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ABSTRACT

Fuel cell technology represents an efficient and relatively quiet way of generating electricity. Among
the various types of fuel cells, the polymer electrolyte fuel cell (PEFC) is the leading candidate for
portable, automotive and more recently stationary applications. One of the key challenges affecting

both the performance and durability of low temperature PEFCs is water management.

Various water management strategies in PEFCs have been employed to date ranging from
manipulation of operating conditions, fuel cell component design and flow field design to name a
few. The optimisation of the flow field design for water removal has primarily focused on the use of
flow channels which are in the minichannel range. This study investigated the use of a microchannel
flow field design (channel hydraulic diameters of less than or equal to 200 um) for a low
temperature PEFC. Specifically it focused on the effect of using a microchannel design on overall fuel
cell performance, pressure drop and the cell voltage behaviour over time. In addition the effect of
different operating conditions was also investigated. The overall aim was to develop a more
comprehensive understanding of the use of a microchannel based flow field system with specific

focus on water management.

Fuel cell testing of two different flow field designs, namely a microchannel design and a more
conventional commercial minichannel design, was performed in a single cell set up. Two operating
conditions, cathode flow rate and cell compression, were varied and the effect on overall fuel cell
performance and limiting current was investigated. Several diagnostic measurements including
polarization curve, high frequency resistance, electrochemical impedance spectroscopy, pressure
drop co-efficient and cell voltage monitoring were conducted to understand the water management

behaviour and trends in the two different aforementioned flow field designs.

The microchannel flow field design showed similar trends (polarization curve and limiting current) to
the commercial minichannel design when the operating conditions were changed. The microchannel
design was however found to be more sensitive to changes in the cathode flow rate indicating easier
water removal with increased drag force. Despite being less sensitive to the cathode flow rate, the
fuel cell with commercial flow field design showed a greater overall degree of flooding, indicating
water build-up in a component other than the flow field. Pressure drop co-efficient measurements
showed a significant decrease in the co-efficient with increasing cathode flow rate for the

microchannel design whilst for the commercial design the decrease was relatively less and the co-



efficient was closer to unity. Cell voltage measurements showed more fluctuations (frequency and
size) at all the conditions tested for the commercial flow field design compared to the microchannel

design which once again pointed to a greater degree of flooding.

The combined analysis of all the results strongly suggest that for the conditions tested in this study,
most of water build-up for the fuel cell using the microchannel flow field design was in the flow
channels whilst for the fuel cell with the commercial minichannel design the water build-up was
predominantly in the gas diffusion layer (GDL). This coupled with the fact that the commercial design
shows a greater degree of flooding implies that water build-up in the GDL is a stronger contributor
to mass transfer limitations than water build-up in the flow channels. It also means that whilst the
microchannel design showed characteristics of flooding in the channels, the design significantly

reduced flooding in the GDL.

This study has developed a better understanding of the operation of a fuel cell using a microchannel
flow field design. Specifically knowledge of water build-up and flooding in a fuel cell using a
microchannel flow field design has been gained. It is recommended that the water imaging
experiments such as neutron imaging be conducted on a fuel cell using a microchannel flow field

design to more comprehensively map out the water distribution during fuel cell operation.
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1. Introduction

Fuel cell technology represents an efficient and relatively quiet way of generating electricity. Among
the various types of fuel cells, the polymer electrolyte fuel cell (PEFC) is the leading candidate for
portable, automotive and more recently stationary applications (Li & Sabir, 2005). Two of the major
challenges currently inhibiting the full scale commercialization of this technology is the cost, both
materials and production, and durability (Li et al., 2008). Most research activities to reduce cost are
related to the improving the performance and specifically the power density output of current

technologies with the overall aim of reducing the total amount of materials required.

One of the key challenges affecting both the performance and durability of low temperature PEFCs is
water management. Water is required for optimal functionality of the membrane, specifically to
improve its proton conductivity. On the other hand, if the liquid water formed on the cathode side of
the fuel cell is not removed quickly enough, it can build-up within the various components in the
cathode compartment. The build-up of liquid water prevents the access of reactant gases to the
catalyst layer leading to mass transfer limitations and a significant drop in overall performance (He,
Lin & Nguyen, 2003). Water management is particularly important for automotive and portable fuel
cell applications which require high power density fuel cell systems due to space limitations. High
power densities are typically achieved by operating the fuel cell in the high current density region. In
this region, the rate of water production is at a maximum and adequate water removal and water

management is crucial to maintaining fuel cell performance and durability.

Various water management strategies have been employed to date (Qi & Kaufman, 2002; Park et al.,
2004; Li et al., 2008; Fabian et al., 2010). These have ranged from manipulation of operating
conditions, design of materials within the fuel cell with specific water behaviour properties, flow
field design and more active strategies involving the use of external components or devices. The best
choice of strategy typically depends on the final fuel cell application requirements. The optimisation
of the flow field design for water removal has primarily focused on the use of flow channels which
are in the minichannel range (hydraulic diameters of greater than 200 um and less than 3 mm).
Microchannels (less than or equal to 200 um) have received less attention and offer potential
advantages of reduced flooding within both the flow field and the gas diffusion layer (GDL), the
component adjacent to the flow field. This study investigated the use of a microchannel flow field
design for a low temperature PEFC. Specifically it aimed to develop a better understanding of the
use of microchannel flow field design as a means of reducing water build-up in the cathode

compartment of the fuel cell.



2. Literature Review

2.1 Fuel Cell Technology

2.1.1 Basic Structure and Operation
A fuel cell is an electrochemical device that directly converts chemical energy of a fuel and oxidant to

electrical energy, water and heat. All fuel cells consist of a negative (anode), a positive (cathode)
electrode, an electrolyte, an external circuit and a reactant delivery and exhaustion system

(Edgerton, Germeshausen & Grier (EG & G) Technical Services, Inc., 2004).

Figure 1: General Schematic of a Fuel Cell (EG & G Technical Services, Inc., 2004)

Reactants are fed to porous anode and cathode electrodes where corresponding half-cell reactions
occur at the catalyst sites embedded in the electrodes. The potential difference as a result of the
half-cell reactions provides a driving force for the electrons to flow between the electrodes resulting
in the completion of a circuit (Serway & Jewett, 2014). At the same time, cations (or in some cases
anions) are conveyed directly between the electrodes through a selective membrane or electrolyte.
The main types of fuel cells are Alkaline Fuel Cells (AFCs), Molten Carbonate Fuel Cells (MCFCs),
Phosphoric Acid Fuel Cells (PAFCs), Polymer Electrolyte Fuel Cells (PEFCs) and Solid Oxide Fuel Cells
(SOFCs). Fuel cells are typically named after the type of electrolyte employed within their structures.
The only exception is a special form of the PEFC that allows the direct use of methanol as a fuel and
is labelled, Direct Methanol Fuel Cell (DMFC), after the fuel it uses (Carrette, Friedrich & Stimming,

2001).



2.1.2 Polymer Electrolyte Fuel Cells
PEFCs are the most attractive fuel cell type for automotive, stationary and portable applications

(Marcinkoski, Kopasz & Benjamin, 2008). Perflourosulfonated acid polymers, supplied by Du Pont,
Dow Chemical Company and Asahi Chemical Company (Costamagna & Srinivasan, 2001a), are
typically used as the electrolytes to provide conductive pathways for cations, in this case protons, to
migrate from the anode side to cathode side. The electrolyte must also act as a physical barrier
between the fuel and oxidant gases (Gubler & Scherer, 2010). Proton conduction can occur by the
Grotthuss mechanism whereby protons hop between hydrogen bonded water molecules and
hydronium ions as well as by vehicle mechanism viz. diffusion and migration of hydronium ions (Ueki
& Watanabe, 2008). Proton conductivity of the electrolyte increases with water content. To keep the
membrane sufficiently hydrated, humidified reactant gases are fed to each electrode. Operation is
typically limited to 80°C, which allows for relatively quick start-ups and rapid response to load

changes (Barbir, 2005).

One of the main disadvantages of PEFCs is that the catalyst employed at both electrodes is the noble
and costly platinum. The platinum catalyst helps overcome the activation energy barriers, by
providing alternative reaction routes with less activation energy requirements, and results in
enhanced reaction rates. Unfortunately, platinum significantly increases the overall PEFC cost (Basu,
2007). Another potential disadvantage is the requirement for very pure hydrogen. Hydrogen fuel is
typically produced from reforming of fossil fuel sources such as coal and natural gas which results in
the co-generation of undesirable carbon oxides. An alternative process for hydrogen production is to
electrolyze water. However, given that this process requires electricity, it is typically a lot more
expensive to produce hydrogen from water electrolysis than it is to synthesize steam reformed

hydrogen (Zoulias et al., 2004).

A single PEFC typically consists of end plates, insulator plates, current collector plates, bipolar plates,
gaskets, gas diffusion layers (GDLs) and a catalyst coated membrane (CCM). The bipolar plates and
platinum catalysts are significant contributors to the overall cost of PEFCs (Jeong & Oh, 2002; Wind
et al., 2002; Tsuchiya & Kobayashi, 2004). Bipolar plates supply reactant gases to the GDLs via flow
channels that are machined on a bipolar plate surface. The GDLs then distribute the fuel and oxidant
gases uniformly over the anode and cathode catalyst layers, respectively, where the following half-

cell reactions proceed at the platinum active sites;
H, - 2H* + 2e~ Equation 1

2H* + %0, + 2e~ - H,0 + heat Equation 2



Hydrogen is oxidized at the anode while oxygen is reduced at the cathode. The electrons released at
the anode are driven to the cathode via an external circuit. The formation of water is a driving force
for the reaction since the water is a low energy product from the exothermic reaction. The rate of
water production, my,0, at the cathode per unit ampere of current generated is approximately 93.3

ug/s.

M0l .
Mpy20 = :;0 Equation 3

2.2 Bipolar plates

In a fuel cell stack, bipolar plates are located between the GDLs and current collector plates.
According to the tenth edition of The Concise Oxford Dictionary (1999), the term bipolar is used to
describe a device that is related to both positive and negative terminals of a magnetic or electric
field. Bipolar plates have channels on both sides of a conductive and gas impermeable material to
distribute fuel and oxidant gases to the anode and cathode of two adjacent cells, respectively
(Barbir, 2005). Within a single cell configuration, channels are only on one side of each bipolar plate.

The roles of bipolar plates in a single cell set-up are to (Larminie & Dicks, 2003);

e conduct electrons from the GDL to current collector plate at the anode side

e conduct electrons from the current collector plate to GDL at the cathode side
e provide structural support for the thin CCM and brittle GDLs

e provide a medium to remove the heat released at the cathode side CCM

e house the flow field channels to distribute reactant gases towards the GDLs

e allow the exhaustion of liquid water from the PEFC via the flow field channels

Since bipolar plates are multifunctional, multiple names are interchangeably used such as separator
plates (Li & Sabir, 2005), flow-field plates, monopolar plates (Hamilton & Pollet, 2010) or halves of a
bipolar plate (Barbir, 2005). In order to meet the bipolar plate functional requirements, the choice of
bipolar plate material must be highly conductive (both electrically and thermally), corrosion resistant
under acidic fuel cell operation conditions, mechanically strong yet light weighted and impermeable
to the reactant gases (Li & Sabir, 2005). Mehta and Cooper (2003) recommended that the choice of

bipolar material must have the following properties;



e aplate resistance of less than 0.01 Q cm? for high electrical conductivity
e acorrosion rate of less than 0.016 mA/cm’

e acompressive strength greater than 0.15 MPa

e agas permeability of less than 1.0 x 10 cm®/s cm?

e amaterial and fabrication cost of less than US$ 0.0045 per cm™

e adensity of less than 5 g/cm’.

Bipolar plates contribute a significant portion of the PEFCs volume, weight and cost. The US DOE
(2011) set a subprogram for the fuel cell research and development (R & D) community, to enable
the fuel cell system’s performance and cost competiveness for multiple applications. A cost target of
USS$30 per kilowatt and durability target of 5 000 hours were set for the automotive fuel cell system
while a cost target of USS 1 500 per kilowatt and durability target of 80 000 hours was set for

stationary application systems in order to compete with other energy conversion devices.

The bipolar plate materials and manufacturing processes are the main reasons why bipolar plates
are expensive (Spiegel, 2008). The most common materials are graphite, graphite composites and
stainless steel. The manufacturing processes depend on the bipolar material used. Different
materials have different advantages and disadvantages. Graphite is chemically stable and resistant
to corrosion in the acidic environment of an operational PEFC but graphite is brittle and requires an
expensive automated machining process to create flow channels on its surface (Hentall et al, 1999).
Alternatively, composite graphite bipolar plates which consist of a combination of porous graphite
and conductive carbonaceous fillers such as polyethylene, polypropylene and poly(vinylidene
fluoride), are used to improve on the graphite’s durability under mechanical shock or vibration, in
addition to the relative ease of manufacture, in comparison to pure graphite bipolar plates (Busick &
Wilson, 1999). Graphite composites generally undergo manufacturing methods of compression or

injection moulding (Rayment & Sherwin, 2003).

In comparison to metallic bipolar plates, graphite composite bipolar plates have a lower mechanical
strength and a lower electrical conductivity (Choi et al., 2012). Metallic bipolar plates offer
availability for lower mass production costs, better mechanical strength and conductivity than
graphite based bipolar plates (Wang et al., 2009). However, when exposed to an acidic environment,
as is the case in PEFC, the metallic material is susceptible to corrosion or dissolution. Corrosion can
subsequently lead to the contamination of the polymer electrolyte and result in membrane
poisoning (Taherian, 2014). Furthermore, corrosion leads to a passive oxide layer formation on the
surface of the metal, resulting in a high ohmic resistance and undesirable voltage drops (Hermann,

Chaudhuri & Spagnol, 2005; Karimi et al., 2012). In order to prevent corrosion, metallic bipolar plates



must be coated with any of a conductive polymer, diamond-like carbon, noble metal, metal nitride,
metal carbide or an oxide (Barbir, 2005). Wind et al. (2002) showed that the lifetime performance
curve measured over a 1 000 hour period from a PEFC with gold coated stainless steel (316L) was

identical to that obtained when graphite bipolar plates were used.

2.2.1 Flow Fields
The flow field patterns designed on the bipolar plates consist of land and channel areas. In an

assembled cell, the land area compresses onto adjacent GDL areas while the channel areas remain
open to corresponding GDL areas to allow gas and liquid phases to flow through the GDL and
channel width interface. Careful design of the flow field pattern is necessary to ensure maximum
reactant partial pressures in the electrode or catalyst layer, especially at high rates of reaction
corresponding to high currents (Li & Sabir, 2005). The flow field channels are used to supply and

distribute fuel and oxidant to the anode and cathode catalyst layers via GDLs, respectively.

Although parameters such as GDL thickness and the catalyst layer microstructure can be optimized
to maximize reactant partial pressures, careful flow field design can also be effectively used to
enhance the hydrogen and oxygen partial pressures at the respective catalyst sites (Nguyen, 2006).
The flow field channels work to evenly distribute hydrogen and oxygen gases towards the catalyst
layer and facilitate liquid water removal to keep mass transport losses to a minimum (Basu, 2007).
The land areas are necessary to provide mechanical support for catalyst layer and GDL, in addition to

an electrical pathway for the electrons between the bipolar plates and GDLs (Manso et al., 2012).

There is a need to optimize the flow field patterns because some of their functions present conflicts.
For instance, while it is desirable for the flow field channels to allow uniform gas flow through the
GDL towards the catalyst layers, electrical contact between the GDL and bipolar plate is
simultaneously compromised at the channel areas (Vielstich, Lamm & Gasteiger, 2003). On the
contrary, while the land areas offer electrical pathways as well as mechanical support for the GDLs
and CCMs, broad land areas compromise the channel area for reactant gases and simultaneously
promote water accumulation (Turhan et al., 2006; Hsieh & Chu, 2007). Based on the illustrated
counteractive factors, it is essential to design the flow field channel and land areas in such a fashion
that would minimize electrical contact losses and water accumulation, yet simultaneously deliver

ample reactant partial pressures towards the catalyst layers.



2.2.2 Flow Field Designs
The flow field design strongly influences the reactant gas distribution and water management in

PEFCs. According to Spiegel (2008), flow field design does not only account for even reactant
distribution through the GDLs to the catalyst layers, but must also minimize reactant pressure drop

in order to reduce parasitic pump requirements.

The most commonly used flow field designs used to date include straight or parallel, interdigitated
and single or multichannel serpentine (Nguyen, 1996; Williams, Kunz & Fenton, 2004; Li & Sabir,
2005; Shimpalee, Greenway & Van Zee, 2006; Turhan et al., 2006; Xu & Zhao, 2006; Yamada et al.,
2006; Nam et al., 2009; Wang & Wang, 2012). Figure 2 illustrates the aforementioned designs.

Outlet Qutlet Cross flow Main flow

Inlet Inlet
(A) (B) (C)

Figure 2: (A) Parallel, (B) Interdigitated, and (C) Single-Channel Serpentine flow field configurations (Li et al.
(2008))

In the straight or parallel flow field configuration, the reactant gas flows within and along the
channel areas. The channels are relatively short and have no directional changes and as a result the
reactant gas experiences a smaller pressure drops than with other common configurations (Li &
Sabir, 2005). The distribution of gas towards the catalyst layer, and vice versa, via the GDL occurs by
diffusion. As a result, the rate of the electrochemical reactions within the catalyst layer can get
limited by the reactant’s rate of diffusion. This flow field design is suitable for applications in which

high gas flow rates and low pressure drop are required (Nguyen, 2006).

Interdigitated flow field configurations are based on dead-end flow channel designs which forces the
reactant gas to flow through the GDL by means of convective flow. Convective flow enhances an
effective utilization of the catalyst layer through the facilitation of water removal in the land areas
(Manso et al., 2012). Relatively high gas pressure is required since the reactant gas is forced to flow

through the GDL instead of along the flow channels (Nguyen, 2006).



In a serpentine flow field configuration, the reactant gas flows along the continuous channel(s) and
because of sufficient pressure drops between neighbouring channel sections, cross-flow or gas short
circuit can occur through the GDL. Similarly to the convective flow effect in interdigitated flow field
design, cross flow facilitates water removal from the land areas (Barbir, 2005). However, water
settled in the channel corners may be difficult to push out, especially if channels are parallel to
gravity (Owejan et al.,, 2007). The relatively long flow channels and numerous flow directional

changes result in high pressure drop (Li et al., 2008).

The main difference among the three common flow field configurations is the pressure drop, AP,
experienced by the reactants and degree of forced convection flow through the adjacent GDL in an
assembled fuel cell. These differences strongly influence the reactant gas distribution and water

management in the fuel cell.

According to Barbir (2005) AP through each flow field channel can be modelled as that of

incompressible flow through pipes and conduits.

AP = (pT"Z) (f (i) + ¥ KL) Equation 4

As shown in Equation 4, the AP across the flow field channel is directly proportional to the average
gas velocity, (v), and channel length, (L), and inversely proportional to the hydraulic or equivalent
diameter, (Dy), of the channel. In addition, the pressure drop increases as the gas flow direction
changes. The average gas velocity in a flow field channel is a function of the; total volumetric flow
rate (Orowar), Number of channels (Nchanneis) and channel cross-sectional area (Achamnel), of each flow

field design as illustrated below:

v = OTotal Equation 5
Nchannels*Achannel

The average gas velocity is directly proportional to the total volumetric flow rate of reactant gas fed

to the PEFC and inversely proportional to the flow field channel area.

2.2.3 Channel Shape and Dimensions
The channel shape and dimensions determine the channel’s cross-sectional area and influence the

average gas velocity in the flow channel. This in turn, as previously described, affects the AP in the
channel. A variety of flow channel shapes such as circular, triangular, rectangular, hemispherical,
parallelogram and trapezoidal have been illustrated, with the rectangular cross sectional shape
being the most popular (Spiegel, 2008). The different flow channel shapes typically result from

manufacturing processes rather than from functionality (Barbir, 2005).



Ahmed and Sung (2006) performed a three-dimensional simulation to investigate the effect of
rectangular, trapezoidal and parallelogram shaped channel cross-sectional areas, of a straight flow
field configuration, on water management at high operating current densities. The same channel
cross-sectional area was maintained for all three shapes to ensure a constant average velocity in
each case. The results of the simulation revealed that the rectangular shaped channel cross sectional
area corresponded to higher cell voltages, whereas the trapezoidal shaped channel gave a more

uniform reactant distribution, at a current density of 2.4 Acm™.

Owejan et al., (2007) used neutron radiography on triangular and rectangular shaped channels to
obtain two-dimensional distributions of liquid water in an operational PEFC. The two different
channel cross-sectional areas were kept the same and fashioned into a serpentine flow field
configuration. It was found that the triangular shaped cross sectional channels retained less water
than the rectangular shaped cross sectional channels. It was suggested that water tends to be

transported in the corners of the channels while the gas flows in the high velocity core.

Typical channel dimensions are around 1 mm but may vary between 0.4 mm and 4 mm (Barbir,
2005). Channel dimensions refer to the channel width and depth. Kumar and Reddy (2003) studied
the influence of channel dimensions in a single serpentine flow field design. The channel depth,
width and land width were varied from 0.5 mm to 4 mm using Fluent® 6.0 and Gambit commercial
software. With all permutations and combinations for varying the different dimension parameters
viz. channel depth, width and land width, a total of 216 cases were numerically computed. It was
found that the optimum channel depth, width and land width for the anode compartment was 1.5
mm, 1.5 mm and 0.5 mm respectively. A smaller land width arguably helps minimize water
accumulation in the GDL than a wider land width. It is important to highlight that optimal
dimensions might be dependent on neighbouring component properties, and therefore cannot be

generalized for all combinations of individual PEFC component properties.

Variations in flow channel dimensions may occur due to machining tolerances and tool wear, which
can cause deviance in flow field plates obtained from different suppliers (McCrabb et al., 2010).
Shimpalee et al.,, (2011) used a computational continuum mechanics technique based on a
commercial solver (STAR-CD 4.14) software, which had an add-on tool called expert system of PEFC
version 2.5, to understand the effect of channel depth uniformity tolerances on pressure drop and
overall PEFC performance. The simulation results showed that a larger deviation in channel depth,
from the investigated average depth of 0.4 mm, gave a higher pressure drop. Moreover, it was

found that shallower channels at the outlet gave higher pressure drop than shallower channels at



the inlet. In addition, it was found that the channel depth non-uniformity had minimal effect on the

PEFC overall performance.

2.2.4 Microchannel Designs
Kandlikar and Grande (2002) proposed that flow channels that have a hydraulic diameter within the

range of 10 — 200 um, can be classified as microchannels. Table 1 summarizes the dimensional

classifications suggested for microchannels, minichannels and conventional channels.

Table 1: Classification of Flow Channel Dimensions

Channel Category Dimensional Range (um)

Microchannel 200> Dy, >10
Minichannel 3000 > Dy, > 200
Conventional D}, > 3000

The conventional manufacturing processes used in conventional PEFCs have restrictions on
dimensions and scalability (Ko¢ & Mahabunphachai, 2007). Microchannel patterns on PEFC metallic
bipolar plates do not only provide compact mass and heat transfer benefits, but also affect the
average gas velocity which directly controls the rate of convective mass and heat transport
(Mahabunphachai & Kog, 2008). Kandlikar and Grande (2002) provided a comprehensive description
of the fabrication processes for producing microchannels. The microchannel fabrication technology
has pioneered the development of fuel cells in small dimensions and therefore facilitated the
observation of scaling effects (Cha et al., 2004). Microfabrication technology involves a series of thin
film material deposition and or removal (etch) steps that are used to create electrical or mechanical

structures in and or on a substrate (Basu, 2007).

Cha et al (2004) employed photolithography techniques to prepare samples of channels with circular
diameters of 5, 20, 100 um and 500 pum. An optimum in the power density was found at a diameter
of 100 um. It was argued that the flooding area in the flow channels may be inversely proportional
to diameter; meaning that the same amount of water would occupy more area in smaller diameters
and increase the flooding severity. There must be an optimum diameter between 20 and 500 um
where convective mass transport is realized and water flooding is minimized. In addition to the
experimental work, the researchers also utilized multiphysics fuel cell models in an attempt to verify
these experimental findings. The modelling results suggested that the PEFC’s power density would
increase with decreasing diameter due to the reduced diffusion blockage of ribs and increased

convective flow in microchannels. The conflict between the experimental and numerical work was
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justified by the fact that latter work was only developed for a single phase flow, and not for two

phase flow.

2.3 Effect of operating conditions on fuel cell performance

Operating parameters such as cathode flow rate (Larminie & Dicks, 2003; Hakenjos et al., 2004; Kim,
Shimpalee & Van Zee, 2004; Barbir, 2005; Pasaogullari & Wang, 2005; Hussaini & Wang, 2009;
Anderson et al., 2010; Zhang et al., 2010; Gerteisen et al., 2012), cell compression (Lee et al., 1999;
Lee, Hsu & Huang, 2005; Zhou, Wu & Ma, 2007; Le Canut et al., 2009; Dotelli et al., 2011; Mason et
al.,, 2012) and operating temperature and pressure (Zhang, Li & Zhang, 2009; Zhang et al., 2010)
have a significant influence on PEFC performance and water transport characteristics. Several
aspects of a fuel cell can be affected by the operating conditions such as reaction kinetics,
membrane conductivity and mass transfer processes. In this study two operating conditions, namely

cathode flow rate and cell compression are varied and are therefore reviewed in this section.

2.3.1 Cathode flow rate
The cathode flow rate or stoichiometry governs the total volume of oxidant entering the PEFC

(Gerteisen et al., 2012) and affects the oxygen concentration or partial pressure in the catalyst layer
(Larminie & Dicks, 2003; Barbir, 2005) and therefore the overall performance of the fuel cell. In
general higher cathode flow rates lead to higher oxygen partial pressures in the flow channels and
catalyst layer which in turn lead to improved performance (Gerteisen, Heilmann & Ziegler, 2009;
Karimi et al., 2011). Increasing cathode flow rate also assists with the removal of liquid water in the
flow channels (Barbir, 2005; Davey et al., 2008) by providing a greater force to push out the water.
Kim, Shimpalee & Van Zee (2004) varied cathode stoichiometry in a triple serpentine flow field
configuration. It was observed that an increase the cathode stoichiometric ratio from 2 to 3
significantly reduced the concentration polarization losses. However, it was noted that a more than
double increase in stoichiometry at the anode side had negligible effect on the fuel cell overall

performance.

Hussaini and Wang (2009) characterized liquid water removal from the GDL surface and gas channel
qualitatively at different cathode flow rates. They used a transparent PEFC with gold coated stainless
steel plates and seven straight chemically etched minichannels that each had approximate Dy, of 667
um with 1 mm wide lands between them. The in situ experiment and numerical study revealed that
at sufficiently high gas flow rates, small droplets are swept away from the GDL surface by the gas
flow thereby resulting in a mist flow pattern in the gas channel. It was also found that different flow
patterns occurred under different gas flow rates. Although it is desirable to remove liquid water as

quickly as possible to avoid water build-up from occurring, high flow rates result in higher parasitic
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losses and reduce the efficiency of the overall PEFC system (Barbir, 2005; Pasaogullari & Wang,

2005).

Air is typically fed at a stoichiometric ratio of 2 or higher at the cathode side in order to prevent
reactant starvation and water build-up from occurring (Larminie & Dicks, 2003; Barbir, 2005; Yousfi-
Steiner et al., 2008). On the contrary, excess air compromises the overall PEFC efficiency and
increases parasitic losses (Barbir, 2005; Pasaogullari & Wang, 2005). There is a need to optimize the

reactant flow rate to prevent reactant starvation and flooding, while also minimizing parasitic losses.

Analytical models have been developed in an effort to determine the minimum air flow rate
required to remove a single water droplet attached to the GDL surface. A force balance on the water
droplet was proposed which included the drag and surface tension forces acting on the droplet
(Kumbur, Sharp & Mench, 2006; Cho, Wang & Chen, 2012). The drag force was computed as a
function of the air flow rate while the surface tension force was dependent on the GDL's
hydrophobicity. Both analytical models highlighted the force balance must be dependent on other
parameters such as operating conditions, flow channel cross-sections, position of droplet along flow
channel, droplet diameter and droplet deformation behaviour. The complexity involved makes it
challenging to theoretically determine the optimum air flow rate required to remove liquid water

droplets from an operational PEFC.

Zhang et al. (2010) tested the effects of air flow rates on cell voltage fluctuations at a fixed current
density of 0.5 A/cm” using a 50 cm? active area, triple serpentine flow field design with a Dy, of 1000
um, at 100% relative humidity (RH) and 80°C. Cell voltage fluctuations were used as a measure of the
extent of water build-up or flooding within the fuel cell. In order to quantitatively compare the
severity of water flooding at different flow rates, a function, ., was introduced. The symbol ¢
stands for the level of water flooding severity and is defined as a product of the number of voltage
fluctuations caused by water flooding each minute, N,,r, and the average voltage drop, A M‘f}’e,
caused by water flooding during the entire operating period. Each voltage drop is measured from a

ave

steady state voltage called the baseline voltage, V. Equations 6 & 7 illustrate how i, s and A wf

were determined, respectively.

Vs = Ny AV F° Equation 6

A Vg})e - % n (V- valf) Equation 7
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Water droplets can block the pores in the catalyst layer, GDL and gas flow channels and thereby
hinder access of hydrogen and oxygen from flow channels to the catalyst sites. A rapid drop in cell
voltage is often observed when the majority of pores are blocked. Furthermore, the blockages by
water droplets in the flow channels result in a pressure drop increase in the flow channel. When this
pressure differential reaches a threshold value, the water droplets are dragged out of the flow
channels which may assist with less water build-up in the GDL pores and resulting in a swift voltage

recovery. Figure 3 shows the typical voltage fluctuation plots obtained.

It was found that as the air stoichiometry increased from 2 to 3.5 at a current density of 0.5 A/cm?,
both the number of downward peaks and average voltage drop caused by water flooding decreased.
It was confirmed that there is relatively less sufficient water removal at low air flow rates, and

consequently water flooding severity is higher than at high air flow rates.

Figure 3: Voltage fluctuations as a function of time at different air flow rates. (Zhang et al., 2010)

Siefert and Litster (2011) reported experimental data on the mean voltage loss and fluctuations
during constant current operation as a function of the air stoichiometric ratio. Straight flow field
configurations and minichannels with hydraulic diameters of approximately 667 um were used. The
findings showed that for a fixed current density, the voltage losses and amplitude of fluctuations

were inversely proportional to the air stoichiometric ratio.

In summary even though higher cathode flow rates and stoichiometries improve overall PEFC
performance by reducing fuel cell flooding and mass transport losses, the use of high flow rates
increases parasitic losses and reduce the overall efficiency of the PEFC system during operation

(Pasaogullari & Wang, 2005).
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2.3.2 Cell Compression
The catalyst layer, GDL, and bipolar plates need to be held together to minimise contact resistances

for electron flow and to prevent leakage of gases from the fuel cell (Barbir, 2005). This is typically
achieved by sandwiching the aforementioned individual components between two end plates,
connected with several tie rods (Barbir, 2005; Spiegel, 2008). A clamping force is applied to hold the
components in place and prevent loss of reactants to the environment. The clamping force is applied
on one side of the PEFC through which it mechanically rotates bolts on tie-rods. The rotation of the

bolts by the clamping force is often referred to as the clamping torque, T, (Serway and Jewett, 2014).

For a given number of dry bolts, Ny ,;¢s, and bolt diameter, Dy, ,;¢, the following model can be used to
approximate the relationship between clamping force and torque (Barbir, 2005):

5NpoitsT

Clamping Force =
Dport

Equation 8

The clamping force is directly proportional to both torque and the number of bolts, but inversely

proportional to diameter of the bolts used.

The clamping pressure or compression pressure can be defined as the quotient of clamping force
and the active area of the fuel cell. The clamping pressure affects the degree of compression of the
catalyst layer and GDL, which in turn affects both liquid water and gas transport processes. (lhonen
et al., 2001). A clamping pressure range of 1.5 — 2.0 MPa is recommended to minimize the contact

resistance between the GDLs and bipolar plates during operation (Barbir, 2005).

Lee et al. (1999) investigated the effect of different clamping forces on different GDLs in a 10 cm?
serpentine flow field design. Three torques of 11, 14 and 17 Nm were applied on TORAY™, ELAT®
and CARBEL® commercial GDLs. It was found that for ELAT® GDLs the overall performance with 14
Nm was better than that with 17 and 11 Nm. For the ELAT® GDLs, the overall performance with 17
Nm was better than that with 11 Nm. On the contrary, the TORAY™ GDLs gave best overall
performance with 11 Nm instead of 14 or 17 Nm. It was also found that for a combination of
TORAY™ and CARBEL® GDLs a sequence from 14 to 11 to 17 Nm was obtained in descending order
from best overall performance. These findings indicated that the optimum compression pressure is

different for different GDL materials.

Opu et al. (2010) investigated the effect of cell active area and clamping force on the overall
performance of PEFCs. They found that increasing compression pressure decreased the interfacial
contact resistance. Their results also showed that for the same cell compression pressure, the

interfacial contact resistance for a smaller active area is less than that of a larger active area.
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2.4 Water Management Strategies
One of the challenges for PEFC developers is the accumulation of liquid water in the fuel cell during

operation. The liquid water build-up that results in a fuel cell performance drop is commonly
referred to as flooding. Flooding increases the mass transfer resistance for reactant gases moving
towards the catalyst layer and is mostly observed on the cathode compartment of the fuel cell (He,
Lin & Nguyen, 2003). Flooding can occur in the flow channels, GDLs and catalyst layers of the fuel cell

(Kandlikar, 2008).

According to Li et al. (2008), there exists a delicate balance between maintaining maximum
membrane hydration and avoiding cathode side flooding. The desire to achieve this balance has
driven a lot of researchers to developing flooding minimization water management strategies.
Strategies developed to date can broadly be classified as modification of operation conditions,
membrane electrode assembly (MEA) designs, flow field designs and active strategies involving the
use of additional components (Nguyen, 2006). Some of the strategies have the undesirable effect of
increasing the number of system components or parasitic load requirements thereby reducing the

efficiency or increasing the size of the overall fuel cell system.

2.4.1 Operating conditions
Operating conditions as a strategy involves making changes to the operating conditions such as

reactant gas flow rates, RH and cell compression. Changes to RH and cell compression to reduce
flooding typically results in other negative effects on fuel cell performance such as increased
membrane dehydration and increased contact resistance respectively. In addition, increasing the gas

flow rate results in higher parasitic losses and compromises the overall system efficiency.

2.4.2 Membrane Electrode Assembly Design
The second strategy which has been employed is the modification of the internal fuel cell

component properties, such as the electrolyte thickness and the microporous layer (MPL) and GDL

wettability.

There are two mechanisms through which water is transported through the electrolyte membrane.
The potential difference between the electrodes drives the protons generated at the anode to move,
through the membrane, towards the cathode (Schmittinger & Vahidi, 2008). The protons move in
the form of hydrated ions (Bagotsky, 2009) through a mechanism known as electro-osmotic drag
(Basu, 2007). In addition to the electro-osmotic drag, water generated at the cathode results in a
higher water concentration at the cathode than at the anode (Li et al., 2008). The concentration
gradient is the driving force for the second mechanism known as back-diffusion, whereby water

moves from the cathode to anode via the membrane (Spiegel, 2008).
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Thinner membranes tend to promote back diffusion due to smaller diffusion distance (Barbir, 2005;
Ge et al., 2005). This assists with removal of water from the cathode and can potentially reduce
flooding (Wilkinson, Voss & Prater, 1994). However, thinner membranes experience a significantly
higher gas cross-over rate and are less durable than thicker membranes since they are more prone

to pin-hole formation (Basu, 2007).

Hydrophobic materials such as polytetrafluoroethylene, PTFE, are typically incorporated into the
microporous layer (MPL) and GDL structures to assist with water expulsion. An MPL is typically used
between the GDL and catalyst layer in order to improve the water management in this region
(Kandlikar, 2008). Qi and Kaufman (2002) showed that the addition of an MPL between the GDL and

catalyst layer enhanced the water management.

Incorporation of PTFE in the GDL structure results in hydrophobic and partially hydrophilic pores
which remain free of liquid water and therefore prevent full water saturation of the GDL. Lin and
Nguyen (2005) investigated the effect of GDL wettability on water management. They found that
adding PTFE to the GDL enhanced gas and water transport when the fuel cell was operated under
flooding conditions. Spernjak, Prasad and Advani (2007) used a transparent PEFC with a single
serpentine flow field to observe how water behaved in PTFE treated and untreated GDLs. It was
found that with treated GDLs water droplets emerged over the entire visible area while with
untreated GDLs, water attached to the side walls and travelled along serpentine flow field channel
mostly in the form of films and slugs. It was noted that the slugs were more difficult to remove than

the water droplets.

Tlber, Pdcza and Hebling (2003) also used a transparent PEFC to investigate water build-up in
treated and untreated GDLs. They found that increasing the PTFE content decreased the surface
tension of the GDL and made water removal easier than with untreated GDLs. Bevers, Rogers and
von Bradke (1996) showed that there is a trade-off between the GDL’s hydrophobicity and electrical
conductivity. Their results showed that higher PTFE content lead to better hydrophobicity but poorer
electrical conductivity. Lin and Nguyen (2005) did an extensive study on the effect of PTFE content
on PEFC performance. It was found that addition of PTFE to the GDL could improve both gas and
water transport, but an excessive PTFE loading (i.e.>40 wt %) could result in flooding within the

catalyst layer.
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By and large, fuel cell developers have extensively studied the effect of PTFE content on PEFC
performance. The optimum amount depends on the operating conditions and operating current. In
general, very high amounts of PTFE (i.e.>40 wt %) reduces electrical conductivity of the GDL and MPL
and can reduce the number of hydrophilic pores in the layers to such an extent that it becomes
difficult for water to travel from the cathode catalyst layer to flow channels. This in turn could result

in catalyst layer flooding (Anderson et al., 2010).

2.4.3 Flow Field Design
The third approach that has been employed is the design of flow fields to ensure rapid water

removal from the fuel cell. Appropriate design of flow channels over the active area has been
considered to be the most successful strategy in addressing water flooding issues (Li et al., 2008).
Flooding frequently occurs in the GDL, especially in the regions that are in direct contact with the
flow field lands or ribs. In an effort to reduce the amount of water accumulation in the GDL, flow
field patterns have been designed that result in pressure differentials between neighbouring
channels to push out water trapped under the land. Flow field designs based on interdigitated or

serpentine flow patterns are typically used to create pressure differentials (Nguyen, 1996).

The United Technologies Company (UTC) developed a water transport plate (WTP), which is a bipolar
plate which has pores which are filled with liquid water (Yi, Yang & King, 2004). The WTPs have
coolant flow channels that are continuously filled with water and gas flow channels that are in
contact with the MEA or unitized electrode assembly (UEA) on both sides. Figure 4 shows a

schematic of the WTP with two adjacent UEAs.

The WTP is gas impermeable but allows water to move from the gas flow channels to the coolant
flow channels since gas streams are at a higher pressure than coolant streams (Anderson et al.,
2010). As a result, water build-up in the flow channels is significantly reduced. In addition, applying a
water concentration gradient can cause water to move from the coolant to gas flow channels, and

thereby eliminate the need for external humidification (Yi, Yang and King, 2004).

The flow field can also be modified with respect to its hydrophobicity. Hydrophilic channels facilitate
water transport in the walls of the channels (Quan & Lai, 2007). Cheah, Kevrekidis and Benziger.
(2013) compared water formation and motion for square flow channels with hydrophilic and
hydrophobic walls. It was found that the slugs formed in hydrophobic channels were smaller but
greater in number than those formed in hydrophilic channels. A greater number of slugs was harder
to remove and required more energy in the form of higher gas flow rates and therefore increased

parasitic power requirements.
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Figure 4: Schematic of the water transport plate. (Yi, Yang and King, 2004)

An alternative approach to reducing flooding involves reducing the land or rib width, which
effectively reduces the area over which GDL flooding can occur. Cha et al., (2004) experimentally and
numerically studied the overall performance of PEFCs with scaled down flow channel and rib widths.
It was found that a more uniform reactant concentration was obtained in the GDL when the rib
width was smaller than the GDL thickness. However, reducing the rib width without a corresponding
reduction in channel width may compromise the contact area with the GDL and therefore contact

resistance may increase (Barbir, 2005).

2.4.4 Active Strategies
Fuel cell developers have also looked into more, active low-power based water management

approaches, such as the use of an electro-osmotic (EOQ) pump coupled with an electrically conductive
wick. A wick is a porous material in which liquid water can be drawn by capillary action and is
located between the flow field and EO pump (Fabian et al.,, 2010). EO pumps are devices that
generate both flow and significant pressure capacity using electro-osmosis through channels (Yao &

Santiago, 2003). Figure 5 shows a schematic of a flow field attached to a wick and EO pump.
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Figure 5: Schematic of an EO pump, wick and PEFC flow field. (Fabian et al., 2010)

The power supplied to the EO pump during operation is equivalent to about 1 % of the overall PEFC
power at low current loads and approximately 0.5 % at medium to high current densities (Anderson

et al., 2010).

Fabian et al. (2010) tested the overall performance of a PEFC with and without an EO pump and
found that the cathode showed no signs of flooding when the EO pump was used. In addition,
Fabian et al. (2010) performed steady state galvanostatic measurements with varying potential
differences applied to the EO pump. It was found that less than 2 % of the PEFC’s output power was

required for the EO pump to fully stabilize the PEFC’s voltage.

2.5 Characterization of fuel cell performance

This section presents an overview of the different in-situ electrochemical techniques that will be
used in this study, namely polarization curve analysis and electrochemical impedance spectroscopy.

A brief description of the use of pressure drop as a diagnostic tool is also presented.

2.5.1 Polarization Curves
The polarization curve is the most commonly used diagnostic tool to measure the overall

performance of a single fuel cell or a fuel cell stack (Wu et al., 2008). The polarization curve is a plot
of voltage against current density. Current density is the quotient of the current and active area and
is typically used as it allows comparison between PEFCs of different sizes (Barbir, 2005). The
polarization curve measurement is strongly dependant on fuel cell operating conditions (Spiegel,
2008). Figure 6 shows a typical polarization curve result. The final or actual polarization curve has

three distinct regions in which specific losses dominate.
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Figure 6: Schematic of a polarization curve (Yousfi-Steiner et al., 2008)

The three major voltage losses that dominate in regions I, Il and Il are activation, ohmic and
concentration losses, respectively. The activation losses are associated with the slow kinetics of the
oxygen reduction reaction and dominate at low current densities (Barbir, 2005). Ohmic losses consist
of the resistance to proton flow through the membrane from anode to the cathode and resistance to
electron flow through the different components of the fuel cell (Cooper et al., 2005). These losses

dominate in the intermediate current density regions.

At higher current densities, concentration or mass transport losses dominate. This is due to a

combination of (Barbir, 2005; Basu, 2007; Yousfi-Steiner et al., 2008):

e starvation of hydrogen and air at high reaction rates
e an inability of air to diffuse fast enough towards the cathode catalyst layer

e high rates of water production coupled with a slow water removal rate resulting in flooding

A limiting current density is typically used to characterize the mass controlled region at high current

densities on a semi-log voltage vs. current plot (Cooper et al., 2005).

Whilst the polarization curve measurement provides a good indication of the fuel cell’s overall
performance and is a relatively quick and simple method, it does not completely isolate the different
fuel cell performance losses and additional techniques are required to better understand the fuel

cell performance (Wu et al., 2008).
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2.5.2 Electrochemical Impedance Spectroscopy
Several of the processes that occur within a PEFC during operation such as mass-transfer (Barbir,

2005), electron flow and charge-transfer (Cooper et al.,, 2005) during the reaction are time or
frequency dependent. Electrochemical impedance spectroscopy (EIS) is a technique that utilizes the
frequency dependency of these processes to provide useful information on the different fuel cell
performances losses (Wu et al., 2008). EIS is a relatively faster diagnostic tool than polarization

curves but is significantly more complex to conduct and interpret.

In this technique, EIS, an alternating current (AC) signal of known amplitude and frequency is applied
to the PEFC's direct current (DC) signal. The resultant AC signal is recorded as a function of the signal
frequency (Barbir, 2005). Gas diffusion, charge-transfer as well as conduction of electrons and
protons have different time constants (Yuan et al.,, 2007). A time constant is a quantity of time
expressing the PEFC's speed of response to the perturbation by the AC signal. The complex

resistance that must be overcome for each process to occur is termed impedance.

Impedance spectra are conventionally expressed in Nyquist and Bode plots (Wu et al., 2008). This
study will only focus on Nyquist plots and therefore Bode plots will not be described. Nyquist plots

are complex-plane displays of the imaginary versus real impedance at various frequencies.

The total impedance of a PEFC can be modelled as a combination of different electrical circuit
elements, typically but not exclusively resistors and capacitors. If the modelled circuit produces an
identical response to that of the PEFC when an AC signal is imposed on it, then it can be labelled as
an equivalent circuit (Yuan et al, 2010). Each element in the equivalent circuit represents a specific

process that dominates at a certain frequency and or time constant.

Figure 7 shows a Nyquist plot and Randles equivalent circuit with some hindrance to mass-transfer
of the gas, known as Warburg impedance, W. From the Nyquist plot, the ohmic resistance, R,,
charge-transfer resistance, R¢r, double layer capacitance (Cq) and the Warburg impedance can be
determined. The ohmic resistance and charge-transfer resistance are read-off the real axis of the

Nyquist plot. The diameter of the semi-circle is equal to the charge transfer resistance.

Gebregergis, Pillay and Rengaswemy (2010) used EIS to distinguish between a normal, flooded and
dehydrated PEFC. It was found that the response of the normal and flooded states displayed one
semi-circle on the Nyquist plot while that for the dehydrated cell states showed two semi-circles or

arcs. Figure 8 illustrates the result they obtained.

Ohmic resistance and charge transfer resistance have been investigated by fuel cell developers using

EIS.
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Figure 7: (a) Nyquist plot example & (b) Randles Circuit with Warburg element (Yuan et al., 2010)

Le Canut et al. (2009) showed that the ohmic resistance decreases as the cell compression pressure
increases. Cha et al. (2006) found that charge-transfer resistance increases as more water
accumulates within the PEFC because access to the reaction sites is hindered. In addition Cha et al.
(2006) found that GDL thickness affects flooding and therefore the charge-transfer resistance is also

be affected by changes in GDL thickness.
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Figure 8: Nyquist plot for a normal, flooded and dehydrated cell (Gebregergis, Pillay & Rengaswemy, 2010)
2.5.3 Pressure Drop

Reactant gases flowing through the flow channels experience pressure drop due to friction between
the reactants and flow channels and also due to changes in flow direction, for example in sharp turns
(Barbir, 2005). Pressure drop has been used as a parameter to study flooding in the flow channels.
Ma et al. (2006) used pressure drop as a diagnostic tool to study water transport in a transparent
PEFC. A straight minichannel with an equivalent diameter of 1.2 mm was used. It was found that
pressure drop increased as the amount of liquid water present in the flow channel increased. It was
also found that the pressure drop sharply declined after the liquid water was discharged from the

channel.
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Hussaini and Wang (2009) used a pressure drop co-efficient to study water accumulation in a
straight or parallel flow field design with minichannels. The minichannels had an equivalent diameter
of 667 pm. The pressure drop co-efficient, &,,, is a ratio of the pressure drop measured when

current is drawn to that when no current is drawn from the PEFC. Equation 9 shows how the ratio is

determined.
AP .
<1>2p = ——actuel__ Equation 9
APsingle phase

APgingle phase Was obtained by measuring the AP at the open circuit voltage, OCV. At OCV, there is no
water generation and the pressure drop observed is due to friction between the reactants and
channel walls along the channel length. AP, Was measured while drawing a fixed current from the

PEFC.

The associated air stoichiometric ratios were varied from 2 to 4 at the cathode side. It was found
that ¢,, approached unity at high stoichiometric ratios and that ¢,, decreased with increasing air
stoichiometry at all the currents tested. A pressure drop co-efficient of unity implies that there is no
liquid water or that any liquid water formed from the electrochemical reaction was quickly removed
from the PEFC. In addition, this technique could be used to determine the minimum flow rate
required to achieve a ¢,, of unity, and therefore prevent flooding or the onset of flooding from

occurring.
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3. Objectives of study

Water management is a critical aspect of PEFCs which strongly affects performance and durability.
One of the most commonly employed strategies to assist with water removal from the fuel cell is the
design and optimisation of the flow field channels. Most commercial fuel cell systems employ flow
field channels which can be categorised as minichannels. Minichannels are classified as those having
hydraulic diameters ranging from greater than 200 um to less than 3000 um. Microchannels refer to
channels with diameter of less than or equal to 200 pum. The use of microchannels allows for a
simultaneous reduction in the rib or land width of the flow field. The decreased local land area could
potentially offer advantages of reduced flooding in the GDL and fuel cell as well as better gas
distribution across the active area of the fuel cell. There is limited work on the use of microchannel
based flow field designs for PEFCs. Specifically whilst the effect of operating conditions (for
improved water management) is well studied for minichannels the same has not been investigated

for microchannel based designs.

The primary objective of this study is to investigate the use of a microchannel flow field design

(channel width = 200 um) for a low temperature PEFC with specific focus on:

e Qverall fuel cell performance and limiting current density
e Effect of different operating conditions — reactant gas flow rate and cell compression
e Pressure drop behaviour

e Cell voltage behaviour as a function of time

The secondary closely related objective is to compare performance trends of the microchannel flow
field design with a commercially available flow field design. This is done to assess whether a
microchannel based design behaves in a similar manner to the more conventional minichannel
based system when the fuel cell operating conditions are changed. The overarching goal is to
develop a more comprehensive understanding of the use of a microchannel based flow field system,

with specific focus on water management.
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4. Experimental

This section reports a detailed description of the experimental procedure adopted in this study. The

details of the MEA and cell components are first provided. The testing setup and procedure used are

then outlined and lastly the details of the different diagnostics tests performed are presented.

4.1

Cell Component Description

Table 2 describes the fuel cell components used in this study except the flow field plates. MEAs were

prepared using commercial components. Two main types of flow field plates were used and these

are described separately in Table 3.

Table 2: Fuel Cell Components

Component

Supplier

Description

Catalyst Coated

Catalyst loading- 0.3/0.3 mg cm™

Membrane lon Power, Inc., USA MEA-XL Active area - 25 cm
Freudenberg Fuel Cell Carbon paper with MPL
Component Average thickness - 260 um

Gas Diffusion Layer Technologies (FCCT), H231513 C1 H

Germany

Bulk GDL PTFE loading - 10 wt%

Gaskets

Sanshin Enterprises Co.
Ltd, Tokyo, Japan

Gasket type — Flat
Material — Silicon
Thickness - 200 um

Current Collector Plates

Toyo Precision Parts
MFG Co. Ltd, Nara,
Japan

Material - 316L stainless steel
Surface treatment - 100 nm layer
of gold

End Plates

Pragma Industries,
France

Aluminium
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Table 3: Flow Field Plates

Flow Field Plate Microchannel Commercial

Toyo Precision Parts MFG Co.

Ltd, Nara, Japan Pragma Industries, France

Supplier

Material - 316L stainless steel

Material Surface treatment - 100 nm Graphite
layer of gold
Flow Field Design Parallel 5-fold multichannel serpentine
Channel Depth 0.1 mm 1 mm
Channel Width 0.2 mm 1 mm
Land Width 0.1 mm 1 mm

Figure 9 illustrates the two flow field designs, namely the microchannel and 5-fold multichannel

serpentine design on the commercial flow field plate.

(a) (b)

Figure 9: (a) Microchannel and (b) commercial flow field plates

4.2 Testing setup

All fuel cell testing was performed in a single cell setup using the aforementioned cell components.
For each test a new set of MEA components and gaskets were used whilst the same flow field plates

(either microchannel or commercial), current collector plates and end plates were used for all tests.
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Prior to fuel cell assembly the flow field plates were cleaned with iso-propanol and lint free cloth.
The end plates have eight holes on the edge of the plates to allow for insertion of tie rods. The tie
rods are used to compress the internal fuel cell components by application of a torque on the tie

rods.

Fuel cell tests were conducted by connecting the single cell to an Evaluator C50-LT test station from
FuelCon. The test station consisted of electronic mass flow controllers, heated and insulated gas
feed lines, electrical heating system, temperature control systems, an external humidification
system, an electronic load (TrueData-LOAD®), a pressure control system consisting of back pressure
regulators and a computerized data acquisition system. All the settings of the test station and fuel
cell were monitored and controlled through a data acquisition system connected to a computer
running Windows XP Professional SP2 and FuelWork® software. The software allows measurement

of voltage-current data in either potentiostatic or galvanostatic mode.

All gases for the testing were provided by pressurised gas cylinders. The supplier and specifications

of the gases are provided in Table 4.

Table 4: Description of gas cylinders connected to the test station

Supplier Gas Composition

Air Liquide Nitrogen 99.999% N,

Air Liquide Hydrogen 99.999% H,

Air Products Synthetic Air 79% N, & 21 % O,

4.3 Summary of fuel cell tests and operating conditions
Table 6 presents the complete list of fuel cell tests conducted. Fuel cell tests were performed for the

two different flow fields at three different torques, corresponding to three different cell
compressions. The torques of 1, 1.6 and 2.6 Nm were applied on 8 bolts, each with a 5 mm diameter

2 . .
over an area of 64 cm”. Table 5 reveals the cell compression pressures studied.

Table 5: Cell compression pressures studied

Torque (Nm) Clamping Force (N) Cell Compression Pressure (MPa)
1 8 000 1.25
1.6 12 800 2.00
2.6 20 800 3.25
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For all fuel cell tests except test 9, 4 different cathode stoichiometries were investigated. For Tests 1-
6, the stoichiometric ratios were based on a current of 1.5 Acm™ whilst for Tests 7 and 8 the

stoichiometric ratios were load following i.e. based on the current being drawn from the fuel cell.

Test 9 was conducted to determine the main contributor (increase in oxygen partial pressure vs.
increased drag force to push out water) to the performance increase as the cathode stoichiometry
increases. The basis for test 9 was to keep one of the contributors constant and to vary the other
one. Test 9 therefore involved maintaining a constant drag force whilst varying the oxygen partial
pressure. This was achieved by varying the cathode operating (back) pressure at a fixed cathode
stoichiometric ratio of 2, to achieve the same partial pressure as would be experienced for a

stoichiometric ratio of 4. Table 7 summarises the cathode pressures used in test 9.

Table 6: Overview of fuel cell tests and operating conditions

Operating conditions Diagnostic tests
Torque / P & g
m

Test # Flow field

1 Microchannel 1
5 Microchannel 16 e Polarization curves
2 25 3 e High frequency
3 Microchannel 2.6 1.5 é‘4 é) resistance
4 Commercial 1 i;g 1.5»2 e Electrochemical
1 Acm impedance spectroscopy
> Commercial 16 at0.25 and 1.2 Acm™
6 Commercial 2.6 80 100%
7 Microchannel 1.6 2,25,3 e Pressure drop co-
15 2.4 efficient measurements
8 Commercial 1.6 e Cell voltage monitoring
Anode - e Polarization curves
9 Microchannel 1.6 iathode— 1.5 2 e High frequency
Varying* resistance

NB. T = temperature, P = Pressure, RH = Relative Humidity of anode and cathode,
Sanode = Stoichiometry of anode, S¢aihoge = Stoichiometry of cathode.
*described in Table 6
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Table 7: Cathode pressures for Test 9

Required operating pressure at

Stoichiometric Ratio Oxygen Partial Pressure (bar) L. . .
stoichiometric ratio of 2 (bar)
2.0 0.108 1.00
4.0 0.148 1.18

4.4 Fuel cell testing procedure and diagnostic measurements
This section outlines the testing procedure and diagnostic measurements conducted for all the fuel

cell tests listed in section 4.3. All tests were subjected to the pre-test diagnostics and start-up and
conditioning (section 4.4.2). Following this, tests 1-6 were subjected to polarization curve and
electrochemical impedance spectroscopy measurements (sections 4.4.3 and 4.4.4) whilst test 7 and
8 were subjected to pressure drop co-efficient and cell voltage monitoring measurements (sections

4.4.5 and 4.4.6). For test 9 only polarization curves were conducted.

4.4.1 Pre-test diagnostics
Prior to any fuel cell testing and operation of the test station a leak test was performed with

nitrogen on both anode and cathode to ensure the gaskets were sealing the fuel cell. The leak test
was done by feeding nitrogen to both anode and cathode compartments of the fuel cell with the
exhaust of the two compartments closed. Once a gauge pressure of 0.5 bar had built up the inlet
valves of the both the anode and cathode were closed to trap the nitrogen pressure slightly above
atmospheric. The drop in the pressure of the trapped nitrogen was then used as measure for a leak
in the system. A maximum pressure drop of 0.05 bar over a 5 minute interval was deemed

acceptable.

Following the leak test a voltammeter was connected to the end-plates to check if there was any
current that could leak from the current collector plate to the end-plates due to insufficient

insulation between them.

4.4.2 Start-up and conditioning
The fuel cell was started up by incrementally increasing the cell temperature from room

temperature to the desired cell temperature of 80°C. During the heat up period nitrogen was purged
at a volumetric flow rate of 25 NI/min through both anode and cathode. Flow through the
humidifiers was activated immediately and the temperature of the humidifiers was such that it was
always at least 5°C less than the cell temperature. Once the cell temperature reached the desired set

point the humidifier temperatures were then set to the same as the cell temperature to achieve
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100% RH. The feed lines that connect the humidification system to the fuel cell were set at 120°C in

order to avoid any water condensation from occurring prior to the fuel cell.

When the cell temperature was 10°C less than the final desired temperature, hydrogen and air were
fed to the anode and cathode respectively. The different gases (nitrogen vs hydrogen and air) have
different heat capacities and the 10°C allowance was necessary to prevent temperatures from
overshooting during the switch over. The flow rates of hydrogen and air corresponded to

stoichiometry of 1.5 and 2 at 1.2 Acm™ respectively.

Once the desired operating conditions were achieved, the fuel cell was conditioned using a
procedure outlined by the CCM manufacturer, lon Power Inc. The conditioning procedure was
conducted in potentiostatic mode such that the voltage was cycled between 0.8 V and 0.3 V. The
voltage was held for 30 seconds at 0.8 V and for 10 minutes at 0.3 V. At the end of each cycle the
current and high frequency resistance (conducted at 10 kHz) were measured and recorded at 0.3 V.
Twelve cycles were conducted resulting in a 2 hour rapid conditioning or break in procedure. Twelve
cycles were found to be suitable to achieve steady state fuel cell performance in terms of the

current measured at the end of each cycle.

4.4.3 Polarization Curve
Polarization curves were conducted in galvanostatic mode. Prior to starting the polarization curves

the appropriate stoichiometry was set at the first value for both anode and cathode as presented in
section 4.3 The current was then stepped up incrementally from OCV to the maximum specified
current and the voltage at each current was recorded after a three minute wait period. Three
voltage measurements were recorded every ten seconds after the three minute stabilization period
between current set-points. An average voltage was then calculated for each current density set-
point tested. The maximum specified current for testing with air was 50 A corresponding to 2 Acm™.
After the voltage measurements were completed, high frequency resistance (HFR) measurements

were conducted at 10 kHz.

The incremental current step varied depending on which region of the polarization curve was being
measured. In the activation region (from OCV to 0.1 Acm™) the current increment was 0.02 Acm®?,
whilst for the ohmic and mass transfer regions (> 0.1 Acm™), the incremental step was 0.08 Acm™. In
the case that the fuel cell did not reach the aforementioned maximum specified current (2 Acm™) a
lower voltage limit of 0.3 V was chosen to prevent the fuel cell from operating at very low voltages
which could have led to other reactions such as carbon support corrosion and platinum dissolution.

The polarization curve was repeated according the procedure just described.
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Following two polarization curves at a specific stoichiometry, the cathode stoichiometry was
increased as described in section 4.3 and the above measurement repeated. In all, a total of 8
polarization curves were conducted corresponding to two polarization curves at each cathode

stoichiometry (2, 2.5, 3 and 4).

4.4.4 Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) measurements were performed at two different

current densities (0.25 Acm™ and 1.2 Acm™®) immediately after the polarization curve measurements.
The fuel cell was made to operate at each current density for 30 minutes prior to the EIS

measurement.

EIS measurements were performed by perturbing the fuel cell system with a sinusoidal (AC) current
of known amplitude in the frequency range of 0.1 — 10 000Hz with 8 steps per decade. The resulting

AC amplitude and response of the cell was monitored and recorded.

4.4.5 Pressure Drop Measurements
Pressure drop measurements from the inlet to the exit of the fuel cell cathode side were conducted

for tests 7 and 8 (as outlined in section 4.3) immediately following the start-up and conditioning
steps. Pressure drop measurements were conducted at four different current densities of 250, 500,
750 and 1 000 mAcm™. At each current density the pressure drop was measured at four different
cathode flow rates corresponding to stoichiometries of 2, 2.5, 3 and 4. This produced a total of 16
measurements. The pressure drop was also measured when no current was flowing and each of the
16 flow rates. From the pressure drop measurements a pressure drop co-efficient was calculated by
dividing the pressure drop at a specific current and flow rate over the pressure drop when no
current was being drawn and at the same flow rate. The idea was to obtain a measure of the

pressure drop due to the removal of liquid water.

For the pressure drop measurements when a current was being drawn, the fuel cell was first made
to operate at that current for 25 minutes. The pressure drop measurement was then recorded every
ten seconds over a five minute interval and an average pressure drop was calculated. For the
measurement when no current was being drawn the waiting period was only five minutes with a
subsequent three minute interval for measurement of the average pressure drop. This was done to

avoid overexposure of the fuel cell to an open circuit voltage condition.
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4.4.6 Cell Voltage Monitoring Measurements
Following the pressure drop measurements, voltage monitoring measurements were conducted.

Prior to the measurement any residual water in the channels was removed by purging with high flow
rates of hydrogen and air (~ s = 1.5/2 at 2 Acm™), while operating the fuel cell at a low current
density of 0.25 Acm™. The measurements involved operating the fuel cell at a constant current and
monitoring the cell voltage over 150 minute periods. The cell voltage was recorded every 100
milliseconds to observe the behaviour of the cell voltage over time. The measurements were
conducted at three different current densities corresponding to 0.25 Acm™, 0.5 Acm™ and 1 Acm™.
At each current density, measurements at four different cathode stoichiometries (2, 2.5,3 and 4)

were conducted.
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5. Results and Discussions

This section presents the results and discussion of this study. The effect of the cathode flow rate and
cell compression on fuel cell performance is first presented. This is followed by the results of the
pressure drop experiments and lastly the cell voltage monitoring experiments. All results are

discussed with specific reference to water build-up and removal in the fuel cell.

5.1 Effect of Cathode Flow Rate

5.1.1 Microchannel flow field
Figure 10 shows the effect of varying the cathode stoichiometric ratio on the polarization curve

performance and high frequency resistance in the microchannel flow field design (Test 2 in section
4.3 — All test conditions available as fold out page in appendix). The bolt torque was 1.6 Nm. For the
polarization curve measurements the cathode stoichiometric ratio is the ratio at a specific current
density, i.e. at 1.5 Acm™ as shown in Table 5. Therefore the cathode flow rate is not load following

and is constant for the whole polarization curve.
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Figure 10: Effect of varying cathode stoichiometry on polarization curve performance and high frequency
resistance (HFR) for test 2

Figure 10 reveals that as the cathode stoichiometric ratio was increased from 2 to 4 there was a

negligible influence on the polarization curve performance and high frequency resistance to a
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current density of 1.2 Acm?, corresponding to the activation and ohmic controlled regions. Above
1.2 Acm™ the difference in polarization curve performance becomes substantial with improved
performance as cathode stoichiometric ratio increased. This result is expected and the trend is in
agreement with results in the literature for conventional minichannel based flow field designs (Kim,
Shimpalee & Van Zee, 2004; Kumbur, Sharp & Mench, 2006; Gerteisen et al., 2012). The limiting
current is typically defined as the point at which the cell voltage drops vertically and is a good
indication of severe mass transfer limitations within the fuel cell, predominantly as a result of severe
flooding. Figure 10 shows that the limiting current increases as the cathode stoichiometric ratio
increases. This result is also in agreement with the findings of Williams, Kunz and Fenton (2004) for

conventional minichannel based flow field designs.

The trend in polarization curve performance and limiting current density with increasing cathode
stoichiometric ratio is due to two main factors — (i) an increase of the oxygen partial pressure in the
cathode catalyst layer and (ii) an increase in the drag force to remove liquid water in the cathode
flow channels. The trend is therefore as expected but the degree of improvement with cathode
stoichiometric ratio may be different from conventional minichannels and this will be compared and

discussed later in Figure 16.

The high frequency resistance was for most part independent of the cathode flow rate, although at
current densities above 1.4 Acm?, the higher stoichiometric ratios appear to show a marginally
higher resistance. The slightly higher resistance can be attributed to the fact that at the higher
stoichiometric ratios the removal of excess water due to increased drag force may have caused a

slightly reduced saturation level of the membrane.

Figures 11 and 12 show EIS results at 0.25 and 1.2 Acm™, respectively. By fitting a Randles equivalent
circuit to the EIS data, the ohmic resistance and Faradaic or charge transfer resistance can be

determined. These are shown for both current densities in Table 7.

Table 8 shows that the ohmic resistances at both current densities do not change much with a
change in cathode stoichiometric ratio from 2-3.5. A marginal increase is observed for a
stoichiometric ratio of 4. This result is in agreement with the high frequency resistance
measurements during the polarization curve measurements and can be explained by a slight

decrease in membrane saturation at the highest flow rate.
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Figure 11: Nyquist plot at 0.25 Acm for test 2 - varying cathode flow rates in microchannel flow field

Figure 12: Nyquist plot at 1.2 Acm™ for test 2 - varying cathode flow rates in microchannel flow field
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Table 8: Faradaic and ohmic resistances in mohm cm? at two different current densities for
microchannel flow field at 1.6 Nm

Stoichiometric 0.25 Acm™ 1.2 Acm™

ratio Ohmic Faradaic Ohmic Faradaic

2 50.0 328 47.5 386
25 49.7 321 48.0 304
3 50.2 323 50.7 272
4 50.7 323 51.8 237

The values of Faradaic resistances at 0.25 Acm™ are very close and this is in line with similar
polarization curve performance at this current density. At 1.2 Acm™ there is a clear trend of
decreasing Faradaic resistance as stoichiometry increases. The higher oxygen partial pressure and
the improved water removal (and therefore less water build-up) as stoichiometric ratio increases
may both contribute to the improved Faradaic resistance. It can be argued that the higher oxygen
partial pressure may be having a minimal effect since no difference is being observed at 0.25 cm™
(rate of water production is low at this current density so water build-up is not likely). This is possible
but the partial pressure effect becomes more important at 1.2 Acm™, where the reaction rate is
much higher and mass transfer rate of oxygen becomes limiting. The increase of Faradaic resistance
as a measure to indicate water build-up in microchannels has been reported (Cha et al., 2004).
Furthermore, the result is also similar to the findings of Yuan et al. (2010), who reported that an
increase in oxygen partial pressure would reduce the resistance to charge-transfer. The difference in
the Faradaic resistances at 1.2 Acm™ is to an extent in line with difference in the polarization curve

results at the same current density, although the difference in the former is far more pronounced.

5.1.2 Commercial flow field
Figure 13 shows the effect of varying the cathode stoichiometry on the polarization curve

performance and high frequency resistance in the commercial flow field design (Test 5 in section

4.3). The bolt torque was 1.6 Nm.
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Figure 13: Effect of varying cathode stoichiometry on polarization curve performance and high frequency
resistance (HFR) for test 5

Figure 13 shows a very similar trend to the microchannel flow field design with similar polarization
curve performance for all stoichiometric ratios at low to medium current densities whilst at higher
current densities the performance increases as the stoichiometric ratio increases. Figure 13 also
shows that the high frequency resistances were almost identical for all the stoichiometric ratios
tested, indicating that for commercial flow field design, the increased water removal at higher flow
rates is having negligible effect on the water saturation of the membrane. This could also imply that
in the commercial minichannel based flow field design, not as much water gets removed at the
higher flow rate vs. the lower flow rate, compared to the microchannel flow field design. A full
comparison of trends between the microchannel and commercial flow fields is discussed later in

section 5.1.3.

Figures 14 and 15 show EIS results at 0.25 and 1.2 Acm?, respectively. Once again, by fitting a
Randles equivalent circuit to the EIS data, the ohmic resistance and Faradaic resistances can be

determined and these are shown in Table 9.
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Figure 14: Nyquist plot at 0.25 Acm™ for test 5 - varying cathode flow rates in commercial flow field
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Figure 15: Nyquist plot at 1.2 Acm™ for test 5 - varying cathode flow rates in commercial flow field
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Table 9: Faradaic and ohmic resistances in mohm cm? at two different current densities in

commercial flow field at 1.6 Nm

Stoichiometric 0.25 Acm™ 1.2 Acm™

ratio Ohmic Faradaic Ohmic Faradaic

2 91.8 394 105 2310
25 91.5 381 100 1630
3 90.3 378 101 1260
4 91.5 376 99.8 862

Table 8 shows that the Faradaic resistance decreases with increasing stoichiometric ratio at both
current densities. The difference is less at 0.25 Acm™ and does not relate directly to the polarization
curve where the performance appears very similar at the same current density. The results suggest

that even at the lower current density, the commercial minichannel design is affected by differences

in the cathode flow rate and therefore the different partial pressures and drag forces.

5.1.3 Comparison of trends of microchannel and commercial flow field designs
Figures 16 and 17 compare the trends of limiting current and Faradaic resistance with varying

cathode stoichiometric ratio or flow rate for the two flow field designs. For both flow field designs

the limiting current increases as the cathode stoichiometric ratio increases. This result implies that

the microchannel shows the same expected trend as the commercial flow field.
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Figure 16: Limiting current at for varying cathode stoichiometric ratios for the microchannel and commercial

flow field designs
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The increase for the commercial flow field design is more regular or gradual whilst for the
microchannel design the initial difference from a stoichiometry of 2 to 2.5 is significantly more than
the other step increases. This result shows that the microchannel design is more sensitive to changes
in the stoichiometric ratio at higher current densities. This may imply that it is easier to remove
water from the microchannels by increasing the flow compared to the commercial flow field
channels. Given that the channel width of the microchannel is 5 times less than the commercial one,
the size of the water droplets in the microchannels will be considerably smaller. Therefore for the
same drag force it should be easier to remove water from the microchannels than the commercial
minichannels. An additional explanation for the lower sensitivity of the commercial flow field to
changes in stoichiometry may be that flooding in this system may not be in the channels but rather
in the GDL. This is very possible given the fact that the commercial flow field has a larger land or rib
width (1 mm) which is an order of magnitude higher than the microchannel flow field rib width (0.1
mm). Flooding in fuel cell systems employing conventional minichannels such as those present in the
commercial flow field are known to most commonly occur in the GDL under the land areas of the

flow field (Cha et al., 2004).

Figure 17 shows that the Faradaic resistance increases as the cathode stoichiometric ratio decreases
for both flow field designs. The increasing resistance is far less pronounced for the microchannel
design, although the larger difference from a stoichiometric ratio of 2 to 2.5 is in agreement with the

results of the trend in the limiting current.
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Figure 17: Faradaic resistance for varying cathode stoichiometric ratios for the microchannel and commercial
flow field cells designs at 1.2 Acm’
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5.1.4 Oxygen partial pressure vs. drag force
Figure 18 shows polarization curve and high frequency resistance results of Test 9. In addition the

result of the highest stoichiometric ratio from test 2 (s=4) is also superimposed on the graph. This
test was conducted to determine the main contributor (increased oxygen partial pressure vs.
increased drag force to push out water) to the performance increase as the cathode stoichiometric
ratio increases in the microchannel design. Test 9 ensured that the drag force was constant but the
oxygen partial pressure varied. Figure 18 indicates that there is a slight improvement in performance
due to the increase in oxygen partial pressure (s=2 and P = 1bar vs. s=2 and P = 1.18 bar). However
the improvement in performance does not match the performance of the highest stoichiometric

ratio (s=4).

The result confirms that the performance increased when the stoichiometric ratio increased, as
expected, a combination of both the increase in oxygen partial pressure and an increase in drag.
However given that there is only a slight improvement with an increase in oxygen pressure, it can be
argued that the major contributor to the performance increase is the increased drag force. It can
also be argued that above a current density of 1.5 Acm?, the performance increase is for the most
part due to the increased drag force. This result is of interest for the operation protocol of a system
employing a microchannel flow field design. More specifically if the operating current density is
below 1.5 Acm™ then using a stoichiometric ratio of 4 (and therefore higher load on an upstream
compressor to achieve this extra flow) will not improve performance significantly compared to a
lower stoichiometric ratio. In other words only if the operating current density is above 1.5 Acm™
will the flow rate need to be adjusted. This result also supports the argument made to explain the
trend in the limiting current for the microchannel design, viz. the microchannel flow field
experiences water build-up in the channels (as opposed to the in the GDL) and this is removed by

increasing the cathode flow rate.
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Figure 18: Polarization curve and high frequency resistance (HFR) for a fixed cathode stoichiometry and varying
cathode operating pressure in the microchannel flow field design. The result of s = 4 is superimposed for
comparative purposes

5.2 Effect of Cell Compression

5.2.1 Microchannel flow field
Figures 19 and 20 show the effect of varying the cathode stoichiometric ratio on the polarization

curve performance and high frequency resistance in the microchannel flow field design (Tests 1 and
3) for a bolt torque of 1 and 2.6 Nm respectively. For both torques, the performance in the medium
to high current density increases as stoichiometric ratio increases. Subsequently the limiting current
also increases as the stoichiometric ratio increases. For the torque of 1.0 Nm, the limiting currents
are significantly lower than at 2.6 Nm. A discussion of the trends in limiting current and other
parameters is presented in section 5.2.3 in addition to a comparison of the results of the commercial

flow field.

Figure 21 presents the EIS results at 0.25 Acm™ and 1.2 Acm™ at torques of 1 Nm and 2.6 Nm. Similar
to the results obtained at 1.6 Nm (section 5.1) the Faradaic resistances increase with decreasing
stoichiometric ratio at the higher current density of 1.2 Acm™, whilst minimal difference is seen at

the lower current density of 0.25 Acm™.
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Figure 19: Effect of varying cathode stoichiometry on polarization curve performance and high frequency

resistance (HFR) in the microchannel flow field at a bolt torque of 1 Nm (Test 1)
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Figure 20: Effect of varying cathode stoichiometry on polarization curve performance and high frequency

resistance (HFR) in the microchannel flow field at a bolt torque of 2.6 Nm (Test 3)
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c). d).

Figure 21: Nyquist plots in the microchannel flow field at; a). 1 Nm & 0.25 Acm’, b). 2.6 Nm & 0.25 Acm?, ¢). 1 Nm & 1,2 Acm™ and d). 2.6 Nm & 1.2 Acm”
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5.2.2 Commercial flow field
Figures 22 and 23 show the effect of varying the cathode stoichiometric ratio on the polarization

curve performance and high frequency resistance in the commercial flow field design (Tests 4 and 6)
for a bolt torque of 1 Nm and 2.6 Nm respectively. Whilst the general trend of improved
performance with increasing stoichiometric ratio at the high current densities is still observed the

improvement in performance is considerably less than that in the microchannel flow field design.
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Figure 22: Effect of varying cathode stoichiometry on polarization curve performance and high frequency
resistance (HFR) in the commercial flow field at a bolt torque of 1 Nm (Test 4)
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Figure 23: Effect of varying cathode stoichiometry on polarization curve performance and high frequency
resistance (HFR) in the commercial flow field at a bolt torque of 2.6 Nm (Test 6)

Figure 24 presents the EIS results at 0.25 Acm™ at torques of 1 Nm and 2.6 Nm. EIS measurements at
1.2 Acm™ were conducted but no stable results were obtained and this is not surprising given that at
both torques and for all stoichiometric ratios the limiting current from the polarization curves was

found to be less than or in one case equal to 1.2 Acm™.

46
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Figure 24: Nyquist plots in the commercial flow field at; a). 1 Nm & 0.25 Acm?, b). 2.6 Nm & 0.25 Acm
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5.2.3 Comparison of trends of microchannel and commercial flow field designs
At all torques, the microchannel design is more sensitive to changes in the flow rate and therefore

changes in the drag force. This once again suggest that water build-up for the microchannels is in the
channels and not the GDL. In the case of the commercial flow field design, the fact that the
performance in the high current density region is not very sensitive to cathode flow rate, specifically
at the highest torque, further confirms the notion that most of the build-up or flooding effects for

the commercial design takes places in the GDL.

Figure 25 compares ohmic resistance as a function of the cell compression for the microchannel and
commercial flow field at a current density of 0.25 Acm™ and a cathode stoichiometric ratio of 2. For
both designs the lowest resistance was observed at the middle torque of 1.6 Nm. This can be
rationalised since at a bolt torque of 1 Nm the contact between the different cell components is not
sufficient resulting in a high contact resistance, whilst at too high a bolt torque of 2.6 Nm the cell
compression may be uneven resulting in poor contact in the middle areas of the active area. The
difference in the resistances show that the commercial flow field is far more sensitive to bolt torque
than the microchannel flow flied. This suggests that the distribution of the cell torque across the
active area is far better for the microchannel design compared to the commercial design resulting in
less sensitivity to different cell torques. The commercial flow field has a conventional land or rib
width of 1 mm. The microchannel design on the other hand has a land width an order of magnitude
lower, specifically 0.1 mm. Thinner land widths and therefore more frequent land sections per unit

length appear to provide better distribution of the cell torque across the fuel cell active area.
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Figure 25: Ohmic resistance as a function of cell compression for the microchannel and commercial flow field
at a current density of 0.25 Acm™ and a cathode stoichiometric ratio of 2

Figure 26 compares the limiting current as a function of the cell compression for the microchannel
and commercial flow field at a current density of 0.25 Acm™ and a cathode stoichiometric ratio of 2.
The results show that the same trend for both flow field designs with the highest limiting current in
both cases being observed for the intermediate torque of 1.6 Nm. The worst result at 1 Nm can be
closely related to the high ohmic resistances observed at this lowest torque. The limiting current is
predominantly affected by the mass transfer limitations within the system such as flooding. The
flooding as previously mentioned can be anywhere in the catalyst layer, GDL or flow channels.
However it can also be affected by the ohmic resistance since a very high resistance results in
increased voltage losses which in turn can result in an impact on voltage drop. At the highest torque,
over-compression of some parts of the GDL may lead to increased flooding which may explain a

lower limiting current than at a torque of 1.6 Nm.
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Figure 26: Limiting current as a function of cell compression for the microchannel and commercial flow field at
a current density of 0.25 Acm™ and a cathode stoichiometric ratio of 2

5.3 Pressure Drop Behaviour
Figure 27 shows the pressure drop co-efficient as a function of the stoichiometric ratio at four

different current densities for the microchannel flow field design (Test 7 in section 4.3). Unlike the
polarization curve measurements, the cathode flow rates in the pressure drop measurements were

load following (as indicated in Table 5) and therefore increased as the current density increased.

Figure 27 shows that for all current densities a trend of decreasing pressure drop co-efficient as the
stoichiometric ratio increases was observed. At a lower stoichiometric ratio and therefore a lower
cathode flow rate, the drag force to push out any liquid water in the channels is less. The resulting
higher presence of liquid water at the lower stoichiometric ratio results in greater resistance to gas
flow causing the greater the pressure drop. The fact that the pressure drop co-efficient decreased
significantly from the lowest to the highest stoichiometry (essentially an average slope in the graph)

clearly points out to the removal of liquid water in the channels.
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Figure 27: Two-phase pressure drop co-efficient at different current densities in microchannel flow field design

The effect of the change in stoichiometric ratio on the pressure drop co-efficient becomes less as the
current density increases. This is interesting since even though at the higher current densities there
is more water, the higher total flow rate of gas and therefore higher drag force is clearly the
dominating factor. This is confirmed by the fact that for all stoichiometric ratios, the highest
pressure drop co-efficient observed was for the lowest current density. More specifically at each
stoichiometric ratio the pressure drop co-efficient decreased with an increasing current density. This
supports the previously mentioned statement that the magnitude of the drag force (dependant on
the absolute total gas flow rate) has a strong influence on the amount of water present in the

channels.

Figure 28 shows the pressure drop co-efficient as a function of the stoichiometric ratio at four
different current densities for the commercial flow field design (Test 8 in section 4.3). The general
trend of a decreasing co-efficient with increasing stoichiometric ratio at all current densities is once
again observed. However there were few cases at the lower stoichiometric ratios where the
pressure drop increased slightly with increasing stoichiometric ratio. Unlike the microchannel flow
field design, the pressure drop co-efficient did not decrease significantly with increasing
stoichiometric ratio. Furthermore the pressure drop co-efficient values are a lot closer to unity for

the commercial flow field design across all conditions tested. This points towards less water build-up
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in the channels of the commercial flow field design compared to the microchannel design. An
alternative interpretation could be that the microchannel design is far more sensitive to the build-up
of liquid water. In other words the smaller size of the microchannel means water build-up occurs
more easily than the larger channels of the commercial flow field design (Cha et al., 2004).
Furthermore, the commercial flow field plate in this study is made of graphite whereas the
microchannel flow field plate is made of stainless steel. The contact angle of water on graphite is
higher than that on stainless steel and therefore build-up of water on graphite based channels is less

favourable than metal based channels.
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Figure 28: Two-phase pressure drop co-efficient at different current densities in commercial flow field design

The results from both flow field designs show very similar trends to similar experiments on the
pressure drop co-efficient in the literature (Hussaini and Wang, 2009). A combined analysis of the
results suggests that the there is more water build-up in the channels for the microchannel design.
This does not necessarily mean there is no water build-up in the fuel cell for the commercial flow
field design. In fact the combination of the pressure drop measurements and polarization curve
results (which show inferior performance for the commercial flow field and signs of earlier onset of
flooding in the fuel cell) suggest that for the commercial flow field design most of the flooding is
occurring in the GDL and not the channels. This is not surprising given that the rib width of the

commercial flow field is an order of magnitude higher that the microchannel and flooding in the GDL
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under the land area is known to be the most common region of flooding for flow field designs such
as the commercial design (Kumar & Reddy, 2003; Cha et al., 2004). The fact that the microchannel
design performs so much better in the polarization curve also means that the effect of GDL flooding
on performance is far more significant than channel flooding. It also means that whilst the
microchannel design shows characteristics of flooding in the channels, the design significantly

reduces flooding in the GDL.

5.4 Cell Voltage Fluctuations

Figure 29 shows the cell voltage as a function of time at four different stoichiometric ratios and
three different current densities for the microchannel flow field design. Similar to the pressure drop
measurements the cathode flow rates were load following and therefore dependant on the

operating current density.

The results show very similar performance (cell voltage) for the 4 stoichiometric ratios at a current
density of 0.25 and 0.5 Acm™. In addition the frequency and pattern of the cell voltage fluctuations
are very similar. The similar performance is not surprising and agrees with the very similar
performance seen in the polarization curve at these current densities. The cell voltage fluctuations
are indicative of flooding. Typically the greater the flooding the greater the severity of the
fluctuations both in terms of the frequency and size (peaks/troughs) of the fluctuations. The

fluctuations could be as result of flooding in any of the catalyst layer, GDL or flow field.

At a current density of 1 Acm™ a performance difference is observable with, as expected, improved
performance as stoichiometric ratio increases. There is however no considerable reduction in the
size or frequency of the fluctuations as stoichiometric ratio increases. The size of the fluctuations
increase slightly in comparison to the lower current densities. This suggests more flooding at the
higher current density which is as expected given the higher rate of water production. It is important
to point out that these results do not contradict the pressure drop measurement results from
section 5.3 since the pressure drop measurement results are purely a function of water in the
channels whilst the cell voltage measurements results are influenced by, as previously mentioned,

water build-up in any of the catalyst layer, GDL or flow field.
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Figure 29: Cell voltage as a function of time for different stoichiometric ratios and current densities in the microchannel flow field
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Figure 30 shows the cell voltage as a function of time at four different stoichiometric ratios and
three different current densities for the commercial flow field design. Unlike the microchannel
design, the performance difference at different stoichiometric ratios starts becoming observable at a
lower current density region of 0.5 Acm™. There is also a significantly bigger difference in
performance across the four stoichiometric ratios at a current density of 1 Acm™ compared to the
microchannel design. Another notable difference in comparison to the microchannel design is the
increased frequency of the fluctuations specifically at the lower stoichiometric ratios. For all three
current densities, the size of the fluctuations decreases considerably as the stoichiometric ratio
increases. In general the higher frequency and bigger size of the fluctuations for the commercial flow

field design clearly point towards a greater degree of water build-up flooding.

55



Voltage / V

Voltage / V

Voltage / V

i=0.25 Alcm2

I I I I I
0.73

0.72 s i 1 U g i AT o A i R i T e e T T A W | Ly TRTET LT R

0.71
0.7

069 | | | | | | | |
0

i=0.50 A.chz
066 I | | | | | |

-‘ﬂ‘w . "y W W e A s
Ty i o gy e Y L g

y AT D AN % egho vr|-|.uli'4l He
ZZ WQWWM afivaf ﬂﬁ**ﬁ!‘q"ﬁ-m I MM”’" iHI:‘\}'In 'W"\ﬂ"'ﬂ“ﬂ‘"‘im'm ‘- 4 " ||1*¢U a3 QVﬂTH:‘n' Ju“tl" LA, M'Hn 'F W'"H“.I'l'
0.6 | | | | | | | | 7
0 1 2 3 4 5 6 7 8 9
x 10*
i=1.00 Alcm2
05 I ) L —t] '
MW"

: ammmmmmwmmm
x m"

*100 (milliseconds)

Figure 30: Cell voltage as a function of time for different stoichiometric ratios and current densities in the commercial flow field

56

womomow
1 n n
[ERERNES




6. Conclusions and Recommendations

6.1 Conclusions

This study has investigated the use of a microchannel flow field design for a low temperature PEFC.

A summary of the main findings are as follows:

e The microchannel flow field design showed a similar trend (polarization curve and limiting
current) to a commercial minichannel based system when the cathode flow rate was
changed. Specifically the limiting current increased as cathode flow rate or cathode
stoichiometric ratio increased.

e The microchannel flow field design was more sensitive to changes in the cathode flow rate
at high current densities at all cell compressions. This implies that it is easier to remove
water from the fuel cell using the microchannel system in comparison to the commercial
minichannel system.

e The increased performance sensitivity to the flow rate suggests water build-up for the
microchannel flow field design is predominantly in the channels and not the GDL, as is
typically the case with conventional minichannel based systems.

o The lower sensitivity of the commercial minichannel flow field design suggested that most of
the water build-up or flooding effects for the commercial design took place in the GDL.

e The dominating contribution to the performance increase when increasing the cathode flow
rate for the microchannel design was found to be the increased drag force to remove water
and not the increase in the oxygen partial pressure.

e The ohmic resistance of the microchannel flow field design was less sensitive to changes in
cell compression than the commercial minichannel system. This confirmed that the
distribution of the cell compression across the active area was superior for the microchannel
design and this was attributed to the thinner land width and therefore more frequent land
sections per unit area.

e The pressure drop co-efficient measurements showed a significant decrease in the co-
efficient with increasing cathode flow rate for the microchannel flow field design whilst for
the commercial design the decrease was relatively less and the co-efficient was closer to

unity.
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e Cell voltage measurements show more fluctuations (frequency and size) at all the conditions
tested for the commercial flow field design compared to the microchannel design. This
indicated towards a degree of flooding in the fuel cell employing the commercial

minichannel system.

The combined analysis of all the results strongly suggested that most of water build-up for the fuel
cell using the microchannel flow field design was in the flow channels whilst for the fuel cell with the
commercial minichannel design the water build-up was predominantly in the GDL. This coupled with
the fact that the fuel cell with commercial minichannel design revealed a greater degree of flooding
implied that water build-up in the GDL was a stronger contributor to mass transfer limitations than
water build-up in the flow channels. It also meant that whilst the microchannel design showed

characteristics of flooding in the channels, the design significantly reduced flooding in the GDL.

6.2 Recommendations

This study has developed a better understanding of the operation of a fuel cell using a microchannel
flow field design. Specifically useful information and knowledge of water build-up and flooding in a
fuel cell using a microchannel flow field design has been gained. It is recommended that the water
imaging experiments such as neutron imaging be conducted on a fuel cell using a microchannel flow
field design to completely map out the water distribution during fuel cell operation. A further study
could also involve studying the different channel and land widths to determine whether a threshold

value exists where flooding in the GDL becomes dominating.
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Appendix




Summary of Fuel Cell Tests and Operating Conditions

T / Operating conditions Diagnostic tests
) orgue
Flow field - .
Nm T/°C P/bar BH/%  Siade  Seathode
1 Microchannel 1
* Polarization curves
2 Microchannel 16
+ High frequency
. 2,25, 3
3 Microchannel 26 15 _ resistance
&4@
@15 _
a Cammercial 1 A e 15 ¢ Electrochemical
-2
1 Acm impedance spectroscopy
5 C ial 16
ommercia at 0.25and 1.2 & cm?
_ 80 100%
6 Commercial 26
7 Microchannel 16 2 253 e Pressure drop co-
15 % 4 efficient measurements
g8 Commercial 16 + Cell voltage monitoring
Anode - ¢ Polarization curves
8 Microchannel 16 : o 15 2 ¢ High frequency
atnooe-
Varying® resistance

MB. T = temperature, P = Pressure, RH = Relative Humidity of anode and cathode,
Sanade = Stoichiometry of anode, Scahed- = stoichiometry of cathode.
*described in table below

Required operating pressure at

Stoichiometric Ratio Oxygen Partial Pressure (bar) o . . .
stoichiometric ratio of 2 (bar)

2.0 0.108 1.00

4.0 0.148 1.18




Oxygen Partial Pressure versus Drag Force Calculation

The average oxygen partial pressures in the PEFC corresponding to air stoichiometric ratios of 2 and
4 were calculated from the inlet and exit oxygen partial pressures at the different stoichiometries.
The required air flow rates at the different stoichiometries were based on a current density of 1.5
Acm™. The inlet oxygen partial pressure was deduced from the mole fractions of water vapour and
synthetic air fed at the different air stoichiometric ratios. The mole fraction of oxygen in the
synthetic air was provided by the supplier, Air Products. The Antoine Equation was used to
determine the mole fraction of water vapour in cathode feed. Because the synthetic air was
saturated with water vapour and the operation temperature was fixed, the amount of water vapour

throughout the PEFC was constant for the different air stoichiometric ratios.

The exit oxygen partial pressures was determined by subtracting the amount of oxygen consumed
during the oxygen reduction reaction from the amount of oxygen fed at the different air
stoichiometric ratios. The amount of water vapour and nitrogen in the inlet was the same as in the
outlet because they did not participate in the overall oxygen reduction reaction. The partial pressure
of oxygen in the outlet was then determined as the mole fraction of oxygen in the water vapour,

nitrogen and oxygen PEFC exit mixture.

Besides changing the stoichiometric ratios, the operation pressure can be changed to vary the
average oxygen partial pressure in the PEFC. The stoichiometric ratio can remain fixed while the
operation pressure is increased to obtain the same change in average oxygen partial pressure
obtained from increasing the air stoichiometric ratios at a fixed operation pressure. To achieve the
same change in average oxygen partial pressure using the two different methods, the pressure drop

between the PEFC’s inlet and outlet must also remain fixed in both methods.



Calculation of Hydrogen inlet volumetric flow rate

The number of moles of hydrogen, ny,, consumed at a current density of 1.5 Acm?is given by;

1
ng, = I x Active Area * F

= 1525 % 556290

Q

1.943 * 10™* mol/s

Therefore the number of moles that correspond to a stoichiometric ratio of 1.5 are;
~ 1.5+ 1.943 « 10~*
~ 2.915 % 10~* mol/s

The volumetric flow of hydrogen, V,,, fed to the PEFC is obtained from the ideal gas equation. The

temperature and pressure used are governed by that calibrated for the hydrogen inlet value (273.15

K and 1 Bara).

Nyo * RT

V, =
H2 P

2915+ 1074 % 8.314 * 273.15
- 101325

3
m

=~ 0.40 litres per min




Calculation of Air inlet volumetric flow rate

The number of moles of oxygen, ng,, consumed by the oxygen reduction reaction is given by;

1

noy = I * Active Area * SHF

= 1525 156290

~ 9.716 * 10™> mol/s
Therefore the number of moles that correspond to a stoichiometric ratio of 2 are;
~2%9716 x107°

~ 1.943 * 107> mol/s

The total moles of air, n,;, that must be fed to the PEFC are given by;

Ngir

1.943 %« 1073
- 0.21

~ 9.253 * 10™* mol/s

The volumetric flow of air, V,,, fed to the PEFC is obtained from the ideal gas equation. The

temperature and pressure used are governed by that calibrated for the air inlet value (273.15 K and
1 Bara).

Ngir * RT
p

Vair =

~9.253 % 10~% % 8.314 % 273.15
- 101325

3
m
~ 2.074 % 1075 -

~ 1.25 litres per min
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