP-H-060 (see Table 4.2), the effective thermal conductivity decreases. This trend
cannot be explained or justified by other models. Finally, we consider SGL 24AA and
25AA to further investigate the effect of the geometrical parameters on the thermal
conductivity. As shown in Figure 4.20, the models have markedly different estimates for
SGL 24AA. The present (statistical) model improves the prediction significantly
compared to the previous model [57], which is based on a unity aspect ratio and a

homogeneous GDL with zero value of angle (orthogonal arrangement of fibers).

The experimental data also indicates that the thermal conductivities of SGLs 24AA and
25AA are almost the same even though they have different porosities, a result that can be
explained by the present study. The porosity of SGL 24AA is 0.88, while that of SGL
25AA is 0.92. This might erroneously lead to the expectation that SGL 24AA would have
a higher thermal conductivity because of its lower porosity. However, the increase in
conductivity arising from the lower porosity of SGL 24AA is offset by the higher aspect
ratio compared to SGL 25AA. This can be considered as experimental evidence of the
physical realism of the present model, as points A and C on Figure 4.17 qualitatively
correspond to the real cases of SGL 24AA and 25AA, respectively.
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Table 4.4. Experimental data of Ref. [101] for evaluation of the aspect ratio
effect on thermal conductivity for different Torays

kege(W m™1K™1)

Compression pressure (bar)

Type of

Toray 4.6 9.3 13.9

TGP-H-060 0.41 0.53 0.66
TGP-H-090 0.50 0.65 0.73

TGP-H-120 0.62 0.81 0.89

4.6. Concluding remarks

A statistical unit cell model was proposed for estimating the through-plane thermal
conductivity of GDLs. This model considers not only porosity, but also other geometrical
properties such as angle distribution and aspect ratio. The geometrical parameters of a
GDL structure, their effects on through-plane thermal conductivity, and how to measure
or determine them for different types of GDL were discussed in detail. These parameters
were determined for several types of commonly used GDLs. The aspect ratio was found
to be as important as porosity in determining conduction heat transfer. The results also
shed a new perspective on the notion that a fibrous porous medium with higher porosity
yields a lower thermal conductivity, and show that it is possible for two fibrous media
with the same porosity to have completely different thermal conductivity and vice versa,
due to the contributions of other geometrical parameters, especially the aspect ratio. The
important insight on the role of aspect ratio in changing thermal conductivity provides a
rational explanation of some experimental trends and results that were considered

contradictory. The results of the model also yield the structure of a GDL providing the
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maximum through-plane thermal conductivity. It was found that, the maximum thermal
conductivity is not a function of fiber diameter and aspect ratio (Kett max # f(d,AR)) and

depends primarily on porosity and fiber angle (Kett max = f(¢,0)).

In general, the concepts and approaches presented in this study can be extended to the
determination of geometrical properties of any fibrous porous media, and can be adapted
to estimate other GDL transport properties such as permeability and diffusivity. The
insights gained through this work can open alternative avenues for tailoring and
optimizing the geometrical parameters of fibrous porous media from the viewpoint of

manufacturing process and transport properties.
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Chapter 5.

Modeling of GDL-graphite BPP thermal contact resistance

5.1. Model development

A mechanistic analytic model is developed for predicting the thermal contact resistance
between a GDL, a fibrous porous material, and a flat surface, e.g. a graphite or metallic
BPP. The present model is built using: (i) GDL and BPP salient geometric parameters,
such as waviness, diameter, distribution and orientation of fibers, and GDL porosity; (ii)
applied load, mechanical deformation, and Hertzian theory; (iii) thermophysical
properties of both contacting bodies, i.e. thermal conductivity and effective Young’s
modulus; and (iv) heat conduction in GDL fibres (spreading/constriction resistances).
The true area between the two contacting bodies is the key parameter in determining both
electrical and thermal contact resistance. The contact area can be determined using
geometrical and mechanical modeling. The TCR at the interface can then be obtained
using an appropriate thermal model that includes heat transfer in both contacting bodies

through the contacting areas.
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5.1.1. Geometrical modeling

Based on images of different GDLs, the fibers are assumed to have a circular cross-
section. In almost all previous GDL geometric models, the fibers are assumed to be
straight cylinders, see Figure 5.1. For modeling interfacial phenomena, which are highly
dependent on surface topography and morphology, more realistic assumptions are
required. The analysis of the GDL images reveals that fibers are in fact wavy, as can be
seen in Figure 5.2. Consequently, in this study, fibers are considered as wavy cylinders,
with a sinusoidal profile in this study, see Figure 5.3. The waviness of the fibers is
measured optically using a Nanovea M1 hardness tester (NANOVEA). This instrument
allows micro-scale imaging/filming while scanning the sample in different directions.
The statistical data for fiber waviness and amplitude are presented in Figure 5.4 for
Sigracet (SGL) GDLs. The wavelength (1) and amplitude (A) data fall in the ranges 50-
1900 um and 2-5d; for the Sigracet samples. For most engineering applications, however,
using the average values of fiber amplitude and wavelength may lead to sufficient

accuracy.
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(b)

Figure5.1. (a) GDL surface images (Sigracet GDLSs) and (b) Proposed
geometrical model for GDLs

Wavy fiber

Figure5.2.  GDL images showing waviness of the fibers
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Figure 5.3. A wavy fiber under compression: increasing contact areas between a
wavy fiber and a flat surface with increasing compression

The proposed model is developed based on the following assumptions: 1) steady state
heat transfer; 2) constant thermophysical properties; 3) wavy GDL fibers; 4) smooth flat
surface, i.e., the surface roughness of the plate is neglected; 5) no out-of-flatness on the
plate; 6) static mechanical contact, i.e., no vibration effects; 7) negligible radiation effects
due to low typical operating temperature range of PEMFC < 100 °C [89] [209] [210]; 8)
first loading cycle only, i.e. no hysteresis effect is considered; but the proposed
methodology is also applicable to deformed (cycled) GDLs if the deformed samples
geometric parameters are available; and 9) contact occurs in a vacuum environment. It
should be noted that heat transfer due to interstitial gases can be added to the present
model using the model of Ref. [181].
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Figure 5.4.  Statistical data of (a) fiber waviness and (b) fiber amplitude for
Sigracet (SGL) GDLs

The apparent lengths of the GDL fibers were optically measured and their lengths were
obtained by calculating the length of the sinusoidal arc. Nevertheless, because of the

small waviness, the real length can be simply calculated mathematically:

lr = 2(Ny — DYA? + 22/4 ~ lsg, (5-1)

The total number of fibers in one layer of GDL, N, and the number of contact strips that
each fiber can form on the flat surface, Ns, can also be obtained from the geometrical data

of the GDL:
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_4A(1-¢)

Nf t = (5-2)

L
=T® 19 (5-3)

N, h

The geometrical equations and GDL’s parameters required in the model have already
been presented in detail (also see Refs. [52] [89] [110]) and are simply summarized in
Table 5.1.

Figure 5.3 shows the ‘contact strips’ in the contact plane, where the contact area between
the flat surface and the wavy fibrous porous medium occurs. The GDL fibers have a
relatively small amplitude A and a wavelength A. The dimensions of these contact strips,
a and t, grow with increasing compression as illustrated in Figure 5.3. The contact strips
dimensions can be calculated using the Hertzian contact theory and by applying a force
balance. Here we first focus on the contact between one fiber and a flat surface and, then,

extend the model to all contacting fibers.
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Table 5.1.

Summary of geometrical and mechanical parameters of the studied

GDLs and mechanical variables used in the present model

Symbol Parameter Units Value/equation Basis  Eq./Fig.
E Young modulus of GPa 210 & 210 [89] Meas. -
fiber & plate [57]
v Poisson ratio of - 0.3 & 0.3[89] Meas. -
fiber & plate [57]
k Thermal WmtK* 115[89][57] &  Meas. -
conductivity of 70 [110]
fiber & plate
lrap Apparent fiber pHm 3,000 Meas. -
length
ds Fiber diameter pHm 7.5 Meas. -
A Wavelength pHm 50-1,900 Meas.  Figure
5.4a
A Amplitude pm 4dy Meas.  Figure
5.4b
A GDL cross- m? 0.000507 Meas. -
sectional area
(apparent surface
area)
€ Nominal porosities - 0.88 & 0.92 [52] Meas. -
of SGL 24AA &
25AA
o Roughness of pm 170+35&31.0 Meas. -
GDLs SGL 24AA +4.5 [159]
& 25AA
m Asperities slope for - 0.0760°%52 Calc. -
GDL [182] [185] [181]
[211]
Hel Effective elastic Pa Calc. -

modulus

E*T;” [212] [213]
[214]
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5.1.2. Mechanical modeling

Thermal energy transfers from one fiber to the flat surface through the contact strips at
the interface. The resistance to heat conduction depends on the contact area. The pressure
distribution can be calculated for an elastic flat surface in contact with an elastic wavy

cylinder, as shown in Figure 5.3, from Ref. [215]:

ZI_)COS(“/Tx) L, /ma (T |2
p(x) =W<sm (T)—sm (—)) (5-4)

where X is a space variable defined along the cylinder axis and p is the mean pressure,

which is related to the length of each contact strip using Hertzian theory as:

D= (nb:A) sin? (%a) (5-52)

This can be written in an explicit form in terms of contact strip length as [215]:

22 Ap
_ : 5-5b
2a —-arcsin (nE*A) (5-5b)
Using both Hertzian theory and force balances on fibers contacting the flat surface, the
width of each contact strip, 2t, can be obtained as a function of the apparent load F (the
load applied on the entire GDL, see Figure 5.3 and Figure 5.5):

1

4F 2
2t = & (5-6)
N;(Ns — 1aE*n
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Figure 5.5.  (a) Gaussian distribution of the distance of fibers at the GDL surface
from the flat plate; (b) the variations in the number and size of
contact areas with respect to compression (F”> F'>F)
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It is evident from the above equations that the geometrical parameters of the contact
strips are highly nonlinear and coupled, and hence no explicit functionality can be
derived for the contact area dimensions. However, for most applications, the value of a/A
is small, and the term sin(ma/A) reduces to ma/A, which makes the analysis simpler.
Hence, for most applications including GDLs, one can obtain the length of each contact
strip (2a) in terms of accessible/measurable parameters (especially F), directly from the
following equation:

1
2 =
3

3
9g = 1 (22 2F (5-7)
““8rt\na) \N,WN,— DE"d,

Having calculated the contact strip length (2a), the value of the strip width (2t) can be

directly obtained from Eq. (5-6).

GDL surfaces are not flat and show a random distribution of the surface asperities.
Following Mikic [214] and Bahrami [213], we here assume a Gaussian distribution for
the distance between fibers and the flat surface, which is a function of compression as
shown schematically in Figure 5.5. Mikic [214] reported a relationship for the number of
Gaussian asperities of an elastic body contacting a flat surface, as a function of

compression, as:

1 my2exp(—2y?)
= (=) == = 7/ 5-8
Nts 16(0) erfc(y) 4 (5-82)
et (4p) (5-8b)
= erfc™!(— -
Y Hel

where m, o, y, A, Hq, P are asperity slope, GDL effective surface roughness,
dimensionless mean plane separation, apparent (total) area, elastic micro-hardness, and
pressure, respectively. It is worth mentioning that m is a weak function of o (see Table

6.1) and, for most applications, a value of m=0.1 can be used [214]. The number of fibers
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contacting the surface (Ny) at any compression of P can be obtained by the same
proportionality as Eq. (5-8) proposes:
N _7s

5-9
Npe  ng (5-9)

where Ny, is the total number of fibers as given in Table 6.1. According to Eq. (5-9), the
present model uses only the proportionality of Eq. (5-8), as it obtains N¢, from the GDL

porosity. Therefore, the TCR results are not sensitive to overall GDL roughness in the
range of 1-3dy reported in the literature [104] [159] [216]. ng is calculated at the

compression applied on the sample (e.g., P=4-20 bar) and ng; at a compression where no
further fiber slippage occurs [56] and also the main gaps between consecutive fibers
[217] [218] disappear as a result of compression. This compressive pressure (Pgt)
corresponds to the compression after which no practical change can be observed in the
population density of the contact spots on a pressure indicating film [219] compressed
against the sample. Figure 5.6 illustrates this behavior and shows how the contact spots
population increases with compression up to a value of approximately 50 bar. It can be
observed from Figure 5.6a that the change in the number of contact spots from the image
related to P=10 bar to that of P=45 bar (the first row) is significant (with a change in the
contact area percentage from 3.5 to 42.4%) but no considerable change can be seen
between the two images related to the pressures of 45 and 55 bar (contact area
percentages of 42.4 % and 47.2%) compared to the transition from 10 to 45 bar. A similar
discussion can be made for the images in the second row mapping the contact spots
pressures ranging from 100 to 500 bars. It should be noted that the model sensitivity on
Py is low. Therefore, an approximate value of Py also leads to sufficiently accurate TCR
results. For this reason, the Py obtained for a virgin sample can also be used for any

compressed samples for cyclic loading of the samples.

It is also worth mentioning here that the model uses GDL surface image, or the stress-

strain data, to only estimate the compression at which all fibers come into contact with
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the plate surface (Ps), which is completely different from the fuel cell stack clamp

pressure (P) as a variable in the model. In turn, Py is only one constant parameter in the

model, similar to the other properties used.

P=20 bar
(2.7%)

P=45 bar
(42.4%)

P=25 bar

(17.9%)

P=30 bar P=45 bar
(6.3%) (18.1%)

P=55 bar
(47.2%)

P=55 bar
(22.1%)

(@
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Figure 5.6.

5.1.3.

P (pressure applied on the GDL)=45 bar
Contact spots pressures= 20-115 bar
Contact (black) area = 42.4%

(b)

(a) Image of a GDL (24BA) on a pressure indicating films (Fujifilm)
[219], with contact spots pressures in the range of 20-115 and 100-500
bars (light red-dark red) shown in the first and second rows,
respectively. These images show how the population of the contact
spots increases with compression up to a value of approximately
Ps=50 bar. Using the “ImageJ” software [220], percentage of the
contact area for each image has been calculated and reported in
parentheses, and is shown for one of the images in Fig. 10b; (b) In the
black-and-white image produced by the “ImagelJ” software, the black
color represents the contact area and the while color shows the non-
contact area

Thermal modeling

Due to the very small area of the contact strips, the heat transferred from one fiber to the

flat surface encounters a large resistance, mostly referred to as spreading/constriction

resistance. The spreading/constriction resistance that occurs on the cylinder (fiber) side
can be obtained by [221]:
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Ro=— (%)L (5-10)
¢ 2amk, t 4ak,

And that on the flat surface is given as [221]:
Rp
o . nmt
_ 1 Z ) 3 sin” ()
 a?ulky tzu/lkp
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o (Zmy Sy

© oo na) sin? (nTnt) (5-11)
zz > )+ ()
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where u is the half width of the rectangular heat channels on which the isoflux
(rectangular) contact strips are located centrally and can be obtained by:
2 4 5-12
uy=-——- -
AN¢(Ns; — 1) (5-12)
It is worth mentioning that the summation of all the heat channels on the flat surface is
equal to the GDL cross-sectional area. A detailed explanations on the heat channel

concept for contact resistance estimation can be found elsewhere [213] [221].

The TCR for each contact strip is the sum of the two resistances given by Egs. (5-10) and
(5-11). Ultimately, the TCR between the GDL and the flat surface can be obtained using

a parallel summation of all the contact strip resistances:

TCR=———— (5-13)

161



The TCR averaged over the entire range of the fiber waviness can be obtained by the
summation of the TCRs for different waviness based on their occurrence probability for
the GDL of interest:

nj

TCRave)l = Z pleCRA] (5'14)
j=1

where p;,; is the probability of having the waviness of 4j, which is given in Figure 5.4a,
and TCRy; is the value of TCR obtained from Eq. (5-13) for fiber waviness of 4;. It
should be noted that since the majority of the fiber amplitudes usually lies within a

narrow range, using an average value of the amplitude is appropriate for the TCR

calculations.

5.2. Model validation

Once the geometrical parameters of a GDL are determined, one can calculate the
associated TCR as a function of compression. A computer code is developed in
MATLAB to facilitate the TCR=f(P, A, A, ¢, df, dis, lf) calculations for the parametric
study. It should be noted that fiber specifications (A, A, dy, ds, Ir) and porosity (¢) of the
virgin GDLs are geometric parameters required as input for the model and are thus used
in the parametric study. The effect of these parameters on TCR is accounted for in
conjunction with compression. For instance, with increasing compression, the number of
fibers contacting the plate and the contact area dimensions (a and t) increase, as
explained in Section “5.1.2 Mechanical modeling” and shown schematically in Figure 5.3
and Figure 5.5. The wavelength however does not change. It should be noted that all the
TCR calculations in this study are based on one-inch circular GDLs (4=0.000507 m?).
The TCR per unit area of a GDL (TCR,) can be obtained as TCRy=TCRXA.
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Figure 5.7 compares the results of the present model with the experimental data of this
work for two GDLs, SGL 24AA and SGL 25AA. The results, shown by solid lines, are in
good agreement with the experimental data and the model captures the experimental
TCRs over a wide range of compression. Figure 5.7 shows that the TCR decreases with
increasing compression, but the slope becomes progressively shallower and eventually, at
high compression, the impact of compression on TCR becomes negligible, as expected.
For SGL GDLs having an average amplitude of 4/d=4 (Figure 5.4b), the model is in
good agreement with experiments, except for very low pressures (2 bar) where the model
provided less accurate estimations of the TCR at the complex interface of the GDL and

the plate.
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Figure 5.7.  Comparison of model results (solid lines) and experimental data for
SGL 24AA and 25AA (the GDL specifications are d=7.5 pm, 1i=3000
pm, 4/d; =4, A=0.000507 m?, £=88.3 & 92.1 % for the GDLs SGL
24AA & 25AA, respectively, as seen in Figure 5.4 and Table 6.1)
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5.3. Parametric study

In order to investigate the effects of key parameters on the GDL-BPP TCR, a parametric
study is performed in this section. For each case study, when a parameter is changed, the

other parameters are kept constant unless otherwise mentioned.

5.3.1. GDL porosity ()

The most important and experimentally accessible parameter of a porous medium is
porosity, whose effect on all the transport properties is usually significant. The effect of
porosity on the TCR is shown in Figure 5.8 for three compressions of 4, 10 and 20 bar.
The curves show similar trends for all three compressions and with increasing porosity,
the TCR increases as well. One important point is that for each curve, especially at lower
compressions, there is a specific value of the porosity at which a noticeable increase can
be observed at the rate of the TCR variations. This specific porosity, determined here at
the average slope of each TCR-¢ curve on Figure 5.8, is approximately 89% at all three
compressions. This point should be accounted for in GDL manufacturing and fuel cell

design.
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Figure 5.8.  Impact of porosity on the TCR at different compressions

5.3.2. Fiber length (lf)

Figure 5.9 shows that the fiber length does not have any effect on the TCR at different
constant porosities. This is due to a trade-off between the number of fibers (Nf) and the
number of contact strips each fiber can form on the surface (N;) at a constant porosity.

Increasing fiber lengths at constant porosity is equivalent to decreasing the number of
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fibers; however, the number of contact strips increases as well, so that the total number of
strips remains constant throughout the interface. As a result, the contact area does not

change with changing average fiber length at a constant porosity, as observed in Figure
5.9.
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Figure5.9.  Effect of fiber length on the TCR at three compressions of 4, 10 and
20 bar
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5.3.3. Fiber wavelength (1)

One of the two key parameters in determining the GDL-BPP TCR is the fiber wavelength
and amplitude, which determines the degree of waviness that the GDL fibers have. The
impact of fiber wavelength is presented in Figure 5.10 for high and low porosity. TCR
decreases noticeably with increasing fiber wavelength with a slope that is much more
pronounced for lower compression (P=4 bar) and shorter wavelengths. The rate at which
the TCR decreases become markedly lower where A reaches a specific wavelength,
determined at the average slope of any of the TCR curves in Figure 5.10, and corresponds
approximately to 600 and 700 um for the low and high porosity cases, respectively. This

point can be an important consideration from the viewpoint of GDL manufacturing.
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Figure 5.10. Impact of fiber wavelength on the TCR for low and high porosities at
three different compressions

5.3.4. Fiber amplitude (4)

Figure 5.11 shows that the fiber amplitude can have a strong effect on TCR. However, for
typical fiber amplitudes, i.e., 3-4d;, the effect on TCR is not significant. At larger
amplitudes, especially higher than 3ds, this effect becomes negligible at medium to high
compression. A similar trend was already seen in Figure 5.10 regarding the effect of the

fiber wavelength on TCR.
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Comparing the results of zero amplitude (4=0 pum), which corresponds to straight fibers,
with those of other amplitudes clearly shows that the fibers waviness can increase the
TCR drastically, even though its effect on the TCR drops noticeably beyond a specific
value of approximately 1.5d:. This point should be taken into account in design of both
GDLs and fuel cell stacks in terms of heat management. For instance, GDLs consisting of
very wavy fibers are expected to have a large contact resistance with the neighboring

BPP and, hence, may be less effective in PEMFCs in terms of heat (and electrical)

management.
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Figure 5.11. Effect of amplitude on the TCR for three different compressions
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5.3.5. Fiber diameter (d)

Figure 5.12 shows that fiber diameter can significantly change the GDL-BPP TCR at low
contact pressures and with increasing compression, its effect decreases. At high
compressions, for a typical range of GDL fiber diameter, i.e., 7-10 pum [52] [89], the

effect of fiber diameter on TCR becomes insignificant.

1.0

¢=0.88
A=25.5 um P=4 bar
0.8 || =3000 pum

0.6

TCR (K W)

Figure 5.12. Effect of fiber diameter on TCR at three compressions of 4, 10, and 20
bar: Due to almost linear functionality of TCR with fiber diameter, no
critical value for fiber diameter can be determined. However, the
TCR reduces to 0.025 K W™ as fiber diameter decreases
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It is worth noting that the functionality of the TCR with fiber diameter is practically
linear and, hence, no critical value for fiber diameter can be determined with respect to
the TCR. However, as Figure 5.12 shows, with smaller fiber diameters, the TCR
decreases and, eventually, converges to a very low value of 0.025 K W™, independent of
the compression. This strongly suggests that GDL manufacturers explore production of
GDLs with thinner fibers as long as other factors such as manufacturing capabilities or

GDL mechanical strength allow.

5.3.6. Fiber surface curvature at the contact interface (ds)

Some types of fibers are not completely cylindrical; e.g., they may be ellipsoidal, while
having the same volume as a cylindrical fiber. The deviation from a perfectly cylindrical
shape can be accounted for by considering the effect of fiber surface curvature at the
contact interface. The effect on TCR of fiber curvature (which in the limit of a cylinder is
the fiber diameter) can be analyzed without changing any parameters to keep the GDL
porosity constant (e.g., without changing the number of fibers). Figure 5.13 shows that,
whereas TCR varies linearly with fiber diameter, its dependence on fiber surface
curvature is highly non-linear and is particularly significant at very small curvatures.
Comparing Figure 5.12 and Figure 5.13 also shows that, for typical values of fiber
diameter and fiber curvature, the TCR is not as sensitive to the fiber surface curvature as
to the fiber diameter (which determines both fiber surface curvature and fiber volume).
Overall, the points presented in this study can also be taken into account in determining
the TCR or ECR of GDLs with catalyst coated membranes (CCMs) [222] and micro
porous layers (MPLs) [223].
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Figure 5.13. Effect of fiber surface curvature at the contact interface on the TCR:
dr =dssc in all the equations except for Eq. (5-2) which relates the GDL
porosity with the number and volume of the fibers

5.4. Concluding remarks

A new and robust mechanistic model was developed for predicting the thermal contact
resistance between a general fibrous medium and a flat surface, and was used to analyze
the contact between PEMFC gas diffusion layers and bipolar plates. The model accounts
for the salient geometrical parameters, mechanical deformation and thermophysical

properties, and captured accurately experimentally observed behavior over a wide range
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of compression, except for very low compression (less than ~ 2 bar) where the model

provided rough predictions of the TCR.

The model allows systematic investigation of the impact of the main GDL micro
structural properties on TCR without having to rely entirely on more difficult
experimental measurements. The simple and general model developed in this study can
be readily implemented in fuel cell models and may also be used for modeling the

behavior of any other fibrous porous materials such as fibrous insulations.
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Chapter 6.

Modeling of MPL-GDL thermal contact resistance

Among the interfacial resistances in PEMFCs, the contact resistance between the gas
diffusion layer substrate and neighboring micro porous layer (MPL) is important because
of the potential impact of this interface on water transport. The contact resistance is
challenging to study because of the different scales, porous structures and surface
morphologies of GDLs (Figure 3.6) and MPLs (Figure 6.1) [224] [225] [226]. The MPL
carbon particle clusters and their contact to one fiber are schematically illustrated in
Figure 6.2 and Figure 6.3. The thermal contact resistances (TCR) of several Sigracet
GDLs substrates with an MPL were measured in this work and reported in Chapter 3. The
results showed that the contact resistance is not negligible. To the authors’ knowledge,
there has been no attempt to date to model the GDL-MPL contact resistance, from both

thermal and electrical points of view.

The objective of the present modeling is to develop a robust analytic model to predict the
TCR at the interface between a GDL and an MPL as a function of their salient
morphological properties. The present model allows systematic investigation of the effect
of various GDL and MPL specifications and provides insights and guidance for the

development of new and improved materials for PEMFCs.

The present model is built using: (i) GDL and MPL geometric parameters, such as
fiber/particle diameter, distribution and orientation of fibers, and GDL porosity; (ii)

applied load, mechanical deformation, and Hertzian theory [215]; (iii) thermophysical
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and mechanical properties of both contacting bodies, i.e., fibrous porous medium and
MPL, properties such as thermal conductivities, and effective Young’s modulus; and (iv)
heat conduction through GDL fibers to MPL carbon particles (spreading/constriction

resistances) considering rarefaction effects.
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Figure 6.1. Images of an SGL MPL (present study) and carbon black (CB)
agglomerates, clusters and particles [227]
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Figure 6.2.  Geometrical modeling of the arrangement of spherical carbon
particles arrangement inside an MPL: The number of MPL carbon

particle layers can be obtained as v2 typ/dp
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Figure 6.3. MPL carbon particles clusters and agglomerates, as the unit
components of an MPL, contacting fibers (not to scale for the purpose
of illustration); only carbon particles on the MPL surface touch the

GDL fibers
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The interfacial contact area of two contacting bodies is the key parameter in determining
both electrical and thermal contact resistance, as well as in predicting other interfacial
transport properties such as water and species transport. This area can be determined
using geometrical and mechanical modeling. The TCR between the two mating bodies

can then be obtained through the thermal modeling of the interface.

6.1. Geometrical modeling

6.1.1. MPL geometrical modeling

Scanning electron microscopic (SEM) and TEM images of MPL, as shown in Figure 6.1
(also see Ref. [227]), shows its structure as numerous clusters of randomly distributed
spherical carbon particles. In terms of modeling, an MPL can be assumed as spheres
clustered in different groups. Therefore, the MPL surface can be considered as a layer of
spheres randomly located at different spots, with a Gaussian distribution of distances
from the GDL fiber surface (Figure 6.4).
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Figure 6.4. MPL spherical carbon particles contacting one GDL fiber: Left:
isometric view and right: top view, showing the area of contact zone
or macroscopic contact area (Not to scale: the size of particles has
been exaggerated for clarity)

A thorough measurement was performed to determine the distribution of MPL carbon
particle diameters. The statistical distribution of the MPL particle diameters shown in
Figure 6.5 indicates that the majority of the particle diameters lie within the range of 40-
70 nm (see also Ref. [228]), showing that the MPL carbon particles are small compared
with the GDL fibers with diameters on the order of 10* nm. As a result, each of the fibers
can be considered as a flat surface that the MPL carbon particles are in contact with.
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Figure 6.5.  Statistical distribution of MPL carbon particles diameters:
Probability of occurring each particle diameter in an MPL (pap)
versus particle diameter (dy)

MPL is made from carbon black and PTFE particles. The MPL coated on Sigracet GDLs
has 23% PTFE [173], most of which accumulates inside the MPL. Energy dispersive X-
ray (EDX) analyses of MPL surfaces show that the percentage of total PTFE area on the
MPL surface is approximately 5% (pypy.=0.05) [224], also see Figure 6.6. The PTFE
gives rise to large resistances in parallel to the lower resistances of the MPL carbon
particles coated on the carbon fibers and, therefore, its effect on the TCR is negligible.
For this reason, the small contact of MPL’s PTFE with GDL is neglected in the thermal

modeling but taken into account in calculating the active area of the coated MPL
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contacting the GDL (Eq. (6-7)). A similar discussion can be made on GDL substrates
with low PTFE loading, such as SGL GDLs 24BA and 25BA with 5% PTFE studied in
this work, which are the substrates of SGL GDLs 24BC and 25BC, respectively. EDX
analyses of SGL GDLs 24BA and 25BA show that the total area of the PTFE spots

randomly scattered on the GDL surface is approximately 5% (p¢p;..=0.05) of the fiber

surfaces (see Figure 6.7). The large thermal resistance of the PTFE on the fiber coming in
parallel to the low resistance of the fiber carbon surface guarantees that the PTFE cannot
directly affect the TCR and, hence, need not to be considered in the thermal modeling.
However, this PTFE is accounted for in estimating the active area of the GDL contacting
the coated MPL, see Eq. (6-6).
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Figure 6.6.

Optical images of an MPL showing PTFE on its surface (GDL SGL
25BC): This figure shows images of four different spots of an SGL
MPL with randomly-scattered PTFE on it. Distribution of the 23%
wt. PTFE across the MPL is not uniform and in some areas, more
PTFE accumulations are observed. However, the PTFE detected on
the most part of the MPL surface is low, with a surface coverage of
approximately 5%, on average
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100 pm

a: GDL SGL 25BA (5% PTFE)

b: Green dots show fluorine in PTFE on each fiber of GDL SGL 25BA
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c: Blue dots represent the Carbon element on the GDL surfaces (GDL SGL 25BA)

Figure 6.7. GDL SGL 25BA and its EDX images for Fluorine (PTFE) and
Carbon detection. It is observed that the PTFE amount scattered on
the fibers surfaces is low (5%, on average) for this 5% PTFE-treated
GDL

6.1.2. GDL geometric modeling

Based on microscopic GDL images, the fibers can be modeled as long cylinders with a
Gaussian distribution of distances from the MPL surface, as schematically shown in
Figure 6.8. Indeed, in terms of macroscopic modeling, the MPL can be considered to act

as a flat surface with asperities of carbon particles in contact with the GDL fibers.
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Figure 6.8.  Gaussian distribution of the fibers at the GDL interface with an MPL.:
Increasing the compression brings more fibers into contact with the
MPL

The assumptions of the proposed model include: 1) steady state heat transfer; 2) constant
thermophysical properties; 3) cylindrical GDL fibers; 4) spherical MPL carbon particles;
5) elastic deformation; 6) static mechanical contact, i.e., no vibration effects; 7) small or
negligible radiation effects (considering typical operating temperature range of PEMFC <
100 °C); 8) first loading cycle only, i.e. no hysteresis effects are considered (it should be
noted that the proposed methodology is applicable to deformed (cycled) GDLs, given the
deformed samples’ geometric parameters can be measured); 9) short-range surface forces
are negligible (Hertz/Surface forces ~10? for carbon particle-fiber contacts) [229] [230]
[231] [215]; and 10) contact occurs in vacuum environment. It is worth mentioning that
the effects of heat transfer on interstitial gases can be added to the model using the model
of Ref. [232]. However, for convenience, the contact is studied in a vacuum. The
geometrical equations and parameters of the GDLs and MPLs required in the present

model are summarized in Table 6.1.
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6.1.3. GDL-MPL interface

A schematic of the contact between spherical carbon particles of an MPL and cylindrical
carbon fibers of a GDL is shown in Figure 6.9. The random distance between the fibers
of the GDL surface and the carbon particles of the MPL surface are exaggerated in Figure
6.9. It is important to mention that although the MPL and GDL substrate interpenetrate
each other rather than form a sharp and well-defined interface, there is nonetheless a
contact resistance between the two media. The model focuses on the solid contact area
and considers the total number of fibers and carbon particles at the interface. As a result,
the model counts all of the contact spots (fibers-particles) even though they do not occur

at the same plane or level.

Figure 6.9 also shows some ellipses as the contact area between one fiber and several
carbon particles. The major and minor radii of these ellipses (a and b), which grow with
increasing the load as illustrated in Figure 6.9, can be calculated using the Hertzian
theory and force balances. Here we first focus on the contact between one (cylindrical)
fiber and one (spherical) particle, and then extend the modeling to all the carbon particles

contacting one fiber and, eventually, to all the fibers on the GDL surface.
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Table 6.1.

Geometrical specification and mechanical properties of the GDLs

fibers
Symbol Parameter Units Value or equation Basis Eq./Fig.
E Young modulus of GPa 210 & 210 Meas. -
fiber & MPL
carbon particles
v Poisson ratio of - 0.3&0.3 Meas. -
fiber & MPL
carbon particles
k Thermal W 115& 1.5 Meas. -
conductivity of m?  [110] [233]-[239]
fiber & MPL K*
carbon particles
lap Apparent fiber pHm 3000 Meas. -
length
ds GDL fiber diameter pm 75,85 Meas. -
d, MPL carbon nm 10-100 Meas.  Figure
particle diameter 6.5
A Fiber amplitude pHm 4d; Meas. -
Fiber wavelength pum 50-1900 Meas. -
N; Number of troughs - _ Lyap Derv.  (6-1)
of each fiber Ns = 2 +1
Iy Fiber length m 2(N, — 1)/A2 + 22/4  Derv.  (6-2)
Flrap
Sarc Arc length of fi_ber m d d Derv. (6-3)
circumference in detan~t( 2-2 [1+ 7
contact with MPL dr dp
particles
tmpL MPL thickness pm 45 [173] Meas. -
EMPL MPL porosity - 0.42 (MPL mass=0.029 Meas. -
gram)
EGDL Nominal substrate - 0.88 and 0.92 [173] Meas. -

porosities of GDLs
SGL 24BA and
25BA
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6.2. Mechanical modeling

Heat conduction from one GDL fiber to the MPL carbon particles it is in contact with
occurs through the contact spots at the interface and the resistance to heat conduction
depends on the contact area dimensions. The dimensions of the contact spots that appear
in the case of the sphere-cylinder contact and the related Hertzian parameters and

equations are summarized in Table 6.2.

Due to the low ratio of dy/ds, = 107, the sphere-cylinder contact can be considered as
sphere-flat contact, which makes the modeling simpler. As a result, one can obtain the
major and minor radii of the Hertzian contact area, i.e., a and b, from the sphere-flat

contact relation listed in Table 6.2.
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Table 6.2. Hertzian equations of a sphere-cylinder and sphere-plane contact

[229]
Contact Contact radius Eq.
d 1/k?)E(k") — K (k'
dy _ (A/RDEGR) = KO o
dy K (k') — E(k")
Sphere-cylinder k' =+1—k? (6-14b)
contact
s|3FKE(k) 1 1
b= |———— (_ + _)—1
4nE* dy  dy (6-14c)
= ka
Sphere-plane 3 /3de )
contact a=b= VL (6-15)
3 F

¥
Carbon particles at the first layer of MPL
contacting the fibers at the GDL surface
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Figure 6.9. MPL carbon particles in contact with a GDL fiber: Increasing
compression (F<F'<F') increases the number and contact area of
Hertzian contact ellipses (the size of particles and contact areas have
been exaggerated for clarity)

GDL surfaces have a random distribution of surface asperities. Following Mikic [214]
and Bahrami et al. [181] [182] [213], we assume a Gaussian distribution of spacings
between fibers and the MPL surface (Figure 6.4 and Figure 6.9), which will be a function

of compression:

1 2 exp(—2v4
16 \ogp,/ erfc(vepL)
4p
Yepr = erfc™ ( ) (6-162)
Heigpl
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where mgp, O¢pL, Yepr, A, Heigpr, @nd P are, respectively, asperity slope, GDL surface
roughness, dimensionless mean plane separation, apparent (total) area, elastic micro-
hardness, and compression (see Table 6.1). It is worth mentioning that m, the asperity
slope, is a weak function of o (RMS surface roughness) and, for most applications, a
value of m=0.15 can be used [213] [221]. Considering this point and also the fact that the
present model uses only the proportionality of Eg. (6-16), the TCR results are not
sensitive to m and o. The number of fibers contacting the surface (N;) at a given

compression of P can be obtained by the same proportionality as Eq. (6-16) proposes:

N n
= (6-17)
ft MstGDL

where Ny, is the total number of fibers as given in Table 6.1. nggp;, is obtained at the

compression applied on the sample (e.g., P=4-20 bar) and ng.p, at a compression where
no further fiber slippage occurs [56] and the main gaps between consecutive fibers
[217][218] disappear as a result of compression. This pressure (Ps;) corresponds to the
compression at which no practical change can be observed in the population density of
the contact spots on a pressure indicating film [219] compressed against the sample.
Figure 5.6a illustrates this behavior and shows how the contact spots population increases
with compression up to a value of approximately 50 bar. Comparing the thickness-
compression curves for GDLs with and without the MPL shows that the elastic behavior
of the GDL substrate does not change much with the MPL coated on it. The population of
MPL carbon black particles on the pressure indicating film shown in Figure 6.10 proves
that at the pressure of approximately 50 bar, all carbon particles come in contact with the
flat surface. It should be noted that the model sensitivity on Py is low, as shown later in
Figure 6.11. Therefore, an approximate value of Py also leads to sufficiently accurate
TCR results. For this reason, the Py obtained for a virgin sample (assumption #8 of the
model) can also be used for any compressed samples and for cyclic loading of the

samples.
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Similarly to GDLs, a Gaussian distribution of Eq. (6-16) can account for the distance of
MPL carbon particles from a fiber surface, which is considered flat relative to the small
MPL particles:

1 (mMPL)Z exp(— 2V1%4PL)

= — A 6-18a
Nsmpl 16 erfc(YapL) Vil ( )

OMPL

4P
YmpL = erfc_l( ) (6-18b)

HelMPL

where Agp is the area of each fiber surface that MPL carbon particles can come in contact

with, as shown in Figure 6.4 (also see Figure 6.2):

-1 dp df
AfP =~ lfdf tan Zd_ 1+ d_ = lfSarC (6'19)
f p

The number of MPL carbon particles in contact with all the fibers at a compression of P,

N,, can be found using the following equation:

N, p _ NsmpL

P _ 6-20
Npe  Ngmpr ( )
The number of MPL carbon particles contacting one GDL fiber will be:
N
1
Ny = V]’: (6-21)

However, the number of MPL carbon particles that may contact one fiber (N,,_, ) should

be obtained from Eqg. (6-9) accounting for the GDL-MPL solid-phase contact probability.
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P=20 bar P=40 bar P=50 bar P=60 bar

(3.1%) (8.9%) (12.7%) (14.2%)

P=30 bar P=60 bar

Figure 6.10. Image of a SGL MPL on a pressure indicating films (Fujifilm) [219],
with contact spots pressures in the range of 100-500 and 20-115 bars
(light red-dark red) shown in the first and second rows, respectively.
These images show how the population of the contact spots increases
with compression up to a value of approximately Ps=50 bar. Using the
“ImagelJ” software [220], percentage of the contact areas has been
calculated and reported in parentheses.

6.3. Thermal modeling

Due to the very small area of the contact (10-10™ m?), the heat transferring from one
GDL fiber to the MPL carbon particles encounters a large resistance, known as
spreading/constriction resistance. According to Bahrami et al. [182] [213] [232] [240],
the total thermal contact resistance of non-conforming surfaces, here for one fiber, is a
summation of the macrocontact and all the microcontact resistances:

RS-MPL _ pf-MPL , pf-MPL (6-22)

tot mac mic
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The spreading/constriction macrocontact resistance that occurs on each cylindrical fiber

surface contacting the carbon particles of MPL can be obtained by [6]:

1 4d 1
RS-MPL _ ] f\_ 2
mac T[lfkf n Sarc Zlfkf (6 3)
where k; is the thermal conductivity of fibers (=115 W/m K [110]). It should be noted
that due to the large number of carbon particles contacting each GDL fiber and the small
pores on the MPL surface, a continuous contact area with a width of s,,.. is assumed on

the fiber surface for calculating the ‘macro’ contact area.

Each particle contact spot provides a parallel path for heat transfer. Therefore, the
microcontact resistance for each fiber is an inverse of the parallel summation of all the

microcontact resistances created on its surface:

Ng—MPL ) -1
f-MPL _ _
Rmic - Z f-p (6 24)
i=1 mic;

where RT’:;z is the spreading/constriction resistance between one fiber and one arbitrary

carbon particle contacting that fiber:

Rf_p — Rf

mic; mic;

+Ry

mic;

(6-25)

Since a and b are much smaller than the fiber diameter (a/d; ~10%), the concept of heat

transfer on a half space is used for the fiber side of any fiber-particle contact [57]:

T[
1 ff dt
2kea )y \[1 —nZsin?t

(6-26)

f
mic;
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1

T A= (b/ar

(6-27)

And for the particle side, since a =~ b (circular contact spots) and the fibers can be
considered as flat surface against the small particles of MPL, the equation of smooth
sphere-flat contact can be employed [180] [213] [221] [241]:

( . 2a)1'5

- d,

P _ p -

Rmici - ) Zkfkp (6 28)
(kf + kp> @

where k,, is the thermal conductivity of carbon particles that are made of amorphous

carbon black (see Table 6.1). The thermal contact resistance between the GDL and MPL
for one carbon particle diameter can be obtained using the parallel summation of all the

fiber-MPL resistances:

f—MPL

TCRy,, = % (6-29)

Ultimately, the TCR between the GDL and MPL is the TCRs of different carbon particle
diameters (Eqg. (6-29)) averaged based on their occurrence probability in an MPL:

Nptotal
TCR = Z Pa, TCRa,, (6-30)

j=1

where Pa,; the probability of occurrence of each particle diameter (d,,) has already been

provided in Figure 6.5.
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6.4. Model validation

After determining the geometrical parameters of each GDL and MPL, we can calculate
the thermal contact resistance. Mathematical code was written in MATLAB to facilitate

the calculations and a parametric study of TCR=f(P, ecpL, empL, dp, ds, lf) was performed.

As mentioned in Chapter 3, the through-plane thermal resistances of several 5%-PTFE
treated SGL GDL substrates with different thicknesses (SGL GDL 24 & 34 and SGL
GDLs 25 & 35) were measured using the two thickness method. The thermal resistances
of the MPL-coated type of these GDL substrates (SGL GDLs 24BC and 25BC) were also
measured, which allowed deconvoluting the undesirable clamping plate-GDL and
clamping plate-MPL contact resistances from the GDL and MPL bulk resistances.
Subsequently, the thermal contact resistances of the coated MPL with the GDL substrates
24BA and 25BA (see Table 6.1) were obtained using the two-thickness method. The
details of the experimental apparatus and the measurement method have already been
explained in Chapter 3 and the values of the MPL-GDL TCR are reported here.

Figure 6.11 compares the present model with the experimental GDL-MPL contact
resistances for two GDLs, SGL 24BC (24BA-MPL) and SGL 25BC (25BA-MPL). The
model results are in good agreement with experimental data and the model captures the
experimental trend over a wide range of compression with a very small difference in
slopes that might indicate a slight departure from the purely elastic deformation assumed
in the model. Figure 6.11 also shows that, as mentioned earlier, the model result is not

sensitive to Py.
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0.4 ® Exp., SGL 25BC
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Figure 6.11. Comparison of the present model with experimental data for (a) SGL

24BC and (b) 25BC. Py, the compression at which all fibers can come
into contact to the MPL surface, is a constant parameter to which the
model is not sensitive, but the model is sensitive to varying
compression P (fuel cell stack clamp pressure)
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6.5. Parametric study

In order to determine the key parameters affecting TCR and their impacts, a parametric
study is performed. For each case, only one parameter is varied, while other parameters
are kept constant unless otherwise mentioned. The most important parameter of a porous
medium is its porosity, whose effect on the transport properties of the medium is
expected to be noticeable. Therefore, the effect of both GDL and MPL porosity on the
TCR of GDL-MPL is studied here.

6.5.1. GDL porosity (&gpL)

The influence of GDL porosity on the TCR as plotted in Figure 6.12 reveals that TCR is
more sensitive to porosity at lower compression and higher porosities. It is visible from
Figure 6.12 that increasing the compression reduces its impact on the TCR, irrespective
of the GDL porosity.

One important point to notice here is that TCR counter-intuitively decreases beyond a
porosity of approximately 84% at the low pressure of 2 bar. Overall, at lower
compression, there can be a critical porosity beyond which the TCR decreases. This can
be justified as the following: according to Eq. (6-29) and Figure 6.13, the size of each
contact spot (Figure 6.13a) and the number of contact points (Figure 6.13b) are both
important in determining the TCR. Any porous medium with very high porosity, which
results in low number of contact spots, can lead to a lower TCR if accompanied with low
compression. This can be attributed to the rate of the growth of the contact spot area with
the GDL porosity (Figure 6.13a) or that the rate of reduction in the TCR between each
fiber and the carbon particles it is in contact with is higher than the rate of decrease in the
number of contacts (Figure 6.13b), also see Eq. (6-29). This is an important trend that can
be used for GDL manufacturing and fuel cell design. In other words, GDLs with very

high porosities, which can lead to high diffusivities of components and low mass transfer
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limitations, can be used for applications in fuel cells as long as other issues, such as any

possible reduction in bulk conductivity and/or mechanical strength, are not critical.

It is well known that the size (Figure 6.13a) and the number of contact spots (Fig. 13b)
determine the TCR. For a fixed compression, the radius or size of contact spots decreases
with their population (Figure 6.13a) since the force is divided between more spots and
thus the force per spot is lower. This effect is more pronounced at lower number of
contact spots, i.e., higher porosities and lower compression as shown in Figure 6.13a,
e.g., compare a change from 1 to 2 spots with a change from 1 million to one million and
one (or even one million and a few thousands) spots. In other words, for typical GDLs
porosities, the number of fibers is so high that any reduction in it (as a result of porosity
increase) can lead to little increase in the size of the contact spots and, as a result, TCR
increases with porosity. However, as the GDL porosity approaches very high values close
to unity, the number of contact spots (Figure 6.13b) becomes so low that the effect of the
spots size growth on the TCR becomes competitive with, and beyond specific (critical)
values of porosity (see Figure 6.12), dominant over, the effect of the increased population
of spots. This effect becomes more critical at lower compression where the number of
contact spots is (much) lower (Figure 6.13b). For this reason, as shown in Figure 6.12,
with increasing compression, higher critical porosities are observed and at very high

compression, the critical porosity (peaks) may disappear.
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Figure 6.12. Effect of GDL porosity on the TCR at different compressions: With
increasing compression, the critical porosity increases and at high
compression, it disappears
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Figure 6.13. Variations of the radius of each contact spot (a) and the number of
contact spots (b) with the GDL porosity
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6.5.2. MPL pOI’OSity (gMPL)

Figure 6.14 shows that the trends of the TCR variations with MPL porosity are similar to
the ones observed for the case of GDL porosity, i.e., Figure 6.12. At lower compressions,
the effect of porosity on the TCR is more pronounced and with increasing compression,

the effect decreases and an almost linear trend is observed at high compression of 20 bar.

At the compression of 2 bar, a reduction in TCR is observed with increasing MPL
porosity to values higher than 0.58. A similar trend was observed in Figure 6.12 for the
same compression. It is worth emphasizing that with increasing the MPL porosity beyond
specific (critical) values, under the same compression, it is possible to observe a
reduction in the TCR. In other words, with increasing MPL porosity, the contact spot
radius a increases (Figure 6.15a) and the number of contact points decreases (Figure
6.15b), which lead to the appearance of a maximum value for the TCR for a range of
compression (Figure 6.14). This is because with increasing MPL porosity beyond certain
values, the rate of the growth of each contact area (Figure 6.15a), or the rate of
decreasing of the TCR at each contact spot, becomes higher than the rate of reduction in
the number of contacts (Figure 6.15b). This important finding can be beneficial for the
design and manufacturing of fuel cells, GDL, MPLs, and in general, any other porous

media.
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Figure 6.14. Effect of MPL porosity on the TCR at different compressions: With

increasing compression, the critical porosity increases and at high
compression, it disappears
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Figure 6.15. Variations of the radius of each contact spot (a) and the number of
contact spots (b) with the MPL porosity
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6.5.3. Fiber length (If)

Figure 6.16 shows that the fiber length does not affect the TCR when the GDL porosity is
kept constant. Increasing fiber length at constant porosity is equivalent to decreasing the
number of fibers; however, the number of contact spots increases as well so that their
total number remains constant across the interface. As a result, it may be concluded that

the contact area does not change with changing fiber length at a constant porosity.
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Figure 6.16. Effect of fiber length on TCR
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6.5.4. Fiber diameter (d)

Figure 6.17 shows that the effect of fiber diameter on the GDL-MPL TCR is negligible,
contrary to its effect on GDL-plate TCR where it is significant as shown in Figure 5.12.
This is due to the large ratio of the fiber to particle diameter (~10%), which causes small

carbon particles to feel the fibers as flat surfaces, as explained.
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Figure 6.17. Effect of fiber diameter on TCR
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6.5.5. Carbon particles diameter (dp)

Carbon particles diameters can change the TCR dramatically at low compression, as
shown in Figure 6.18. However, for the typical range of MPL particles, i.e., 40-80 nm,
the effect is not significant at high compressions. With increasing compression, the effect

of MPL particles diameters on the TCR decreases, as the slopes of the curves reduce.
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Figure 6.18. TCR changes with MPL carbon particles diameter

213



As the particles become smaller, the TCR reduces significantly and become less
dependent on the compression. In other words, increasing particle diameter (at constant
porosity) increases the TCR. As a result, it is recommended that fuel cell manufacturers
use MPLs with smaller carbon particles (with the same porosity) as long as other issues
such as MPL manufacturing restrictions and/or any reduction in MPL mechanical

strength are not compromised.
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Figure 6.19. Impact of GDL and MPL porosities on TCR over a range of MPL
carbon particles diameter under three different compressions of P=4,
10 and 20 bar
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Comparing the TCR for different GDL and MPL porosities, as shown in Figure 6.19,
reveals that the overall impact of GDL porosity on the TCR is more than that of the MPL.
Figure 6.19 also shows that a GDL with a porosity of 95% (thick green solid curve) has
lower TCR than the one with a lower porosity of 85% (thin green solid curve) for particle
diameters smaller than 80 um, considering the same MPL porosity of 60% and the same
compression of 4 bar. This can be attributed to a trade-off between the number of contact
spots and the TCR that each individual contact spot has, as explained in the discussion of
Figure 6.14.

6.6. Concluding remarks

An analytic mechanistic model was developed for predicting the contact resistance
between GDL and MPL that takes into account salient geometric parameters and contact
pressure. The model is in close agreement with the reported experimental data, especially

for medium to high compression.

A comprehensive parametric study was performed to analyze the trends, and the effects
of MPL and GDL morphological features and of compression on TCR. The model also
reveals that the traditional notion that TCR increases with porosity does not always hold;
under certain circumstances, a critical porosity value is reached when the trend is
reversed making it possible for the contact resistance between two mating porous
materials to drop with lower solid phase fraction (higher porosity). The key factors
affecting this phenomenon are porosity, compression and carbon particle diameters, but
not the length and diameter of the GDL fibers. The critical values of the dominant
parameters are determined by the model and are useful reference values for GDL
manufacturing [202] [203] [204] [205] [206] [207] [242] and fuel cell design in order to
improve the heat/electrical management of PEMFCs.
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Chapter 7.

Management, support and sources

7.1. Work plan and schedule

The challenges encountered in this research have been mainly related to the experimental
setup and tests: (i) calibration of the TCR machine; (ii) deconvolution of bulk from the
contact resistance; (iii) measuring the properties of materials coated on a substrate (MPL
coated on GDL substrate); (iv) working with brittle and delicate fuel cell materials; (v)
material handling. Table 7.1 summarizes the work plan and schedule followed in this

research, the encountered problems and solutions and the status of the related projects.
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Table 7.1.

problems and solutions

Review on the work plan and schedule, as well as the encountered

Task/work plan Procedure and/or solution Support  Year Remarks
& sources & status
TCR machine Calibrating the machine with LAEC 2011 Completed
calibration Pyrex calibration samples;
Using new thermocouples
and proper installation
TCR machine Adding pressure hydraulic LAEC 2011- Completed
modifications device; installation laser 2012
displacement device; Adding
tubes and pipes for wet
porous material tests
Electrical testbed Gold-plating copper probes; LAEC 2013 Completed
& Micro Junior 2 Purchasing a micro-ohm-
micro-ohmmeter meter device suitable for low
electrical resistance materials
SEM/FIB images  Helpful for geometrical 4D Labs 2013 Completed
modeling and analyzing the
data
GDLs with two Sigracet (SGL Group) GDLs SGL 2012- Completed
thicknesses 2014
Deconvolution of  Using GDLs with two SGL 2011- Completed
bulk from thermal  thicknesses provided by 2014
contact resistance  Sigracet (SGL Group)
Deconvolution of  Using GDLs with two SGL 2014- Ongoing
bulk from thicknesses provided by 2015
electrical contact Sigracet (SGL Group)
resistance
In-plane electrical ~ Using CCM, MPLs, MEAs SGL 2014- Ongoing
conductivity of and GDLs from different MBFC 2015
MEA components  manufacturers AFCC
Thermal Measuring thermal SGL 2011- Completed
conductivity of 14 conductivity using two 2012
SGL GDLs thickness method;

Modeling and experiments:
Effect of compression,
PTFE, MPL, cyclic loading
and hysteresis behaviour
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Designing and Development and LAEC 2011- Preliminary
building a proper  preliminary testing of 2013 results
sealed chamber controlled relative humidity obtained
flow chamber for thermal
conductivity testing was
supported by multiple co-op
students and lab engineers
Ballard graphite Measuring thermal Ballard 2012 Completed
BPP: thermal conductivity of Ballard’s
resistance graphite BPPs as a function
measurements of temperature
Thermal contact Modeling and experiments: SGL & 2012- Completed
resistance of 14 Effect of compression, Ballard 2013
SGL GDLs with PTFE, MPL, cyclic loading
Ballard BPP and hysteresis behavior
NSERC Engage Effect of manufacturing MBFC, 2013 Completed
project with processes on MEA, GDL AFCC
MBFC and CCM properties; In-
plane and through plane
resistances of the samples
AFCC project Measuring electrical and AFCC Start: Ongoing
thermal resistance of GDLs 2013
and CCM; GDL thermal
conductivity & TCR
modeling
PhD program & - SFU, April Completed
thesis defense UVic 2015
(NSERC)
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7.2. Support and sources

(1) SGL Carbon Group provided a great number of SGL GDLs with different PTFE
loading and MPL.

(2) Several graphite plates with different thicknesses were prepared by Ballard
Power Systems [54] [243].

(3) Mercedes Benz Canada Fuel Cell Division (MBFC) provided CCM, GDL and
MEA samples, which allows investigating the effect of manufacturing processes
on MEA and studying the effect of thermal and electrical resistances of CCM and
GDL before and after assembly. In addition, the in-plane electrical conductivities
of CCM and MEA were also measured [244] (data not reported in this thesis).

(4) Automotive Fuel Cell Cooperation Corp. (AFCC) supplied some Toray GDLs
[244] (data not reported in this thesis).
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Chapter 8.

Conclusion and future work

A comprehensive study was conducted to determine, and also guide the improvement of,

the bulk and interfacial thermal properties of micron/nano-sized fibrous and porous

materials, with an application to PEMFCs. Table 8.1 summarizes all the major work

included in this thesis. The results of the conducted studies show that:

Contact resistance, usually overlooked in the literature, can be as important as bulk
resistance.

The BPP-GDL TCR can be the dominant resistance in GDL-BPP assembly.

GDL micro-structure can affect its thermal properties significantly.

Fiber spacing, angle and diameter can be optically measured and determined.

GDL and MPL micro-structures can be optimized at constant porosity to enhance
their thermal (and possibly electrical) resistances noticeably.

PTFE and MPL adversely affect the thermal management, even though they may
improve water management.

PTFE decreases GDL thermal conductivity in spite of decreasing the porosity.

MPL increases the contact resistance dramatically compared to untreated GDLs or
GDLs with low PTFE content.

Thermal conductivity of a fibrous material may increase with porosity.

Contact resistance may decrease with porosity under specific circumstances.

Load cycling reduces the thermal resistance of GDLs and MPLs considerably.

Fiber waviness significantly increases the contact resistance of GDLs with BPP.
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The present thesis provides a framework and a data base of deconvoluted interfacial
(contact) resistance from bulk resistance for three main components of PEMFCs: BPPs,
GDLs (PTFE-treated) and MPLs. This data base, along with the comprehensive
experimental explanations supported by the modeling results, can shed light on the
thermal behavior of these components and give insights into their effects on the thermal
management of PEMFCs. The analytic models developed in this work can also be readily
implemented in the simulation and modeling of PEMFCs, and can be extended with
minor modifications to other fibrous porous media such as fibrous catalysts, insulating
media and sintered metals. These models can also be used, with some modifications, for
predicting the bulk and interfacial electrical properties of GDLs. Figure 8.1 and Figure
8.2 show graphical summaries of the projects included in this thesis.

Table 8.1. Experimental (Exp.) and modeling work included in this thesis

Study of Exp. Modeling
Thermal conductivity of 14 untreated & PTFE-treated (5 and v v
20%) Sigracet GDLs as a function of compression

Thermal conductivity of a coated MPL v -
Thermal conductivity of a graphite BPP as a function of v )
temperature (Ballard project)

Effect of compression, PTFE and MPL on GDL thermal v v
conductivity

TCRepL-Brr & TCReDL-FM v v
TCRwmpL-8rp & TCRmpPL-FM v -
TCRepL-MpL v v
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BPP GDL MPL Using two thickness
N o : method for identical

samples but with

different thicknesses:

TCR
TCR

Kepp=F(T,P)

Ksp =f(P, & PTFE)
TCR=f(P, &, PTFE)
Kme =f(P)

TCR
TCR

Hot plate

% GDL GDL

« By 0
GDL TCRGpL-FM  BPP=mv Rppp  BPP «— =Y TCRapL-BBP 1"« T8V TCRpL_wip

Heat%RGDL % GDL «— % ML % Ruini

“Cold ;;late

- Thermal resistance is measured by fluxmeters (FMs) by pushing heat through the sample.
- Contact resistance (TCR) is deconvoluted from bulk resistances (R).

Figure 8.1. Graphical summary of the experimental part of this thesis

222



TCRGpL g .
11111111111

Side view

Wave length .
=

of interface
F ' >F

1333333118111

— ) Sideview

Top view

. - of interface
Contact area growth with compression

Fiber surface in contact to particles

W

Carbon particles clusters of an MPL

PTFE treatment ”

fiber

Thermal conductivity modeling of untreated and PTFE-treated GDLSs:

PTFE on GDL surface

PTFE distributed inside GDL

Statistical distribution of:

v" Fiber angle ()
v" Fiber spacing (I & w)

ke=f(e,l, .0, PTFE)

Figure 8.2.

223

Graphical summary of the modeling part of this thesis




8.1. Non-reported work

Due to the confidentiality of some of the data regarding our industrial collaborators
(MBFC and AFCC) and/or the later possibility of the publication of non-published data,
only half of the work conducted during this four-year PhD program has been
incorporated into this thesis. The topics of those projects that conducted during this PhD
program but not included in this thesis, are listed below:

(@) Role of MPL in thermal and electrical resistance of GDLs (NSERC Engage project
with MBFC and AFCC) [223]

(b) Effect of manufacturing process on thermal and electrical resistances of MEAsS,
CCMs (thermal) and anode and cathode GDLs (NSERC Engage project with MBFC)
[244]

(c) Effect of gas flow passing through a GDL on its thermal resistance [199]

(d) Electrical conductivity of CL coated on a CCM and effect of humidity [222]

(e) Comparison of in-plane electrical conductivities of GDLs, CCMs and MEAs [222]

(f) Effect of PTFE, MPL and humidity on in-plane electrical conductivity of GDLs [222]
[223]

(9) A closed-form compact easy-to-use Nusselt formula for laminar longitudinal flow
between rectangular arrays of parallel cylinders with unequal row temperatures [201]

(h) A closed-form compact Nusselt formula for fibrous porous materials including
PEMFC GDLs [200]
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8.2. Future work

The GDLs micro-structure can be optimized to reach their best transport properties
(thermal conductivity, electrical conductivity, diffusivity, convective heat transfer and
permeability) that enhance the PEMFC performance noticeably. Some preliminary results
have been obtained to enhance the convective heat transfer [199] [200] [201] and
permeability [199] of GDLs, yet further research is required. The thermal (and possibly
electrical) conductivities and interfacial resistances of GDLs were optimized in this
thesis. A GDL structure optimization on diffusivity still lacks in the literature and the
optimized GDL micro-structure can be useful to fuel cell manufacturers for the

development of new GDLs.

The thermal properties of BPP-GDL-MPL assembly were thoroughly studied in this
thesis. The following bulk and interfacial resistances were not reported and can be
considered as future work:

e CL and PEM thermal conductivity

e CL-GDL/MPL & CL-membrane contact resistance

A study similar to the one conducted in this program can be performed to determine the
above-mentioned thermal resistances. In parallel, analytic and numerical models can be
developed to facilitate optimizing the micro-structure of CLs to improve PEMFCs heat

and the coupled water management.

A similar study is being performed on the electrical resistance of fuel cell components,
which can provide a data-base useful to the electrical management of PEMFCs. All the
concepts and approaches used for the thermal part can be extended, with some changes,
to the electrical part for modeling and studying the electrical resistance and conductivity

of fuel cell materials (except membrane).
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Appendix A.

Thermal conductivity of Pyrex 7740 as a function of

temperature

Table A1 Thermal conductivity of Pyrex 7740 calibration samples in terms of

temperatures

T(C) kMWm'K?

0 1.058
20 1.087
40 1.116
60 1.145
80 1.175
100 1.203
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Appendix B.

Uncertainty analysis

When measured values are used to calculate another value, the uncertainties propagate to
the calculated value [170]. There are various approaches to evaluating the propagation of
uncertainties based on the application of a statistical theorem using approximations. Here
we follow the method proposed by Kline and McClintock [245]. Suppose quantity z is a
function of two measured quantities x and y with uncertainties éx and S8y. The

uncertainty in the quantity z, 6z, can be obtained using the rules below.

B1. Addition and Subtraction rule

The relative (fractional) uncertainty in z=x+y or z=x—y is calculated from

Addition and Subtraction rule:

8z _ J(80)* + (8y)” (B-1)
Z B VA

B2. Multiplication and Division rule

If z= xy or z = x/y, then the fractional uncertainty in the quantity z is obtained using

Multiplication and Division rule:

6z | ox oy )
— = J(;)Z +G)? (B-2)
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Appendix C.

Experimental data reported in this research

Table C1 Related to Figure 1.6 Effect of GDL compression ratio on the performance of a
PEMFC. The compression ratio of the GDL is defined as the ratio of the change in
operating thickness to the GDL original thickness (reprinted with permission from Ref.

[64])

Compression ratio=15% Compression ratio=32.5%
I (A cm?) Voltage (V) I (Acm?)  Voltage (V)
0.0035 0.9647 0.0019 0.9647
0.0035 0.9336 0.0035 0.9356
0.0035 0.8921 0.0020 0.8941
0.0220 0.8423 0.0251 0.8423
0.0789 0.7885 0.0835 0.7906
0.1558 0.7430 0.1543 0.7389
0.2495 0.6913 0.2449 0.6913
0.3510 0.6418 0.3356 0.6417
0.4386 0.5921 0.4156 0.5900
0.5247 0.5529 0.4770 0.5549
0.6015 0.4991 0.5309 0.4928
0.6907 0.4454 0.5862 0.4452
0.7537 0.3936 0.6155 0.3933
0.8060 0.3439 0.6447 0.3436
0.8583 0.2943 0.6709 0.2918
0.9075 0.2425 0.6894 0.2441
0.9506 0.1928 0.7094 0.1964
0.9798 0.1451 0.7172 0.1467
0.9952 0.0912 0.7326 0.0928
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Table C2 Related to Figure 3.11 Thermal conductivity of the graphite BPP (kgpp) at

different temperatures and compression (obtained from repeated tests): Rgpp=tgpp/(KgppA)

T=10°C P (bar) 3.2 4.0 5.5 4.4
k(Wm~K"h 224 22.0 22.8 22.6
25 oC P (bar) 4.0 5.2 5.4 5.0
k(Wm~K" 181 18.5 17.9 17.8
45 oC P (bar) 5.5 5.4 5.1 5.0 3.8 3
k(Wm*K% 117 11.7 12.0 12.1 116 117
55 oC P (bar) 5.0 4.8 4.3 3.6 3.7 3.6
k(Wm~KY) 98 10.1 10.1 10.1 101 101
70 °C P (bar) 35 5.6 3.9 4.8
k(Wm~KY) 83 8.6 7.86 8.4
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Table C3 Related to Figure 3.13 TCR between the graphite BPP and the Armco-iron
fluxmeters at different temperatures and compression (obtained from

repeated tests)

T=10°C P (bar) 3.2 4.0 5.5 4.4
TCR 0.700 0.690 0.653 0.671
(KW

25 °C P (bar) 4.0 5.2 5.4 5.0
TCR 0.599 0.568 0.563 0.562
(KW™h

45 oC P (bar) 3.0 5.5 3.8 5.0 5.1 54
TCR 0.441 0.378 0.423 0.395 0.393 0.378
(KW™h

55C P (bar) 3.7 4.3 5.0 3.6 3.7 4.8
TCR 0.344 0.333 0.324 0.367 0.365 0.357
(KW™h

70 °C P(bar) 3.5 5.6 3.9 4.8
TCR 0.310 0.252 0.282 0.270
(KW™
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Table C4 Related to Figure 3.12 Thermal conductivity of the graphite BPP (kgpp) as a

function of temperature

T (°C) 10 25 45 55 70
k(Wmtk') 224 181 118 100 83
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Table C5 Related to Figure 3.15 Thermal conductivity of Sigracet untreated and treated

GDLs (kepL) as a function of compression: RepL=tepL/(KepLA)

P(bar) 2 4 5 6 10 14

24AA 032 039 042 045 054 060
25AA 029 035 037 040 048 056
24BA 028 035 037 041 052 057
25BA 028 033 036 038 046 052
24DA 028 033 036 039 049 053
24BC 027 032 035 038 046 050
25BC 026 030 032 034 040 045

Table C6 Related to Figure 3.17 In-plane thermal conductivity of Toray carbon paper
TGP-H-120 over a range of PTFE contents [58]

P(bar) k(Wm'K?

4.90 17.37
9.88 17.38
19.84 17.64
29.80 17.86
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Table C7 Related to Figure 3.18 Thermal contact resistances of Sigracet untreated and
treated GDLs with the Armco-iron fluxmeters (FM) as a function of compression:
TCRepL-FM & TCRmpL-FM

P (bar) 2 4 5 6 10 14
24AA 115 077 068 059 040 031
25AA 145 096 082 064 041 035
24BA 123 086 080 070 053 0.0
25BA 155 112 098 082 058 047
24DA 128 095 086 078 062 050
24BC 150 112 101 093 077 066
25BC 160 128 115 102 080 067

Table C8 Related to Figure 3.20 Thermal conductivity of SGL MPLs as a function of

compression

P (bar) 2 4 5 6 10 14
24BC 037 045 050 055 055 041
25BC 041 051 064 070 071 058
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Table C9 Related to Figure 3.22 Variation of GDL thickness (pm) with compression

P (bar) 24BC 25BC  24DA 24BA 24AA 25BA  25AA

1.0 2280 2265 187.0 1850 183.0 1835 1815
1.3 2255 2230 186.0 1830 181.0 1775 1755
1.5 2245 2220 1845 181.0 1790 17/6.0 174.0
1.8 2225 2195 1820 180.0 1780 17/3.0 1710
2.0 2220 2185 1810 1790 177.0 1720 170.0
2.5 2195 2145 1780 1750 173.0 168.0 166.0
3.0 2175 2115 176.0 1725 1705 1650 163.0
3.5 2155 2085 1740 1700 168.0 162.0 160.0
4.0 2135 2070 1720 168.0 166.0 160.0 158.0
4.5 2115 2040 170.0 1670 165.0 1575 1555
5.0 2095 2025 169.0 166.0 164.0 156.0 154.0
5.5 208.0 2005 168.0 165.0 163.0 1540 152.0
6.0 2070 1995 166.0 1635 1615 1525 151.0
6.5 205.0 1970 1650 1620 160.0 151.0 1495
7.0 2035 1950 1645 1610 159.0 1490 1475
8.0 2015 1925 163.0 159.0 157.0 146.0 1445
9.0 2000 1890 161.0 157.0 1550 143.0 1415
10.0 1985 188.0 159.0 1565 1545 1400 139.0
11.0 197.0 1855 157.0 1540 1520 1385 1375
12.0 1955 184.0 1555 1515 1495 137.0 136.0
13.0 1945 1815 1545 1500 1485 1350 1340
14.0 1935 1795 1530 1490 1470 1320 1315
15.0 1925 1780 1510 1470 1450 1320 1305
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Table C10 Related to Figure 3.24 Effect of different successive cyclic loads on the total
resistance of SGL 34BC at the temperature of 60 °C

1st loading P (bar) 1.00 1.77 300 382 555 818
R(KW™) 6.946  4.884 3914 3340 2812 2.288
1st unloading P (bar) 0.78 135 276 759
R(KW™Y) 6043 4300 3.074 2.343
2nd loading P (bar) 2.68 340 483 759
R(KW™ 3459 3150 2715 2.343
ond unloading P (bar) 0.78 135 276 759
R(KWT) 6043 4300 3074 2343
5th loading P (bar) 1.60 350  7.33
R(KW') 4273 3037 2322
5th unloading P (bar) 0.80 1.55  3.98
R(KWY) 6153  4.082 2.643
8th loading P (bar) 1.86 250 371 578 6.80
R(KW?) 3840 3250 2812 2420 2.335
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Table C11 Related to Figure 3.25 Hysteresis behavior of subsequent discontinuous load

cycles on the already-tested sample of SGL 34BC (related to Figure 3.24) over 4

successive days

1st loading P (bar) 1.00 1.77 3.00 382 5.55 8.18
R(KWY) 6946 4884 3914 3340 2812 2288

1st day — P (bar) 0.87

9th loading R(KWD 6017

2nd day — P (bar) 1.07 5.327

10th loading oW 5630 2477

2nd day — P (bar) 4.56

12th unloading R(KWY) 2,590

3rd day — P(bar) 187 250 357 427 536

13thloading = WTy 4230 3450 3027 2835 2494

3rd day - P (bar) 3.87 5.36

13thunloading oW ™ 5779 2.494

4th day — P(ar) 145 280 270 653 883

ldthloading R WThy 2676 3200 2674 2366 2197

8th loading P (bar) 1.86 2.50 3.71 578 6.80
R(KWT) 3840 3300 2812 2420 2335
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Table C12 Related to Figure 3.27 Experimental data of TCR between the graphite BPP
and 14 different SGL GDLs (TCRgpL-gpp) at an average temperature of 55 °C

25BC P (bar) 055 090 125 223 460 496 6.40 6.7/ 7.85 8.20
TCR 501 392 325 221 1.19 110 0.83 0.7/ 062 0.58
(KW™h

24BC P (bar) 200 369 426 503 6.38 7.00
TCR 236 193 175 133 1.13 101
(KW™h

24DA P (bar) 1.60 391 7.56
TCR 256 1.01 0.73
(KW

24BA P (bar) 250 438 487 531 586 6.00 7.03
TCR 098 034 033 026 023 0.23 0.22
(KW™h

25BA P (bar) 0.70 140 177 227 294 400 450 5.00 6.00 830 9.30
TCR 358 216 180 147 117 088 0.78 061 050 0.33 0.27

-1
(KW™h

24AA P (bar) 1.87 275 390 420 460 5.20 6.00 7.06
TCR 157 077 036 033 032 018 0.14 0.12
(KW™

25AA P (bar) 080 120 176 233 376 458 6.30 7.50
TCR 406 274 193 150 084 063 035 0.22
(KW™
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Table C13 Related to Figure 3.29 Effect of the BPP out-of-flathess on TCRgpp.cpL (for
comparison, the data of SGL 24 already shown in Figure 3.27 has been duplicated in this

figure)

24BC P (bar) 400 525 637 660 7.8

TCR 3.88 3.50 3.33 3.23 3.06
(KW™h

24DA P (bar) 3.50 5.00 5.75 6.38
TCR 3.33 2.64 2.22 2.07
(KW™h

24BA P (bar) 3.60 4.22 4.83 6.00 6.55
TCR 2.85 2.36 2.00 1.42 1.21
(KW™h

24AA P (bar) 3.90 5.10 5.50 6.00

TCR 1.36 1.02 0.91 0.83
(KW™h
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Table C14 Related to Figure 3.30 Effect of load cycles on the total resistance of SGL
24BA-BPP 5.84 assembly (including the contact resistance of the GDL with the two

fluxmeters)

1st loading P (bar) 150 250 415 487 617  7.00
R(KW?') 8738 7.030 4926 4533 4.043 3.672
3rd loading P (bar) 1.67 2.37 2.47 3.25 4.70 6.41
R(KW?') 7291 5949 5871 4914 3950 3.741
3rd unloading P (bar) 1.90 2.80 4.10 5.00 6.00 6.38
R(KW™"  6.656 5400 4.333 3860 3.735 3.700
6th loading P (bar) 2.00 3.60 4.80 5.78
R(KW™" 6021 4326 3850 3.724
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Table C15 Related to Figure 3.31 Effect of load cycles on the total resistance of SGL
24DA-BPP 5.84 assembly (including the contact resistance of the GDL with the two

fluxmeters)

1st P (bar) 1.50 2.00 3.91 7.56

loading R(KW™) 10.963 8.900 6.406 5.064

1st P (bar) 1.00 130 250 411 432 6.18

unloading R(KW™) 11.184 9.204 6.856 5.685 5.654 5.179

2nd P (bar) 2.50 4.17 6.76

loading R(KW™') 7.450 6.056 5.185

2nd P (bar) 083 1.00 183 250 275 341 356 4.97
unloading R(KW™) 12.833 11.000 7.604 6.833 6.504 6.014 6.006 5.481
5th P (bar) 240 384 600 610 7.30

loading R(KW?) 7.300 5997 5.358 5.307 5.009

5th P (bar) 1.09 114 118 172 345 6.00

unloading R(KW™) 11.033 10.823 10.547 7.824 5.872 5.142

8th P (bar) 112 120 2.00 377 3.99

loading R(KW™) 11563 10.776 7.800 6.036 5.943

8th P (bar) 125 173 230 379 382

unloading R(KW™) 10.000 8.150 7.150 5.843 5.830
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Appendix D.

Article Usage Dashboard

Since the first article published from this thesis, i.e., Ref. [52], was published prior to
May 2013, no report of “Article Usage Dashboard” was presented. For each article
published after May 2013, an “Article Usage Dashboard” was sent to the corresponding
author if the article was downloaded more than 25 times per month.
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