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ABSTRACT

Proton exchange membrane fuel cell (PEMFC) is clean electrochemical en-

ergy generation device that generates electricity by electrochemical reactions be-

tween hydrogen and oxygen and the only byproducts of this reaction are heat and

water. PEMFCs are considered to be the most promising technology to replace

internal combustion engines for automotive application however for the commer-

cialization of PEMFCs many technical challenges need to be overcome including

decreasing Pt loading, increasing high current density performance, better water

and thermal management and cell durability. Understanding the transport inside

the PEMFC components are crucial for solving the technical challenges. In PEM-

FCs, most of the cell components are of nano to micro meter length scale which

makes experimental characterization and diagnostics extremely difficult. Numeri-

cal models built on fundamental physics are critical for further development of this

technology.

In my doctoral research I took a comprehensive simulation approach by first

building a single-phase model, followed by expanding the physics towards two-

phase simulation, and completed by a full down-the-channel model.At first a single

phase steady state 1-D modeling framework is developed which accounts accurate

membrane water balance considering electro-osmotic drag and back diffusion, non-

isothermal heat transfer inside thin PEMFC components, oxide coverage dependent

ORR kinetics, proton transport loss in electrode with respect to I/C ratio, convective

and diffusive gas transport, shorting and cross over current to accurately capture

open circuit voltage, effects of land/channel geometry on transport and non-fickian

resistance in electrode and microporous layer.

Next to expand the modeling capability in high humidity or high current

density operations two-phase water transport in the GDL and in electrode is added

to the 1-D modeling framework. To model liquid water transport in the gas diffusion

media, a novel approach has been proposed that only requires the GDL porosity and
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tortuosity to formulate. To capture the effects of liquid water condensation in the

electrode an empirical approach is adopted which correlates local water activity with

catalyst utilization factor. The developed 1-D model establishes a robust modeling

framework and it is validated with polarization and limiting current experimental

results.

Finally, the 1-D two-phase model is expanded to a down-the-channel perfor-

mance model to study the effects of stoichiometric flow rate, flow orientation (co-flow

and counter-flow), channel pressure drop and coolant temperature on cell perfor-

mance. The developed down-the-channel model can simulate species and current

density distribution in along-the-channel direction and the results from developed

1+1-D model has been validated with experimental measurements from literature.

In addition, parametric numerical studies on asymmetric GDL thickness, membrane

thickness and asymmetric channel RH have been conducted to study internal water

circulation mechanism. Down-the-channel simulation results show that counter-flow

operation at low stoichiometric conditions enables efficient internal water circulation

inside the cell, which improves membrane humidification and cell performance un-

der extremely dry conditions. The findings from the newly developed model provide

critical insights on the interaction of coupled heat and mass transfer, charge trans-

port and down-the-channel distribution at realistic fuel cell operating conditions.
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Chapter 1

INTRODUCTION

Since the industrial revolution in the 19th century, CO2 levels in atmosphere

has been rising consistently. The increase of CO2 emission has contributed largely

to the greenhouse effect. In the last 100 years the temperature of the earth has

increased more than 1 degree Celsius. The temperature shift has forced us to face

the biggest challenge of 21st century, “Climate change”. EPA data [3] from 2013

has shown that in United States the transportation, energy and industrial sector

account for more than 70% of the total CO2 emission. In fact, the transportation

sector alone contributes to a one third of total CO2 emission. Therefore finding a

clean power train device for transportation industry is critical for reduction CO2

emission.

1.1 Motivation

Two most promising technologies to replace internal combustion engines are

batteries and fuel cells and both are electrochemical devices that produce electri-

cal power by converting chemical energy. Fuel cells combine hydrogen and oxygen

by electrochemical reaction to generate electricity. It can be viewed as an“open”

thermodynamic systems. The fuel cell engine can generate electricity as long as it

is continually supplied with fuel and oxidizer. If the operating condition are main-

tained, fuel cells can effectively produce a constant current at a constant voltage. In

contrast batteries are “closed” thermodynamic systems that stores a finite amount

of chemical energy. As electrical energy is drawn from the battery, the reactants de-

plete and the battery efficiency is decreased. Essentially battery is a energy storage

device and the only possibility to increase energy storage capacity is by increasing

the battery size, which includes volume and weight. This is a major setback for the

use of battery in automotive applications with heavy duty cycle (bus or trucks) or
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long drive cycle (highway driving). In addition, battery charging time is also a con-

cern for automotive applications. Due to this inherent operational characteristics,

battery based technologies alone are not sufficient to completely replace internal

combustion engines.

Fuel cell was originally discovered by a Welsh Physicist William Grove in

1839. Since then fuel cell technology has gained significant attention from scientists

and researchers. Due to the advancement in nanotechnology, fuel cell technology

had made substantial improvement in performance, durability and cost. There are

different fuel cell technologies currently under development. They can be differ-

entiated based on their electrolyte and operating temperature range. The major

fuel cell types are : Proton exchange membrane fuel cell (PEMFC), solid oxide fuel

cell (SOFC), alkaline fuel cell (AFC), direct methanol fuel cell (DMFC), phosporic

Acid fuel cell (PAFC) and molten carbonate fuel cell (MCFC). Even though all fuel

cells the work based on the same electrochemical principles, they can operate at

different temperature range, use different materials and the performance can also

vary a lot. PEMFC is the only fuel cell type that can operate at a low temperature

range (< 100◦C) with high power density. Proton exchange membrane fuel cell was

first used in 1960s for NASA’s Gemini space flights for their first manned spaceship

[145]. It was developed by General Electric in USA and had a lifetime of 500 hour,

catalyst loading of 28 mg/cm2 compared to 4000 hour and <0.15 mg/cm2 of current

PEMFCs [11]. Beside the operating temperature PEMFC also has several other

advantages like fast start-up, quick refueling time and durability[19, 109, 117, 61,

157]. Because of these advantages, most automotive companies consider PEMFCs

as one of the most clean and sustainable technology for automotive applications.

1.2 Proton Exchange Membrane Fuel Cells

A PEM fuel cell has the following reactions. In anode side Hydrogen is

supplied as fuel and hydrogen oxidation reaction (HOR) occurs as shown in equation

1.1. In cathode side generally air is supplied and the oxygen participates in Oxygen

reduction reaction (ORR) shown in equation 1.2.

H2(g) −−→ 2 H+ + 2 e− (1.1)
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1

2
O2(g) + 2 H+ + 2 e− −−→ H2O(l) (1.2)

The net exothermic reaction can be written as

H2 (g) +
1

2
O2 (g) −−→ H2O (l) (1.3)

PEMFC generates electricity and the byproducts are waste heat and water. Reac-

tants are transported by diffusion and convection to the electrodes surface where

the electrochemical reactions take place.

A schematic of fuel cell performance i− V curve is shown in figure 1.1. The

voltage output of a fuel cell is always less than thermodynamically predicted cell

voltage. Like any other system in universe, fuel cells also go suffer through irre-

versible losses. These losses increases as more current is drawn from the cell. Three

major losses can be clearly identified in figure 1.1. At low current densities cell

performance loss is mainly due to activation loss. Activation loss occurs due to

electrochemical reactions. Electrochemical reaction involve charge transfer and the

current generated is proportional to reaction rate. To achieve higher current more
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reactants need to be converted to products. A portion of cell voltage is compro-

mised to lower the activation barrier for the conversion of reactants to products.

This is known as activation loss. In H2−O2 fuel cell hydrogen kinetics are generally

4 to 5 orders of magnitude higher than oxygen reduction kinetics. The sluggish

reaction kinetics of oxygen is the major contributor to activation loss. As current

density is further increased ohmic losses are dominant. Ohmic loss refers to the

voltage losses due to ionic and electronic conduction. Protons are generated in the

anode electrode during the HOR reaction. To complete the ORR reaction, the pro-

tons need to transport throgh the anode, membrane and cathode electrode. This

causes a major voltage loss in intermediate current density. Proton conduction in

the ionomer is strongly coupled with local water content. So a proper balance be-

tween cell hydration and flooding is critical. As current density is further increased,

the cell performance drops due to mass transport loss. Mass transport loss occurs

due to reactant (H2, O2) depletion in the electrode. Under dry operating condi-

tion, reactant depletion occurs due to insufficient reactant supply. However under

wet operating condition or high current density, liquid water may condense in the

electrode or GDL. This blocks the pathway for oxygen diffusion and results in a

reactant depletion in the electrode. However, these are three operational regions of

PEMFC.

1.3 PEMFC Components

A PEMFC generally consists of a proton exchange membrane, two electrodes

(anode and cathode), gas diffusion layer (GDL) and flow field (FF). These layers

are compressed together to form a PEMFC sandwich. The membrane and the two

electrodes are often commonly referred as the membrane electrode assembly (MEA).

The electrodes are typically made out of carbon, ionomer and catalyst particles and

is considered as the heart of the fuel cell where all electrochemical reactions occur.

Between the electrode and the flow field a gas diffusion media is used. The purpose

of the gas diffusion media is to transport oxygen to the electrode, remove product

water and conduct electron. Flow field is assembled right after the gas diffusion

media. The primary functions the flow field in PEMFCs are to supply fuel and

oxidant to the reaction sites, remove product water, transport heat and electrons

and provide mechanical support to MEA. But flow fields mostly transport reactants
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and products by convection. A schematic diagram for PEMFC components is shown

in figure 1.2.

Figure 1.2: Schematic diagram of PEMFC components and their corresponding
functions (image obtained from Yuan et. el. [159]).

1.3.1 Flow-field

Flow field is one of the most important component of fuel cell. It performs

several important tasks such as:

• Supplying reactant gases to the MEA.

• Collecting the generated current

• Removing the generated water

• Removing waste heat

• Uniformly distributing reactants

• Providing mechanical support to the cell

For a given MEA the flow field design can heavily impact the the cell performance.

Desirable flow field designs uniformly distribute reactant gases and also prevent

flooding by removing the generated water as non-uniform reactant distribution or
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flooding can cause higher ohmic and mass transport losses. To improve the reactant

distribution flow fields designs are often optimized with channel geometric param-

eters, such as width, length, depth, cross-sectional shape, and crosssection profile

from inlet to exit. Simplest form of channel designs are straight parallel or serpen-

tine type as shown in figure 1.3. In recent years more novel channel designs has been

proposed and auto manufacturers often use more intricate and complex flow field

designs to improve performance. However, complex flow field designs often comes

at cost of high pressure drop which requires higher pumping power.

Figure 1.3: Conventional fuel cell flow field designs (a) straight parallel (b) mul-
tiple channel serpentine (c) single channel serpentine [99]

Flow fields also need to have high electrical and thermal conductivity so

that the generated current can be collected with minimal voltage loss and the heat

can be removed easily too. To achieve this goal flow fields are generally made of

materials which have high electrical and thermal conductivity such as metals or

graphite. Metals can be an excellent candidate as they have high electrical and

thermal conductivity, they are low cost and easy to manufacture materials. But

operating environment inside the PEMFC is highly corrosive with low pH levels,

high humidity and high temperatures. At such harsh conditions typical metals

aluminum or steel starts to corrode and the metal ions from corrosion diffuse to the

fuel cell membranes which degrades the membrane and reduce durability [51]. To

solve this issue graphite is used for flow field material even though the conductivity

is order of magnitude lower than metals and the manufacturability is not as easy

as the metals. In addition a large fraction of PEMFC stack weight comes from flow

fields and stack performance and durability is also highly dependent on flow field

designs.
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1.3.2 Gas diffusion layer

The gas diffusion layer (GDL) is a porous gas transport layer that is sand-

wiched between the electrode and the flow field. It performs four major tasks during

PEMFC operation including oxygen transport, electron conduction, product water

removal and providing mechanical support to cell compression loads. Carbon based

products such as wooven carbon cloth, non-woven carbon paper or carbon foam is

typically used to fabricate GDLs as carbon is highly conductive and stable in acidic

environment. The pores in the GDL provides pathways for Oxygen to diffuse from

the flow channels towards the electrode and the highly conductive carbon fibers

conduct the electron to the bipolar plates. GDL also removes the product water

from the electrode and plays a crucial role in the overall water management of the

cell. GDL can transport water in both liquid and vapor form and it is typically

wet-proofed by a hydrophobic agent PTFE to make the surface and pores in the

GDL hydrophobic. The micro-structure of the GDL such as fiber orientatio, pore

structure and size distribution can vary significantly between GDLs from different

manufacturers. A microscopic image of two commercially available gas diffusion

layer Toray and Freudenberg is shown in figure 1.4.

In general, the goal of a PEMFC is to generate higher current density and

a higher current density operation will require higher flux of reactant gases and

product water removal. So optimizing gas diffusion layer properies is critical for

effectively transporting the gases to the electrode [112, 154].

1.3.3 Microporous layer

Microporous layer (MPL) is one of the more recent developments in PEMFC

technology and it is often considered an extension of the GDL as the inclusion of this

layer is optional for PEMFC operation. The microporous layer is a thin layer made

of fine carbon black powder and PTFE and it is typically coated on the GDL. This

layer has high PTFE content generally more than 20% and as a result it exhibits

extreme hydrophobicity with a contact angle of more than 120°. Different kind of

carbon powder is used to fabricate MPL such as Vulcan or Acetylene black and

the pores sizes in MPL is also one or two order of magnitude lower than the GDL

with mean pore radius being in the range of 80-150 nm [108]. Because of its small

pore diameter gas in the MPL is primarily transported by knudsen diffusion instead
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Figure 1.4: Microscopic images of (a) Toray TGP-H-060 and (b) Freudenberg
H23C8 gas diffusion layer [28]

of molecular diffusion. The MPL gets in contact with the electrode providing a

much lower thermal and electrical contact resistance compared to bare GDL [135].

MPL has been extensively studied in literature and several performance advantages

of the MPL has been clearly identified all though exact physical mechanisms for

these performance gain is still not well understood. Firstly, MPL lowers electronic

contact resistance by providing better contact with the electrode and it also keeps

the membrane hydrated during dry operation [147]. Both of which reduces the ohmic

loss during cell operation. In addition, MPL is critical to improve mass transport

losses at high humidity operation as it helps to reduce flooding levels in the cell.

Finally MPL acts as a buffer region between the GDL and the electrode in terms of

structural stability [147].

1.3.4 Catalyst layer

The catalyst layer (CL) in PEMFCs is a highly porous layer where all the

chemical reaction takes place and it is the most important component of the cell.

CL remains in direct contact with the MPL and membrane and it usually comprises

of of the following elements

• Catalysts (Platinum group metal (PGM) or PGM free)

• Electron conducting medium such as carbon to support the metal catalysts
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(b)(a)

Figure 1.5: Microscopic images of (a) micro porous layer and (b) micro porous
layer coated on gas diffusion layer

• Perfluorosulfonate acid (PSFA) ionomer binders that provide pathway for pro-

ton transport

In addition often a hydrophobic agent such as polytetrafluoroethylene (PTFE) is

also added to improve liquid water removal capability of the catalyst layer [86]. The

carbon, Pt and ionomer binders form agglomerates of different size and shapes in

side the catalyst layer which results in a porous catalyst structure which is necessary

to achieve high electrochemical reaction surface area [25, 23]. The large pores inside

the CL are called secondary pores and the small pores are called primary pores.

The catalyst layer is present both on anode and cathode side. In anode CL the

hydrogen oxidation reaction (HOR) takes place which converts hydrogen to protons

and releases two electrons whereas in cathode oxygen is reduced to water with a

four electron process in the oxygen reduction reaction (ORR). Even though both

HOR and ORR are both heterogeneous electrochemical reactions the reaction rate

for HOR is several orders of magnitude higher than the ORR reaction. As a result

HOR reaction is completed without a very significant voltage loss for the cell. The

ORR reaction on the other hand is significantly more complex and exhibits a lot

slower reaction rates. For the ORR reaction to take place, electrons, protons and

oxygen need to meet at the Pt catalyst surface and the location where these three

phases meet (e−,H+ and O2) is called the triple phase boundary [44]. The waste

heat from the reaction is transferred through solid carbon matrix and the gases in

the pores. Depending the local electrode condition product water from the reaction

may exist in several different phases like vapor, liquid or adsorbed in ionomer.
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PEMFCs employ a acidic environment with humidified PFSA ionomers. In

such adverse environment Pt or Pt-based alloys are the only catalyst which have

exhibited high specific/mass activity for the slow ORR reaction. However the Pt is

an extremely precious metal and the use of Pt in PEMFC catalyst layers makes the

technology very expensive for commercialization. In order to reduce the cost of the

PEMFC system much extensive research effort is currently put into reducing the

amount of Pt (Pt loading) in the CL and to the search for alternative inexpensive

PGM free catalysts. Many PGM-free catalysts have been studied in literature such

as heteroatom-doped carbon, transition metal oxides, nitrides or carbides, transition

metal-ntrogen-carbon which is often abbreviated as M-N-C catalysts where M=Fe,

Co, Ni, Cu, Mn. Among various PGM-free catalysts Fe-N-C catalysts have shown

great promise with improving catalytic activity [143].

1.3.5 Membrane

The PEMFC membrane is a polymer made of tetrafluoroethylene (PTFE)

and perfluorocarbon-sulfonic acid (PSFA) ionomer. The catalyst layers are coated

on boths sides of the membrane and the membrane electrode assembly is generally

10



known as the MEA. PEMFC membranes only conduct protons and exhibit high

protonic conductivity. They are also highly impermeable to gases and act as the

barrier for gas cross-over. Most commonly used commercial membrane is Nafion

from DuPont. Other commercial membranes include Asahi Glass (Flemion), Asahi

Chemical (Aciplex) and Dow Chemical. W.L. Gore associates (GoreSelect). Re-

gardless of the manufacturer in all membranes the PSFA ionomers act as the proton

conductor whereas the PTFE backbone provides the mechanical integrity. Nafion

membranes can absorb high amount of water and they generally swell with higher

water content. Water can transport through the membrane in dissolved form and

the conductivity of the membrane is a strong function water content. Since the

protons need to travel the total thickness of the membrane to reach cathode cat-

alyst layer the thickness of the membrane plays a crucial role in voltage loss from

proton transport. To reduce the voltage loss very thin nafion membranes are used

(15-25 micron). The water transport mechanisms and conductivity of membrane is

discussed in detail in section 4.5.1.

1.4 Technical Challenges

Several challenges need to be solved for the commercialization PEMFC tech-

nology. Based on Department of Energy’s fuel cell status report [35], major chal-

lenges currently faced in PEMFC technology are shown in figure 1.7 shows the

current challenges. Broadly the current challenges can be divided into fuel supply

and PEMFC technology itself. One of the major issue that is impeding PEMFC

commercialization in automotive sector is the supply of hydrogen fuel. Even though

hydrogen is the most abundant element in the universe we do not get pure hydrogen

in environment. Common hydrogen generation techniques all have different chal-

lenges . In addition hydrogen is the smallest element of the periodic table and as

a result transport and storage of hydrogen is very difficult . For a sustainable and

reliable hydrogen fuel supply, efforts from both research sector and policy makers

are necessary.

Fuel cell degradation is another challenge that has drawn much attention

from researchers recently. The PEMFC used in NASA’s gemini spaceship in 1960s

had a lifetime of 500h only. Current fuel cells have a lifetime of 2500h which is a

big improvement. But the DOE target for 2020 is to achieve a lifetime of 5000h.
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Lastly, the major focus for PEMFC research now is cost reduction. As shown

in figure 1.7 major cost drivers for PEMFC are the Pt-catalyst used in cathode

electrode, gas diffusion media, membrane and the bipolar plates. Majority of the

performance loss originates in the cathode side due to the sluggish reaction kinetics

of oxygen reduction reaction. To overcome this issue expensive catalyst materials

such as Pt in the electrode. A large share of PEMFC research is currently devoted

to finding inexpensive Pt group metal (PGM) free catalyst material to reduce the

cost.

Besides electrode, improving the power density of the cell is another challenge.

To achieve high power density PEMFCs need to be operated at a high current density

(HCD). However, at HCD operation several complex phenomena occur at the same

time which makes the performance optimization process extremely challenging. To

improve PEMFC performance under HCD operation, understanding the transport

phenomena inside the cell is important. Most of the PEMFC components are nano

to micro scale thin. Due to this small scale issue, experimental tools are often

not adequate to understand transport. Numerical models can be very effective in

modeling transport inside these components and providing new insights. The aim

of this research is to develop a PEMFC model that can be used a performance

diagnostic and material optimization tool.

1.5 Research objectives and approach

PEM fuel cell operation is a multi-scale and multiphysics phenomena. The

length scale spans from few nano meters in the catalyst layer to few hundred mi-

crons in the gas diffusion media. The complex interaction of mass, heat and charge

transport in such small scale makes it an extremely challenging problem to solve.

For efficient operation, the reactant gases (H2 and O2) need to be transported from

the flow channels to the reactions sites which is achieved by convective and diffusive

mass transport. The protons generated in anode side also need to be transported

to the reaction sites in the cathode to complete the electrochemical reaction and

the transport of protons is a complex interactive problem between mass, heat and

charge transport. In addition, the product water may condense inside the GDL or

in the catalyst layer which hinders mass transport significantly and causes rapid

decline in PEMFC performance. The electrochemical reaction also generates waste
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heat which impacts all the aforementioned events. Understanding the complex in-

teraction of these physics is critical for improving fuel cell performance and reducing

the cost of the system.

The nano to micrometer length scale of the PEMFC components makes it ex-

tremely difficult to make in-situ measurement and characterization of the transport

proceses. Due to this limitations mathematical models are critical to understand the

interactive transport phenomena in PEMFCs. However there is significant knowl-

edge gap in the current PEMFC mathematical modeling literature particularly in

two-phase water transport modeling in the GDL and in electrode and simulation

PEMFCs under realistic operating conditions. In order to address this gaps the

research objectives of this thesis are to :

• Study liquid water condensation in the GDL and electrode

• Investigate the effect of liquid water condensation on oxygen transport..

• Investigate the effect of coupled heat and water transport on water condensa-

tion behavior.

• Understand the performance losses that originate due to liquid water conden-

sation inside the catalyst layer.

• Investigate down-the-channel distribution of species and current density under

realistic PEMFC operating conditions such as: low stoichiometry, counter-

flow, high pressure and coolant temperature gradient.

In order to achieve the targets, at first a 1-D modeling framework is developed

which can account the critical physics for simulating PEMFC transport under dry

operating conditions. Then two-phase water transport in the GDL and electrode

is added to the 1-D model to simulate the effect of water condensation on PEMFC

performance. Finally the two-phase 1-D model is expanded to a down-the-channel

model to investigate distribution of current and gas components in along the channel

direction at realistic automotive operating condition with low stoichiometry and

counter-flow.
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1.6 Thesis outline

In the current chapter, a overview PEMFC operating principle, components

and current technical challenges has been presented, followed by a the objectives of

this thesis research. In chapter 2 a comprehensive literature review of the PEMFC

models with gas phase and liquid phase transport along with down-the-channel

distribution is presented. In chapter 3 the materials used for fuel cell and the exper-

iment protocol for limiting current and polarization test is discussed. In chapter 4,

the framework of the 1-D model is presented and model results under dry operating

condition is discussed in detail. In chapter 5, a novel technique to model the effects

liquid water condensation in the GDL and catalyst layer is presented followed by

experimental validations. In chapter 6, the two-phase 1-D model is expanded to

a down-the-channel model to investigate transport in realistic operating condition

with low stoichiometry and counter-flow. Finally in chapter 9, the summary of the

thesis research and future research scopes are provided.
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Chapter 2

LITERATURE REVIEW

Over the last decade significant progress has been made in cost reduction

and performance improvement of PEMFCs. Major auto manufacturers have intro-

duced commercial fuel cell powered electric vehicles for consumer purchase [157, 97,

54]. In this rapid development of PEMFC technologies, both experimental research

and continuum scale modeling have made important contributions. Modeling, both

computational and analytical has enabled the researchers to gain insights into the

complex phenomena that are not possible to explain with experiments. Fuel cell

modeling started getting interests from researchers in early 1990s. More than hun-

dreds of PEMFC models have been published since then. Early PEMFC models were

mostly analytical and considered gas phase transport only but after the computing

capabilities increased, much of the focus shifted towards computational modeling

from early 2000. Computational models, based on finite volume and finite element

method, can calculate complicated 3D transport and electrochemical phenomena

occurring inside the cell. These 3D results provide valuable local distribution infor-

mation, which are difficult to measure physically. However, the 3D computational

models are extremely computational demanding, and the results are highly sensitive

to boundaries across the multi-physics, like heat transfer, fluid flow, electrochem-

istry, and phase change. These drawbacks make 3D computational modeling very

challenging and often less desirable for quick cell diagnosis. In contrast, developing

an analytical model based on fundamental physics is less computational demanding

and can help understand the fundamental physics easier. A well-constructed 1-D

analytical model can be used as a tool for cell diagnostics and material optimization.

However, Analytical models have its limitations too. Complex physical phenomena

that occurs during PEMFC operation are very difficult to solve analytically with

accuracy at high spatial resolution (2D, 3D). So analytical models are mostly re-

stricted to 0D, 1D or pseudo 2D (1+1D) scales. But even with these limitations,
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a well-constructed analytical model can be extremely useful. Empirical models are

simple and efficient in predicting the performance of a typical PEM fuel cell how-

ever, these models are unable to capture the transport processes in the fuel cell. To

capture the details of the transport processes, it is required to develop a detailed

mathematical model of PEM fuel cell and its numerical simulation.

2.1 PEMFC models with gas phase transport

Early PEMFC models found in literature mostly considered gas phase trans-

port. The models by by Springer et. el [130], Bernardi [14] and Verbrugge [13]

laid the PEMFC modeling foundation for the further advancement of mathemati-

cal modeling in this field. Both Springer and Bernardi-Verbrugge considered a 1D

sandwich consisting of MEA and diffusion media. While Bernardi and Verbrugge

assumed a fully hydrated membrane, Springer et al. solved membrane water trans-

port with varying water content. Springer’s model discussed importance hydrating

the Nafion membrane for lower ohmic losses. However, both these models assumed

isothermal temperature distribution in the 1D sandwich. Later, Bernardi [13] also

developed a simple 1D model to emphasis the effect of water balance in PEMFC

operation under different temperature, pressure and relative humidity ranges. But

he considered fully humidified membrane in this model as well. X. Li et al. [96, 95]

added a isothermal electrochemical PEMFC model to the water transport model

of Bernardi and Verbrugge to study various operating and design parameters on

cell performance. Following Springers modeling approach, Nguyen and White [105]

developed a pseudo 2D down the channel model and discussed variation of reactant

gas and water in down the channel direction. This model was non-isothermal but

considered membrane water balance. They showed the importance of the coupling

heat and water balance equations. However, for simplicity, they assumed a lin-

ear profile for water concentration in the membrane which does not represent the

accurate physics for membrane water profile.

Besides these two approaches, Fuller and Newman [40] applied the concen-

trated solution theory in membrane to formulate a 1-D model which was an ad-

vancement from Springer’s approach and they were one of the first to include non-

isothermal effects in a down the channel model. Later Amphlett et al. [5, 6, 94]

developed empirical models specifically for Ballard Mark IV cells and stacks using a
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constant water flux condition. W.Gu et al formulated a down-the-channel or pseudo

2D model including membrane water transport [47]. Kulikovsky [72, 76, 75, 77, 73,

74] also developed several analytical and semi analytical model focusing on non-

isothermal effects along the channel and showed that the cell can operate in three

limiting current regions due to oxygen limiting, water limiting and mixed regime.

Shamardina et al. [126] developed a 1-D isothermal model for a high temperature

PEMFC that can account gas cross over through the membrane. J.X Liu et al [89]

developed an isothermal 1-D model that includes the full cell geometry, but they

assumed a constant membrane conductivity. Among other pseudo 1-D models, Lin

[30] assumed a linear water content in membrane and Tsai [137] [31] and Chevalier

[27] used a constant membrane conductivity and Vijayaraghavan [141] formulated a

transient model to predict the voltage response the cell.

A.Z. Weber developed [152, 149] a 1D physical and analytical model for two

phase water transport in a Nafion membrane applying the concentrated solution

theory. Later they added a fuel cell electrochemical model [151] [36] and microporous

layer [150] to study the effects of flooding on PEMFC performance. They also

included coupled heat transfer and water transport model [150] to their previous

models and showed the importance of non-isothermal effects on water management.

However, they applied numerical techniques to solve the governing equations of the

model. Researchers have also developed analytical models which focuses only the

cathode side of the cell. For example, Neyerlin et al. [103, 102, 136] modeled only the

catalyst layers and studied the effects of RH on oxygen reduction kinetics. They also

obtained the current density distribution anode and cathode catalyst layer. Gurau

et al. [48] also developed an isothermal half-cell analytical model for the cathode

side. He discretized the gas diffusion media to obtain liquid water concentration

variation in the diffusion media. However, this model also did not include the

membrane water balance. Abdin et al [1] developed a MATLAB Simulink based

isothermal 1D analytical model. Falcao et al. [36] also developed a 1D analytical

model for PEMFC performance considering heat transfer, membrane water balance.

They used an iterative approach for water transport across the membrane. Later

they added two phase transport phenomena to their model [38] There are several

other notable isothermal models. Too name a few - Eikerling [34], Okada [107], Sena

[125], Baschuk [10] , Maggio [92], Das [30, 29], Haji [50], Salva et al. [124], Liso [85],
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Chavan [26], Raman [121], Rahimian [119], Hosseinzadeh [55].

2.2 PEMFC models with liquid water transport

While single phase PEMFC models are good at explaining the physics at

dry operating conditions, they fail to account for the mass transport loss that orig-

inate due to cell flooding under fully humidified operating conditions. Two-phase

flow modeling of PEMFCs are very challenging and still not very well-understood.

There have been several approaches to model two phase water transport using both

macroscopic and microscopic approaches. Two phase macroscopic models are based

on volume averaged method and the governing equations for water transport are

solved using CFD techniques. Macroscopic models can be coupled to a full PEMFC

performance model, but they are computationally very expensive and require ac-

curate measurement of the liquid water transport properties which is often very

difficult to obtain. In recent years, microscopic approaches based on Lattice Boltz-

mann Method (LBM) has been applied on detailed morphological geometric domain

of GDL. Another computationally efficient approach is the pore-network approach

where the GDL is modeled using regular network of cubic pore and throats. While

these approaches do provide useful information on liquid water transport through

the porous network, they cannot be coupled to a full geometry electrochemistry

model of a PEM fuel cell. For performance optimization and diagnostics, a simple

computationally effective PEMFC performance model is necessary.

Djilali et al [16, 15, 129] developed multifluid model where they considered

air as a multicomponent mixture and liquid phase as immiscible water. Each phase

is modeled with separate governing equations. With this model they observed non-

uniform distribution of temperature and pressure has a large impact on PEMFC

performance. Hwang [60, 59, 58] and Zhou [161] also developed two-phase PEMFC

models based on a similar approach. Wang et al [144, 139, 140] developed multifluid

mixture (M2) model where they described the water transport as a mixture of

vapor and liquid with traditional mixture averaged technique. This approach has

been adopted by Sun et al. [132], He et al [52, 57] and Lou et al [158] in their

two-phase PEMFC models too. Nguyen et al [53, 84, 104, 101] developed a two

phase flow model based on unsaturated flow theory (UFT). UFT only requires one

additional equation for water transport and considers only driving force for liquid
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water transport is capillary pressure. Pasaogullari et al. [116, 115, 114] developed a

two-phase PEMFC model to simulate liquid water transport model inside the GDL

and MPL using a capillary pressure and saturation function. They provided physical

insights into the effect of micro-porous layer using the two-phase flow model. Weber

et al [150, 152, 149, 150] also developed a PEMFC model to simulate the effects

diffusion media wettability on PEMFC performance. They developed an analytic

expression which accounts the diffusion media pore size distribution and saturation

behavior. There are numerous other two phase models published in literature [29,

2, 49, 155, 93, 31, 32, 38, 118, 66, 37, 90]. Detailed review on transport modeling

in PEMFCs has been done by Weber et al. [148], Wang et al. [142].

While these rigorous computational modeling approaches are useful in re-

solving 3-D distribution and motion of liquid water, they are computationally very

expensive, often numerically unstable at high saturation levels and lack experimen-

tal validations. As a result, the complex models are not preferable as a diagnostic or

material optimization tool. In addition, almost all of the PEMFC two phase models

use the generalized form of Darcy equation to model liquid water transport in fuel

cell porous media.

u = −κR(s)κ

µ
∇pc (s) = −κR (s) k

µ

∂pc
∂s
∇s (2.1)

Where, u is liquid water velocity (m/s), pc is capillary pressure (Pa), κR is rela-

tive permeability (1/m), s is liquid water saturation and µ refers to water viscosity

(Pa−s). However, the material properties for Darcy law are very difficult to measure

experimentally since they depend on the local saturation level. For capillary pres-

sure and liquid saturation correlation, Leverett’s polynomial fit is the most widely

used which was derived based on the water transport in sand [83, 138]. Leverett’s

approach assumes a uniform wettability while ignoring hysteresis and consistently

over-predicts diffusion media saturation levels [80]. Gostick [43], Mench and Kum-

bur [79, 80, 81] reported the relationship for capillary pressure and saturation for

some commonly used GDL that can be used to calculate liquid water saturation in

PEMFC diffusion media [127]. Still the relative permeability measurement remains

a challenge due to uncertainty in small pressure differences across sample. Further
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more, liquid water transport in the GDL is dominated more by the water conden-

sation inside the pores than just liquid water permeation. Local source terms due

to water condensation are greatly dependent on the thermodynamic rate constants

that are extremely difficult to measure from a direct experiment. Lastly, the appli-

cation of zero saturation boundary condition at the flow channel-GDL interface to

solve Darcy law is not realistic. Most of the models set the saturation boundary

condition at zero which is not realistic. Due to these issues, it difficult to model

accurate oxygen transport resistance in the GDL using Darcy law.

Benziger et al.[12] showed that for liquid water removal only a small portion

of void fraction of the GDL are required. Rest of the smaller pores remain free

for gas diffusion between the flow channel and electrode. In addition, liquid water

formed at the electrode needs to build up enough pressure to penetrate the largest

pores of the GDL. Once water penetrates the pores, liquid water can be freely

transported with a very small pressure gradient. Lister et al. [87] investigated the

dynamic behavior and distribution of liquid water transport through GDL using

fluorescent microscopy. They also found that transport of liquid water is a process

of pressure buildup and break through. Using this technique, they showed water

forms finger like tendrils through the GDL and droplets grow out of the GDL to flow

channel. The observation agrees with wet limiting current measurement of Toray

gas diffusion media materials by Caulk[21, 22] and Chuang et al [28]. Currently

none of the two-phase fuel cell models can simulate the oxygen transport resistance

under wet operating conditions.

2.3 Down-the-channel distribution models

The 1+1-D approach was first adopted by Fuller and Newman [40] and

Nguyen [105] to study the gas composition and membrane hydration in along-the-

channel direction. Since then, the pseudo 2-D or 1+1-D approach has been adopted

by studies to investigate species or current density distribution in the channel direc-

tion. Kulikovsky et. al. developed 1+1-D analytical model to investigate the effect

of oxygen stoichiometry on cell performance [78]. Based on the semi-analytical

model he observed the PEMFC may operate in oxygen limiting or water limiting

(low membrane hydration) current or mixed regime [76]. However, only dry op-

erating conditions with co-flow operation was investigated. In a similar approach,
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Chevalier et. al. also developed a analytical down-the-channel model to study reac-

tant distribution in along the channel direction [27]. While these analytical models

are extremely simplistic they are primarily focused on a very few transport phe-

nomena and boundary conditions. The complex Multiphysics interactions are not

captured in the analytical 1+1-D models. Jung S. Yi et. al. developed a 1+1-D

single phase model to study the effect of flow orientation but these numerical studies

were conducted at high stoichiometric ratios [64]. Yi et. al. also studied water stud-

ied water distribution in the down-the-channel direction with co-flow performance

[156]. Um et. al. developed a 1+1-D model based on CFD approach to investigate

current and reactant distribution [139] but with co-flow orientation only. Wang et.

al. developed a down-the-channel two-phase model using the multifluid mixture

model to investigate water saturation distribution and observed for co-flow opera-

tion high water saturation is present near the cathode exit. Siegel et. al. developed

a 1+1-D model but focused only on find the optimal catalyst layer void faction.

Weber et. al. investigated the effect of membrane and catalyst layer thickness us-

ing a down-the-channel model with co-flow and high stoichiometric flow rates and

observed that membrane thickness caused large deviations in water management

under dry conditions [146]. Pant et. al. in a new approach formulated a 1+2-D

model considering full 2-D geometry with land and channel. They observed high

flow-rates are optimal for wet inlet conditions and low flow-rates for dry inlet condi-

tions [110]. However, only co-flow orientation was considered for these studies. Gu

et. al. developed the most comprehensive 1+1-D model where the current density

distribution is validated with experimental measurements [46]. They also illustrated

water can be internally recirculated inside the cell when counter-flow orientation is

used.

2.4 Summary

From the aforementioned, literature review it can be observed that there is

a clear gap in literature in both 1-D and 1+1-D models. For example, the 1-D

models that consider gas phase transport only validate their results with dry po-

larization curves but do not extend their simulations to the limiting current region.

So, it is difficult to determine how effective these models are in capturing the oxy-

gen transport resistances. From the literature review it is also evident that, even
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though there are numerous models available, most of them ignore important phys-

ical phenomena like heat transfer and membrane water balance. Even the models

that include thermal effects, often do not consider the thermal contact resistances.

Besides these, a few other important factors to consider while constructing a 1-D

model are electronic contact resistance, shorting and cross over current, and inclu-

sion of land-channel geometric effect to account for increased diffusion path. Similar

observations are also found in 1-D models that considers liquid water transport. The

numerous two-phase PEMFC models in the literature only validate with wet polar-

ization performance and none show how effective these models are in predicting

the non-linear oxygen transport resistance under the wet operating condition. In

addition Darcy law based capillary pressure driven approach is taken to formulate

two phase transport inside the GDL and to solve the water transport equations

inaccurate boundary conditions (zero saturation at flow-channel-GDL interface) are

applied. More importantly, most of the models utilize the Leverette’s correlation for

saturation and capillary pressure which was developed for water transport in sands.

The 1+1-D models available in literature only investigate the cell performance and

channel distributions at co-flow orientation and often at relatively high stoichiomet-

ric flow rates. However, the channel distribution becomes extremely complex at low

stoichimetry and counter-flow operations. To this date the effect of low stoichiom-

etry and flow-orientation on overall water balance and cell performance have not

been comprehensively studied.

In this thesis research a 1+1-D PEMFC model has been developed which

aims at addressing the current gap in literature. A 1-D steady state modeling

framework is developed at first which can be to simulate PEMFC performance un-

der dry operating condition. The fundamental physics including membrane water

balance, non-isothermal heat transfer, mass transport with geometric effect, short-

ing and hydrogen cross over current have been carefully included in the 1-D model.

Next, the two-phase water transport in the gas diffusion media and in electrode has

been added to the 1-D model. The electrode water transport model is developed

in a empirical approach where catalyst utilization is correlated predicted electrode

water activity based on experimental data to investigate the reduction of catalyst

at high water saturation conditions. Results from the developed 1-D steady state,
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two-phase PEMFC model has been validated limiting current and polarization ex-

periments under both dry and wet operating conditions. Even with these interactive

physics, the constructed 1-D model retains the simplicity of mathematical iteration.

Therefore, the model can be easily used as a design and diagnostic tool. Finally

the 1-D two-phase model is expanded to a 1+1-D down-the-channel framework to

study the effects of flow-orientation and low stoichiometry on along the channel

distribution of gas species and the corresponding cell performance.
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Chapter 3

EXPERIMENTS

3.1 Materials

For the fuel cell experiments, the cell was built with parallel flow channel

flow fields with active area of 2 cm2. The flow field contained total 17 channels,

and each channel had width of 0.61 mm, height of 0.80mm, and rib width of 0.61

mm. The membrane electrode assembly used in this experiment was Nafion 211

membrane of 25 micron thickness with 0.3 mgPt/cm
2 catalyst loading purchased

from Ion Power, USA. Wetproofed Toray 060 with microporous layer was used in

both anode and cathode for this experiment. To seal in reactant gases within the

active area, PTFE gaskets were used. The thickness of the gaskets was chosen

to ensure adequate compression throughout the active area. Other cell hardware

consisted of end plates and current collectors. The material for the end plate was

aluminum alloy with a cross-section of 108 mm × 108 mm and a thickness of 19.15

mm. The collector plates were made of highly conductive gold-plated copper to

increase their surface conductivity and reduce contact resistance to flow field plates.

A G20 Greenlight Innovation fuel cell test station was used to evaluate the

performance of the cells. The test stand was used to control and monitor the elec-

tronic load, flow rate, temperature, humidity, and back pressure through control and

data logging software (HyWare®). All gases used were 99.99% purity. For the mea-

surement and control of pressure, Wika-10 pressure transmitters were used. The test

station controlled relative humidity by passing gas streams through temperature-

controlled bubbler humidifiers and inlet tubing. The cell temperature was measured

by thermocouples inserted within the flow field plates. Heating and cooling were

controlled through heating cartridges inserted into the end plate and fans placed on

each side of the cell. All the tests were run with constant flow control.
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3.2 Fuel cell tests

Single cell 2 cm2 tests were performed on an automated G20 fuel cell test

station manufactured by Greenlight Innovation [4]. High frequency resistances were

measured using a Gamry Reference 3000 with 30k booster [42]. Polarization curves

at 70 ◦C under both wet (100 % RH and 300 kPa) and dry (60 % RH and 100 kPa)

conditions were tested with constant flow rates of 0.4 slpm of pure hydrogen and

2.0 slpm of air to evaluate fuel cell performance. In addition, limiting current

experiments under different pressure and oxygen mole fraction were conducted to

study dry and wet oxygen transport properties in the GDL. Detailed operating

conditions of break-in, polarization, and limiting current are listed in Table 3.1.

Protocol Temp. Inlet RH Pressure
Flow
Rate

(An/Ca)

Load
Control

Step
hold
time

(C) (%) (kPa) (×10−6 m3 s−1) (V) (sec)
Break-in 80 100 50 10/10 (Stoich) OCV-0.6 900

Wet Polarization 80 100 300 6.64/33.2 OCV-0.3 600
Dry Polarization 80 64 100 6.64/33.2 OCV-0.3 600

Dry Limiting
Current

80 64 300, 200, 150, 100 6.64/33.2 0.3-0.09 130

Wet Limiting
Current

70 90 300 6.64/33.2 0.3-0.09 130

Table 3.1: Single cell 2 cm2 testing protocol.

The limiting current method is an in-situ experimental technique to quantify

oxygen-transport resistance in a fuel cell. Following the protocol developed by Baker

et al. [7], we conducted limiting current tests under both dry and wet conditions to

study the oxygen transport properties in both Toray and Freudenberg GDL materi-

als. To ensure uniform conditions in the cell, a low pressure drop flow channel design

with high stoichiometric flow was applied. During fuel cell operation at a current

density of, “i” (A cm−2), the through-plane oxygen molar flux, N
′′

O2
(mol cm−2 s−1)

can be expressed by total oxygen transport resistance RTotal
O2

(s cm−1) as follows:

N
′′

O2
=

i

4F
=

∆PO2

(RT )×RTotal
O2

(3.1)

where ∆PO2 (kPa) is the gradient of oxygen partial pressure between the flow chan-

nel and the CL, R is the universal gas constant, F is the Faraday constant and T
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(K) is the cell temperature. Under limiting current conditions, the oxygen partial

pressure at the CL approaches zero. Therefore, the oxygen partial pressure gradient

in Equation 3.1 is equal to the oxygen partial pressure in the flow channel. Since

the cell is operating under uniform condition, the channel oxygen partial pressure

is controlled by the dry mole fraction of oxygen, xdryO2
, and can be written as:

P channel
O2

= xdryO2
(Ptotal − Psat ×RH) (3.2)

where Ptotal is the total absolute pressure in the channel, PH2O is the water vapor

pressure in the channel, and RH is the relative humidity in the channel. From

Equations 3.1 and 3.2, the total oxygen transport resistance can be obtained by:

RTotal
O2

=
4F

ilim

[
xdryO2

(Ptotal − Psat ×RH)

RT

]
(3.3)

The total oxygen transport resistance in a fuel cell is composed of resistances from

each component including the channel, RCh
O2

, the gas diffusion layer, RGDL
O2

, the

micro-porous layer, RMPL
O2

and the catalyst layer, RCL
O2

, and can be expressed as:

RTotal
O2

= RCh
O2

+RGDL
O2

+RMPL
O2

+RCL
O2

(3.4)

Oxygen transport in the flow channel is driven by both convection and inter-

molecular diffusion [120]. In the GDL, the inter-molecular diffusion, which is pres-

sure dependent, is the dominating transport mechanism because of the large pore

size (> 50µm). In the MPL and CL, the Knudsen diffusion may become an im-

portant transport method in the small size pores (< 100nm). In addition, oxygen

gas can also diffuse through liquid water and ionomer films in the CL. Unlike inter-

molecular diffusion, transport resistances resulted from both Knudsen and thin film

diffusion are independent of pressure. Based on the transport mechanism, we can

separate oxygen transport resistance into pressure dependent, (RP ), and pressure

independent, RNP , as:

RTotal
O2

= RP +RNP (3.5)

In limiting current tests, we performed the experiments at four different pressure
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conditions to quantify pressure-dependent and pressure-independent resistances un-

der dry conditions [7].
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Chapter 4

DEVELOPMENT OF 1-D MODEL

The 1-D model is developed in a galvanostatic approach where cell voltage is

calculated based on the input applied current density. The voltage losses in PEMFC

operation are a strong function of current density and final cell voltage obtained by

subtracting all the voltage losses from the reversible cell voltage.

V = Erev − ηHOR − ηORR − ηohmic − ηmass (4.1)

Here ηHOR and ηORR refers to the voltage loss due to HOR and ORR kinetics, ηohmic

is the voltage loss due to electron transport and proton transport in the membrane

and porous electrodes and ηmass is the mass transport loss due to reactant depletion

in the electrode.

4.1 Modeling domain

The modeling domain includes the anode catalyst layer (aCL), cathode cata-

lyst layer (cCL), membrane (Mem), anode and cathode microporous layers (aMPL,

cMPL), anode and cathode gas diffusion layers (aGDL and cGDL), and the flow

channels. A schematic diagram of the modeling domain is shown in Figure 1. From

here on, the term diffusion media refers to the GDL and MPL domains combined.

Fully developed flow is assumed in the flow channels and a constant reactant concen-

tration in the flow channel is used as a boundary condition for the mass transport

equations. Pressure in the modeling domain is considered as isobaric. For mass

transport in the gas diffusion layer and microporous layer, diffusion is considered

as the only transport mechanism. Both Fickian and Non-Fickian diffusion is in-

cluded in transport resistance but the pressure independent Non-Fickian diffusion

terms like Knudsen diffusion are lumped into a constant resistance parameter term

in the transport equations, Rothers, which is obtained experimentally. Anisotropic
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Figure 4.1: Modeling domain for the 1-D PEMFC model and through plane trans-
port processes

diffusion in the gas diffusion media is modeled with a correction factor fgeo. Homo-

geneous and isotropic properties for porosity, tortuosity and thermal conductivity

are assumed throughout the spatial domain. The developed model is a single-phase

model that assumes water to be present in vapor phase only. The main objective of

the developed modeling framework in this chapter is to accurately predict the dry

polarization performance.

4.2 Reversible cell voltage

The temperature and pressure dependent reversible cell voltage of equation

4.1 is be calculated from the Nernst equation [106].

Erev =
∆g

2F
+

∆s

2F
(T − T0)− RT

2F
ln

 1

PH2

Pref
×
(
PO2

Pref

)1/2

 (4.2)

Here ∆g = ∆h−T∆s is the Gibb’s free energy of the reaction that can be calculated

from the reaction enthalpies which are provided in table 1. F is Faraday’s constant,

PO2 and PH2 are the oxygen and hydrogen partial pressure at the channel and

Pref = 1 atm is the reference atmospheric pressure.

4.3 Hydrogen oxidation reaction (HOR)

In PEMFCs hydrogen oxidation reaction kinetics is several orders of mag-

nitude faster than the ORR kinetics and very low Pt is needed to facilitate the
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HOR reaction. Due to the simplicity of HOR reaction it can be modeled using the

Butler-Volmer equation as:

i = i0a

[(
PH2,ch

Pref

T0

T

)
exp

(
2αFηHOR

RT

)
− exp

(
−2αFηHOR

RT

)]
(4.3)

Here the exchange current density can be obtained as i0a = i00a×rf×exp(−∆GHOR

R
( 1
T
−

1
T0

)), α is the reaction symmetry coefficient, ηHOR is the activation overpotential for

HOR reaction, R is the universal gas constant, T is the temperature, PH2 is the

partial pressure of hydrogen in channel. The exchange current density for both

HOR and ORR is multiplied by roughness factor. The roughness factor, rf , is the

product of platinum loading and the electrochemically active surface area (ECSA),

which is obtained experimentally by cyclic voltammetry. Kinetic parameters used

in this model are provided in Table 1.

4.4 Oxygen reduction reaction (ORR)

The oxygen reduction reaction is significantly a more complex reaction com-

pared to the HOR and ORR kinetics cannot be explained completely by the simple

butler-volmer equation specially when low Pt loading is used or at high current den-

sities. Experimental studies have shown that at low Pt loading the tafel slope (b=

2.303 RT/alpha F ) significantly deviates due to surface oxies. To capture the effects

of surface oxides, a Pt-oxide coverage dependent ORR kinetic model developed by

subramaniam et. al. [131] has been implemented

i = ioc×(1− θw) rf×
(

PO2

PO2,ref

)m
(1− θPtOx) exp

(
−αFη
RT

)
exp

(
−ωθPtOx

RT

)
(4.4)

where i0c = i00c × rf × exp(−∆GORR

R
( 1
T
− 1

T0
)), i00c is the exchange current density

(A/cm2
pt) ORR reactions, α is the reaction transfer coefficient, θPtOx is the oxide

coverage,R is the universal gas constant, and η is the ORR activation loss. Ex-

change current density, i0c is obtained by fitting the kinetic data of dry polarization

performance. The Pt-oxide coverage is calculated from the experimentally measured
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Figure 4.2: Experimentally measured Pt-oxide coverage by subramanium et. al.
[131]

θPtOx vs E-iR free voltage as shown in figure 4.2. Generally a constant Tafel slope of

70mV is assumed for ORR kinetics. The predicted Tafel slope from the ORR kinetic

model is plotted in figure 4.3. It can be observed that oxide coverage dependent

ORR kinetic model predicts predicts the doubling of the Tafel slope at low iR free

cell voltages (high current densities).

4.5 Charge transport

Fuel cell operation involves two types of charged species: electrons and pro-

tons (ions) and both of the charged species need to be transported in order to

complete the electrochemical reactions and generate electricity. The transport mech-

anism for electrons and protons are very different with proton transport being the

more complex and difficult one. The charge conductors for electrons and protons

are also very different and none of the conductors have a infinite conductivity. The

resistance to charge transport process results in a voltage loss and the voltage loss
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Figure 4.3: Tafel slope determined from the Pt-Oxide coverage dependent ORR
kinetics model

follows Ohm’s law. In this thesis the voltage associated with electron and proton

transport is referred as the “Ohmic loss”. The main focus of this section will be

on modeling proton transport mechanisms in membrane and in fuel cell electrodes

since it is the major source of ohmic loss in PEMFCs.

4.5.1 Proton transport in membrane

In a PEMFC protons are generated in the aCL from the HOR reaction and the

generated protons are transported to the cCL by the proton conducting membrane

(electrolyte). PEMFC membrane is a polymer made a copolymer of tetrafluroethy-

lene (TFE) and various perflurocarbon-sulfornic-acid (PFSA) monomers [82]. The

fuel cell membrane must exhibit high proton conductivity in order to reduce the

ohmic loss from proton transport and the commercial membrane Nafion produced

by DuPont is the most commonly used membrane for PEMFC applications for its

extremely high proton conductivity. In this thesis the proton transport mechanisms
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Figure 4.4: Chemical structure of Nafion membrane showing the PTFE backbone
for mechanical stability and sulfonic acid groups for proton conduction.
(Image source: O’Hayre et. al. [106])

and the critical transport properties discussed are for Nafion membranes. Figure

4.4 shows the chemical structure of Nafion. It can be observed that Nafion in-

cludes PTFE backbones that provide mechanical stability of the membrane and

alsoincludes sulfonic acid functional chains provide that provide charge sites for the

vehicular proton transport mechanism. Proton conductivity of Nafion membrane

is strongly correlated with water absorption of the membrane (a phenomenon also

known as water uptake) and the membrane temperature. Springer et. al. measured

the conductivity of Nafion membrane [130] as:

σ303K(λ) = 0.005193λ− 0.00326 (4.5)

σ(T, λ) = σ303K(λ) exp

[
1268

(
1

303
− 1

T

)]
(4.6)

Where σ is the membrane conductivity (S/cm), λ is the water uptake and

T is the membrane temperature. The relationship between water conductivity,

temperature and membrane conductivity is shown in figure 4.5 and 4.6. It can be

observed that conductivity of the Nafion membrane is linearly correlated with water

content λ and exponentially correlated with the membrane temperature T .
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Figure 4.5: Conductivity of Nafion vs water uptake based on the experimental
measurements by Springer et. al. [130]

Figure 4.6: Conductivity of Nafion vs temperature showing exponential correlation
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4.5.1.1 Water uptake

Because of the chemical structure of Nafion, PEMFC membranes contain high

amount of water. The water content in membrane is also referred as membrane water

uptake and it is usually expressed as the number of water molecules per sulfonic

acid groups present in the polymer. Under completely dry condition (completely

dehydrated membrane) water uptake value is 0 and for fully saturated membrane

with liquid water, the water uptake value of 22 has been measured experimentally.

Generally water uptake is correlated with water activity levels in the membrane.

Zawodzinski et. al. [160] measured the water uptake values of Nafion membrane as:

λ =

{
0.0043 + 17.81aw − 39.85a2

w + 36.0a3
w for 0 ≤ aw ≤ 1

14 + 1.4(aw − 1) for aw > 1

}
(4.7)

Here aw is the water activity in the membrane calculated as aw = PH2O/Psat

where PH2O is the partial pressure of water vapor and Psat is the saturation pressure.

Figure 4.7 shows the highly non-linear distribution of water uptake (λ) with respect

to water activity (aw) based on equation 4.7. At low water activity levels water

uptake becomes lower than 4 which results in very low conductivity. Membrane

hydration is critical specially under dry operating condition as the performance

losses due to proton transport can be very high.

4.5.1.2 Electro-osmotic drag

As protons move through Nafion membrane it drags water molecules in the

form of hydronium ions which is known as electro-osmotic drag. The electro-osmotic

drag coefficient is defined as the number of water molecules dragged by each proton

(ndrag = nH2O/H+) and is a function of membrane hydration and current density.

This coefficient is generally measured by nuclear magnetic resonance or electrochem-

ical method and depending on experimental and data fitting technique the values of

electro-osmotic drag coefficient may vary significantly. Zawodzinski et. al. reported

a the drag coefficient varies linearly with water uptake levels [160]. The water flux

due to electro-osmotic drag can be calculated as:

N
′′

H2O,drag
= ndrag

i

F
=

(
nsatdrag

λ

22

)
× i

F
(4.8)
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Figure 4.7: Membrane water uptake (λ) with respect to membrane water activity
aw

Where NH2O,drag is the water flux due to electro-osmotic drag, ndrag is the electro-

osmotic drag coefficient, nsatdrag is the drag coefficient for fully hydrated membrane

which has been reported as 2.5 by Zawodzinski et. al. [160]. A detailed discussion

on the uncertainty associated with electro-osmotic drag values is discussed in section

5.3.5.

4.5.1.3 Water back-diffusion

During PEMFCs operation water is generated from the ORR reaction at

cathode and in addition electro-osmotic drag transports water from anode to cath-

ode. As a result water concentration in cathode generally becomes higher than

anode if symmetric channel RH conditions are maintained. Because of this concen-

tration gradient between cathode and anode water diffuses towards the anode side

and this phenomenon is known as the water back diffusion. Back-diffusion counter

balances the effects of electro-osmotic drag as it occurs in the opposite direction to
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osmotic-drag. The water flux from back diffusion can be calculated as:

N
′′

H2O,back−diffusion = −ρdry,mem
Mmem

Dλ
dλ

dz
(4.9)

Where ρdry,mem is the dry density of membrane, EW is the equivalent weight of

membrane, Dλ is the water diffusivity coefficient through the membrane. Similar to

the electro-osmotic drag coefficient, the water back diffusion co-efficient also varies

widely in literature. For this 1-D framework the back-diffusion correlation measured

by Springer et. al. [130] has been used (equation 4.10)

Dλ = exp

[
2416

(
1

303
− 1

T

)]
×
(
2.563− 0.33λ+ 0.0264λ2 − 0.000671λ3

)
× 10−6

(4.10)

In equation 4.10 the exponential part shows the temperature dependence of the back-

diffusivity and the polonomial part explains the dependence with water uptake.

4.5.2 Membrane water balance and membrane ohmic loss

Accurately modeling water uptake distribution inside the membrane is criti-

cal for simulating ohmic loss as membrane conductivity is a strong function of the

water uptake. As water is transported across the membrane both back-diffusion and

electro-osmotic drag, the coupling effects makes water transport inside the fuel cell

a function of many factors including channel inlet relative humidity, flow stoichiom-

etry, operating current density, operating pressure and temperature and material

properties. Although the total water transport inside the cell can be measured

experimentally, the quantification of water transport by each mechanism is nearly

impossible. In this model, an iteration loop was used to determine water transport

from the cathode to anode, fw. The details of this water transport iteration are

shown in Figure 4.14(a) of the supplementary material. The governing equation of

water transport can be written as:

n
′′

H2O
= −fw

i

2F
=

i

F
nsatdrag

λ

22
− ρdry,mem

Mmem

Dλ
dλ

dz
(4.11)

The first order ordinary differential equation of equation 4.11, can be solved to ob-

tain membrane water content distribution, λ, throughout the membrane thickness.
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The membrane water content boundary conditions are λ = λa at the anode catalyst

layer and membrane interface, and λ = λc at the cathode catalyst layer and mem-

brane interface. Since the water content distribution is non-linear, integrating the

local resistance over the membrane thickness, δ, is used to obtain the area specific

resistance ASRH+ for proton transport through the membrane.

ASRH+ =

δ∫
0

dz

σ[λ(z)]
(4.12)

The ohmic loss due to proton transport resistance in membrane can be calculated

as:

ηohmic,mem = i× ASRH+ ,mem (4.13)

4.5.3 Proton transport electrode

Once the protons move to the cathode electrode after crossing the membrane,

they still need to reach the reaction sites in the electrode. Unlike the membrane,

proton transport in the electrode is more difficult as the protons need to transport

through the tortuous thin-film ionomers. The proton transport loss in electrode can

be significantly high especially under dry operating conditions. The temperature

and relative humidity (RH) dependent effective proton conduction in electrode can

be obtained by multiplying the ionomer conductivity by the ratio of ionomer volume

fraction to tortuosity.

κeff (T,RH) =
εi

τ (εi)
κ(T,RH) (4.14)

Here εi is the ionomer volume fraction, which can be obtained from the ionomer to

carbon ratio in the electrode [91].

εi =

(
I

C

)(
10

ftρdry,ionomer

)
×
(

1 +
Mwρdry,ionomerλ

ρwaterEW

)
(4.15)

where ft is an empirically from [91].
(
I
C

)
is the ionomer to carbon weight ratio,

Mw and ρwater are the molar weight and density of water, respectively. EW is

the equivalent weight of the ionomer. As noted from equation 4.15, the ionomer

volume fraction in the electrode is a strong function of ( I
C

) ratio. The tortuosity
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Table 1. Geometric and Kinetic Parameters
Geometric Parameters

Channel hydraulic diameter, Dh 723µm
Sherwood number (SH) 2.4

Gas diffusion layer thickness δGDL 124.7µm
Microporous layer thickness δMPL 30µm

Catalyst layer thickness δCL 15µm
Membrane thickness δmem 25µm

Thermodynamic Parameters
Gibb’s free energy, ∆g [106] -237.13 (kJ/mol)
Reaction Entropy, ∆s [106] -163.46 (J/mol −K)
Reaction Enthalpy, ∆h [106] -285.83 (kJ/mol)

Kinetic Parameters
HOR activation energy, ∆Gact

HOR [47] 1× 103(kJ/mol)
ORR activation energy, ∆Gact

ORR [47] 50× 103(kJ/mol)
ORR reference exchange current density, iooc,(fitted) 5× 10−8(A/cm2

pt)
HOR reference exchange current density, iooa [47] 1× 10−3(A/cm2

pt)
HOR transfer coefficient, αa 0.5
Tafel slope,b = −2.303RT

2αcF
[47] -70 (mV/decay)

Pt loading 0.3(mg/cm2)
ECSA, (measured) 39.33(cm2/mgpt)

Shorting current, (fitted), ish 3(mA/cm2)
Cross over current, (measured), ix 2.19(mA/cm2)

Faraday constant, F 96485

is dependent on the ionomer volume fraction and is obtained from reported in [91].

Thompson [136] derived an analytical solution for the proton conduction resistance

based on linear approximation of HOR kinetics for the anode electrode.

RH+

eff,anode =
1

κeffs

(
esδanode + e−sδanode

esδanode − e−sδanode
− 1

sδanode

)
(4.16)

where the s (cm−1) is a kinetic parameter that reflects the relative magnitude of the

ratio of the effective proton conduction resistance in the anode electrode over the

charge transfer resistance.

s =

[
ECSA× Ptloadingi0

κeffδanode
× (αa + αc)F

RT

]1/2

(4.17)
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Table 2. Heat and mass transport parameters
Material Thermal Properties

Bipolar plate conductivity, KFF [67] 55× 10−2(W/cm−K)
GDL conductivity, KGDL [67] 1.71× 10−2(W/cm−K)
MPL conductivity, KMPL [67] 0.33× 10−2(W/cm−K)

CL conductivity, KCL [67] 0.27× 10−2(W/cm−K)
Membrane conductivity, KMem [67] 0.12× 10−2(W/cm−K)

MPL-CL contact resistance RMPL−CL [67] 0.98(cm2 −K/W )
Flowfield-GDL contact resistance, RFF−GDL [67] 2(cm2 −K/W )

Mass Transport Properties
Tortuosity/Porosity (τ/ε) of GDL, (measured) 5.05

Land/channel geometry factor, fgeo 1.54
Pressure independent transport resistance, Rother, (measured) 0.1976(s/cm)

Electron transport ASRe− , (measured) 15(mΩ− cm2)
Equivalent weight of membrane (Nafion 211)[47] 1000g/mol of SO−3 ion

Dry density of membrane [106], ρdry,mem 2g/cm3

Electro-osmotic drag coefficient [130], nsatdrag 2.5

Table 4.1: Parameters for 1-D simulation

The effective proton transport loss in the cathode electrode is obtained from the

analytical solution derived by Neyerlin et al. [102].

RH+

eff,cathode =
Rsheet

3 + ζ
(4.18)

Here Rsheet = δcathode/κeff(T,RH) is the sheet resistance of the cathode electrode,

ζ is a correlation factor which is a function of the ratio of iRsheet and the Tafel

slope b. While deriving the analytical solution, Neyerlin et al.[102] assumed a Tafel

approximation to model the ORR kinetics. Since the Tafel approximation shows

very good accuracy at high overpotential region, this analytical expression should

be applicable to proton transport loss in the cathode electrode.

4.5.4 Electron transport

Electrons conduct through the carbon phase in the CL, MPL and GDL. The

conducivity of electron is several orders of magnitude higher compared to proton

conducitivity. Primary sources of ohmic loss from electron transport comes from

the contact resistances between different PEMFC layers. In this model, a constant
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electronic resistance has been considered to model the ohmic loss from electron

transport.

ηohmic,e− = i× ASRe− ,mem (4.19)

4.5.5 Shorting and cross-over

As hydrogen is the smallest molecule in universe it permeates through the

Nafion membrane even though Nafio is impermeable to reactant gases. The hydrogen

molecule that permeates through the membrane reacts with oxygen on the cathode

side and the generated electron does not travel through the external circuit. This

current is known as ”cross-over current”. In addition, some electron may also reach

the cathode from the anode resulting in ”shorting current”. The effect of shorting

and cross-over current is not noticeable at high current densities as the hydrogen

consumption or the electron generation rate is several orders of magnitude higher.

However, at open circuit voltage (OCV) when the cell is operated at close to zero

current densities, the losses associated with the internal currents become significant

and as a result the OCV is lower than the reversible cell potential. In this model,

shorting and cross-over current is considered in the total current term

iinternal = ishorting + icross−over (4.20)

i = iexternal + iinternal (4.21)

4.6 Mass transport

4.6.1 Mass transport in channel

In PEMFCs gases flow in along the channel direction from inlet to the exit

of the channel. However, because of the concentration difference of the species

between the electrode and the channel mass transport also occurs in the through-

plane direction from channel to electrode. For example, the concentration of oxygen

in the electrode is much lower than the concentration in the channel as a result

oxygen is transported from the channel to the electrode via the gas diffusion media.

The convective mass transport from channel can be expressed as:
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Figure 4.8: Schematic diagram of convective mass transport in PEMFC channels
showing in-plane and through plane transport process.

N
′′

i = hm
(
CCh
i − CGDL

i

)
(4.22)

Where N
′′
i is the molar flux of species i, (i = O2, H2, H2O), Ci is the con-

centration of species i and hm is the convective mass transfer coefficient. hm is a

function of channel geometry and diffusivity of species and it can be calculated from

the non-dimensional Sherwood number as:

hm = Sh
Di,mix

Dh

(4.23)

Where Dh refers to the hydraulic diameter of the channel and Di,mix is the mixture

diffusivity of species i. Because of the micron scale channel geometry Reynold’s

number is generally much less than 2300. The Sherwood number for common chan-

nel cross section under laminar flow is provided in figure 4.9. Expressing equation

4.22 in resistance form we obtain

N
′′

i =

(
CCh
i − CGDL

i

)
RCH
i

(4.24)
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Where RCH
i is the convective mass transport resistance of the channel calcu-

lated as:

RCH
i =

Dh

Sh×Di,mix

(4.25)

Figure 4.9: Sherwood number for various channel cross section under laminar flow
region where α = b/a (obtained from O’hayre et. al. [106])

4.6.2 Mass transport in GDL

4.6.2.1 Fick’s diffusion in porous GDL

The mass transport in PEMFC gas diffusion media driven by the concentra-

tion gradient of the transport species across its boundaries. Due to the electrochem-

ical reaction in the catalyst layer reactants are depleted and they are transported by

molecular diffusion from the gas channel to the electrode. The gas phase transport

flux in PEMFC diffusion media is expressed as:

N
′′

i = −Deff
i,mix

dCi
dx

(4.26)

Where −Deff
i,mix is the effective diffusivity of species i in the mixture. Equation

4.26 is discretized to solved over the diffusion media and MPL to obtain species

distribution inside the cell.

4.6.2.2 Mixture diffusivity calculation

In PEMFC cathode, generally a multicomponent gas mixture of oxygen, ni-

trogen and water vapor is used as the feed gas and the mixture diffusivity Di,mix
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need to be accounted instead of the binary diffusivity. It is calculated from the

Wilke formula [153] as .

Di,mix =
1−Xi∑n
j 6=1

Xj

Di,j

(4.27)

where Xi = Pi/Ptotal is the mole fraction of component i and Di,j is the binary

diffusion coefficient calculated by the Fuller-Schetter-Giddings correlation [47]

Di,j =
1.013× 10−3T 1.75

P (v
1/3
i + v

1/3
j )2

[
1

Mi

+
1

Mj

]1/2

(4.28)

Here v and M are the diffusion volume and molecular weight of a component. The

correlation for binary diffusivity is been developed the kinetic theory. For binary

gas mixtures the diffusivity is inversely proportional to pressure and increases with

increasing pressure. The diffusion properties of common PEMFC gases is provided

in table 4.2.

Gas Diffusion volume Molecular weight
Hydrogen, H2 7.07 2.016
Helium, He 2.88 4.003

Nitrogen, N2 17.9 28.013
Oxygen, O2 16.6 31.999

Carbon di-oxide, CO2 26.9 44.010
Water vapor, H2O 12.7 18.015

Table 4.2: Diffusion properties of common PEMFC gases [153].

4.6.2.3 Effective diffusivity in porous media

To account for the geometric effects of the porous diffusion media open media

diffusivity is corrected with geometric factors such as porosity and tortuosity. The

porous gas diffusion media in PEMFCs a is a multiphase system where solids conduct

electron and the void space transport gaseos species. The porosity of the porous

media is defined as:

ε =
Void volume

Total volume
(4.29)
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Common PEMFC diffusion materials generally exhibit a porosity in the range

of 65-75%[67, 88]. The tortuosity is defined as the ratio of actual path length for

diffusion over the point to point normal path length as shown in figure 4.10.

τ =
Actual path length

Point to point normal path legnth
(4.30)

To open media diffusivity is corrected with the ratio of porosity and tortuosity

to obtain the effective diffusivity as shown in equation 4.31

Deff
i,mix =

ε

τ
Di,mix (4.31)

The ratio of porosity over tortuosity is obtained from limiting current exper-

iments and implemented to correct the diffusivity.

Normal length

Tortuous diffusion length

Figure 4.10: Schematic representation of tortuosity in porous diffusion media

4.6.2.4 Land and channel geometric effect

In addition to the porosity and tortuosity effect land and channel geometry

of the flow channel also impact diffusivity mass transport in PEMFC gas diffusion

media. Land and channel are unique features of the flow field design, where lands
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Figure 4.11: Computational domain and boundary condition for modeling the
geometry effect of land and channel in PEMFC diffusion media

provide heat and electron conduction paths and channels transport fluids. Therefore,

the fluids diffuse in the GDL and MPL from the flow channel is not a simple 1-D

phenomenon. Gas transport between the catalyst layer and channel involves the

transport of the species under both the land and channel. To account for this

increased diffusion path, a geometric factor, fgeo, is incorporated in the model as

a pseudo 1-D parameter for gas diffusion. Baker et al. [Baker citation] solved

the Laplace’s equation to obtain the fgeo. In our simulation, the Fick’s diffusion

with anisotropic diffusion coefficient is employed to obtain the fgeo. The governing

equation for the simulation is

∇Ji = −∇
(
ρDi∇ωi + ρωiDi

∇Mn

Mn

)
= Ri (4.32)

Mn =

(∑
i

ωi
Mi

)−1

(4.33)

Figure 4.11 shows the modeling domain and the boundary conditions for the simu-

lation. COMSOL Multiphysics was used to solve the governing equations and the

value of fgeo is obtained from the following expression [63]

fgeo =
P channel
O2

avg(∂PO2/∂n)h
(4.34)

Here avg(∂PO2/∂n) is the average value of the normal derivative of PO2 at the

electrode.
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4.6.3 Mass transport in MPL

Mass transport in the microporous layer is still governed by the fick’s diffusion

but due to the length scale of the micro-porous layer the diffusion mechanism is

different. In the microporous layer the mean pore radius of the pores are in the

order of 80-150 nm and the mean free path for molecule to molecule interaction is

much larger than the mean pore radius. As a result the molecule to to pore-wall

interaction becomes dominant and the diffusion falls under the Knudsen regime.

Similar to molecular diffusion equation, the species flux is still dependent on the

concentration gradient but the diffusivity is defined as the knudsen diffusivity. The

knudsen diffusivity in the MPL can be calculated as

Di
k =

2rp
3

√
8RT

πMi

(4.35)

Where rp is the mean pore radius, M is the molecular weight. It can be observed

from equation 4.35 that Knudsen diffusivity is independent of pressure and the

composition of the gas mixture.

For modeling mass transport in PEMFC MPL, we consider a parallel molec-

ular and knudsen diffusivity.

Di =

(
1

Di
k

+
1

Di
molecular

)−1

(4.36)

4.6.4 Mass transport in CL

The catalyst layer is the most complex component of the cell which is made

of carbon supported Pt catalysts and PSFA ionomeric binders. The structure of

the electrode is highly porous with primary pores and seconary pores with Pt nano

particles deposited inside and outside these pores. In addition ionomer thin-films

surround the Pt/C agglomerates. Oxygen diffuses through the secondary pores

and also dissolve in ionomer to reach the reaction sites (triple phase boundaries).

Modeling oxygen and water vapor transport inside the CL is not straight-forward

as multiple transport process happen in parallel and in series and the transport

properties are very difficult to obtain. In this model, we took a empirical approach

to model oxygen transport in the electrode where the total non-pressure depen-

dent transport resistance is obtained from the limiting current experimental data
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Figure 4.12: Comparison of parallel Knudsen and molecular diffusivity vs pure
molecular effective diffusivity of Oxygen at 150kPa 80°C

and provided to the model as input. A more detailed discussion on the empirical

formulation is provided on chapter 5.

4.6.5 Calculating mass transport loss

Mass transport loss also known as the concentration loss refers to the voltage

loss due to the activity difference of oxygen, hydrogen and water at the catalyst

layer compared to the flow channels. Oxygen and hydrogen concentrations in flow

channel are higher compared to their concentrations on the catalyst active sites.

As the value of current density is increased, reactant depletion in the catalyst layer

starts to occur. Mass transport loss is calculated from equation 4.37.

ηconc =
RT

2F
ln


(
PH2P

1/2
O2

)
CH(

PH2P
1/2
O2

)
CL

+
RT

2αF
ln

[
PH2,CH

PH2,CL

]
+

RT

2αF
ln

[
PO2,CH

PO2,CL

]1/2

(4.37)
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As can be seen from equation 4.37 to evaluate the ηconc the values of gas par-

tial pressures, PH2 , PO2 , PH2O and temperature T at the catalyst layer are needed.

To obtain the species and temperature distribution in the through-plane direction,

the modeling domains need to be are discretized. Flow channel resistance is calcu-

lated from the Sherwood number accounting for channel geometry. Fick’s diffusion

model is used to calculate the concentration in the diffusion media. The transport of

hydrogen, oxygen and water in porous media is governed by Fick’s law of diffusion

n
′′

i = −Deff
i,mix∇Ci (4.38)

Here n
′′
i represents the molar flux of species i. For hydrogen and water, the molar

flux is i/2F and for Oxygen i/4F . Deff
i,mix is the effective diffusivity of gas species i

in the porous media. Finally, the partial pressure of any species i at catalyst layer

can be calculated as:

PCL
i = P ,CH

i − iRT

nF
[RCH

i +RGDL
i +RMPL

i +Rother
i ] (4.39)

P aCL
H2O

= P ch
H2O

+ fw
iRT

2F

[
RCH
H2O

+RGDL
H2O

+RMPL
H2O

]
(4.40)

P cCL
H2O

= P ch
H2O

+ (1− fw)
iRT

2F
[RcCH

H2O
+RcGDL

H2O
+RcMPL

H2O
] (4.41)

For equation 4.39, Rother is the non-fickian transport resistance obtained

through limiting current experiments. The transport resistance in the channel for

any species i is calculated from

RCH
i =

Dh

Sh×Di,mix

(4.42)

Here Sh is the Sherwood number and Dh is the hydraulic diameter of the channel.

The transport resistance in the gas diffusion layer for any species i is obtained by

the summation of all transport resistances of each discretized layer.

RDM
i =

N∑
k=1

fgeoδ
DM
k

Deff
i,mix

(4.43)

Here, fgeo is the geometry factor that accounts for the increased diffusion length due
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to land/channel design. Detail calculation method for fgeo is discussed in section

2.6. Partial pressure of hydrogen, oxygen and water at the catalyst layer can be

calculated from equation 4.38. The gas diffusion media, MPL and catalyst layer are

discretized to be solved numerically. Upwind finite difference scheme was and the

resulting equations were solved using the explicit method. The iteration converges

for partial pressure when the oxygen diffusivity calculated from equation 4.27 reaches

a specified numerical tolerance of 10−6. The details of the oxygen diffusivity iteration

are shown in Figure 4.14(c). The initial gas mole fractions at the catalyst layer are

assumed to be the same as those in the channel.

4.7 Heat transfer

At an energy conversion efficiency of 50%, PEMFC produces the same amount

of waste heat and electricity [65, 113]. Therefore, modeling the non-isothermal

effects [33, 63, 122] of heat transfer inside a cell becomes particularly important for

high current density operation. The reaction of oxygen and hydrogen is exothermic

and the generated heat can be calculated by the energy balance equation:

q
′′

total =

(
|∆h|
2F
− Vcell

)
× i (4.44)

where ∆h is the reaction enthalpy. The reaction occurs in the cathode catalyst layer

and the generated heat that is transported to both the anode side and cathode side.

Heat transfer is governed by the heat conduction equation.

q
′′

= −K∇T (4.45)

Heat is being generated in the cathode catalyst layer and transported away to the

coolant in anode and cathode plates. Heat transported to the anode side q
′′
a and

cathode side q
′′
c is evaluated from the thermal resistance network. The thermal

resistance network results in a 3 equations with 3 unknowns, q
′′
a , q

′′
c and cathode

electrode temperature TcCL. They can be solved by the matrix inversion problem in
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Figure 4.13: Thermal resistance network and heat flux direction for the through
plane heat transfer in PEMFC

the following equation:

 q
′′
c

q
′′
a

TcCL

 =

 1 1 0

Rtotal
c 0 −1

0 Rtotal
a −1


−1q

′′

total

−Tch
−Tch

 (4.46)

In the thermal model, total resistance consists of bulk and contact resistances

of GDL, MPL, catalyst layer, and membrane. Bulk thermal resistance, Ri, is equal to

the thickness, δi, divided by the thermal conductivity, ki. To obtain model output

parameters at a given operating condition, the model performs three iterations.

Detailed schematic diagrams of each iteration is provided in figure 4.8.

4.8 Solution algorithm

The programming code 1-D model is developed and solved numerically in

MATLAB. Figure 4.14 shows the algorithm for the 1-D dry model. The model

takes in the operating conditions (temperature, pressure, relative humidity and dry

mole fraction of Oxygen) at the flow channel and the material properties of the

PEMFC layers. For a input current density i, the temperature T and mole fraction

X matrix is initialized with channel conditions. From the initial condition activation

and concentration overpotentials are calculated. For the calculation of the ohmic

loss knowledge of membrane water content is needed. Membrane water content is

dependent on fw The value of “fw” is calculated from the solution of membrane water

balance equation 4.11 through the iterative loop shown in Figure A.1(a). As ohmic

loss is calculated, the heat flux is obtained from equation and the temperature at all

nodes are updated from temperature iteration loop as shown in Figure A.2. With

52



Figure 4.14: Solution algorithm for solving the governing equations of the 1-D
PEMFC model
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the updated temperature at the nodes, all the temperature dependent properties

are updated and mole fractions are updated from the Diffusivity loop as shown in

Figure A.3

4.9 Results: 1-D Dry Model

4.9.1 Simulation comparison with limiting current tests

The developed 1-D dry model is validated by both limiting current and dry

polarization tests conducted under various operating conditions. Accurate measure-

ment of limiting current is very challenging when a high concentration of oxygen is

fed to the cell because the cell voltage reaches close to 0 V due to ohmic loss at high

current densities. To avoid such condition, dilute oxygen concentrations (dry mole

fraction of 4%, 3%, 2% and 1%) were used in this experiment. Another obstruction

in limiting current studies occurs when the cell is run below 0.10 V under low oxygen

concentrations. Under these conditions, the PEMFC converts into a concentration

cell and hydrogen evolution reaction occurs on the cathode side [7]. The protons

are converted to hydrogen in the cathode catalyst layer instead of producing water.

This creates a hydrogen evolution current shift on the polarization curve. So, the

limiting current was measured prior to the onset of the hydrogen evolution reaction.

Figure 4.15(a) shows the experimental measurements and model prediction of

current density between 0.10 to 0.3 V at four dry mole fractions of oxygen when the

pressure at the outlet was set to 150 kPa. The same experiment was repeated at four

different pressure levels: 118 kPa, 150 kPa, 201 kPa, and 300 kPa. Results show that

there is an almost negligible increase in current density as the cell voltage is lowered

from 0.30 V to 0.10 V. This vertical slope of the polarization curve at low voltage

is an indication that the cell is operating at the limiting current condition. It can

be observed from Figure 4.15(a) that the model under-predicted the experimental

results. This error was caused by the inaccuracy of the mass flow controller at

such low flow rate (< 2% of the full range). Nevertheless, the slopes observed from

Figure 4.15(b) agree well and are used for later calculation of total oxygen transport

resistance.

The total oxygen transport resistance from the experiment and model are

plotted against pressure in Figure 4.15(c). As can be seen from the graph, the total

transport resistance increases linearly with pressure. This indicates that there was
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Figure 4.15: (a) Validation with dry polarization results at limiting current con-
ditions of 150 kPa, 80◦C and 62% RH. (b) Oxygen dry mole fraction
at four different pressures at 80◦C and 64% RH. (c) Dry transport
resistance plotted as a function of total pressure (solid line represents
simulation and symbols represent experiment)
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no liquid water condensation during the test for all pressure levels. From the slope

of the line fitted to experimental data, the ratio D/Deff was calculated. Owejan et

al. [109] and Baker et al [7] also conducted limiting current tests on Toray 060 gas

diffusion media. Baker [8] reported the value of D/Deff to be 4.41 under 26% cell

compression. The overall transport resistance of the diffusion media is a function of

many parameters, including fiber dimension, fiber loading, thickness, PTFE impreg-

nation, MPL composition, MPL thickness, land/channel design, and compression of

cell assembly. Simon et al. [128] showed that the total transport resistance is de-

pendent on the cell compression. Therefore, we used the limiting current tests to

directly measure the oxygen transport resistance. The ratio of D/Deff under 23%

cell compression was 5.05 obtained from the slope of the transport resistance vs

pressure graph. The Y-intercept is used to calculate the non-pressure dependent

resistance and later in the model as Rother. The Rother term includes the transport

resistances from the catalyst layer, Knudsen diffusion in MPL, and interfacial resis-

tance from GDL/MPL etc. The accuracy of this method can be observed from the

model’s prediction shown in figure 4.15(c).

4.9.2 Simulation comparison with polarization test

Dry polarization tests were performed on the same cell built for the limiting

current tests to ensure consistency of the comparison. Experiments were conducted

at three different operating conditions: 1) 100kPa 60%RH 80◦C, 2) 100kPa 50%RH

70◦C and 3) 300kPa 50% RH 80◦C. Flow stoichiometry was set to 2 on both an-

ode and cathode sides. The value of exchange current density is adjusted to the

cell performance in kinetic region. Other kinetic parameters are obtained from the

literature [47] as listed in table 2. Comparison between the simulation and experi-

mental results are shown in Figure 4.16. The simulation shows good agreement with

experiment in the kinetic and ohmic regions. The model successfully simulate the

change in kinetic, ohmic, and transport losses under different pressure, temperature

and relative humidity.

4.9.3 Impact of coupled heat and mass transfer

Figure 4.17 demonstrates the need to incorporate the important fuel cell

physical phenomena to accurately predict PEMFC dry polarization performance.
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Figure 4.16: Model validation with dry polarization performance at three different
operating conditions
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The base model consists of a basic electrochemistry with no membrane water bal-

ance, electrode proton transport loss, heat transfer, mass transport iteration with a

geometry factor and the Rother term. While it is possible to fit the base model results

with experimental data, it would require adjustment of the membrane conductivity

with a trial and error approach and the model would not be able to capture the

fundamental physics. To include this physics in the base model, we added water

balance equation and with the inclusion of the water balance, the model can cap-

ture the slope of the ohmic region more accurately. However, it can be observed

that even adding the water balance, the model’s prediction deviates significantly

from the experimental data. Next, the electrode proton transport loss is added to

the model. It is evident that the addition of proton transport loss in the electrode

is also crucial for PEMFC performance prediction. Next, heat transfer is added

to the water balance model and it can be observed that, with inclusion of a non-

isothermal temperature distribution, the model’s prediction becomes more accurate.

Finally, we added the mass transport iteration to the non-isothermal model. The

mass transport model includes the geometry factor “fgeo” and non-pressure depen-

dent resistance term Rother. The need to couple thermal and water management

has been demonstrated in literature [63, 150, 122, 33]. This study successfully inte-

grated all important physics through iterative methods to improve the accuracy of

the simulated results. In Figure 4.18, the temperature distribution inside a PEMFC

sandwich and membrane water content distribution at a low (0.5A/cm2), medium

(1.5A/cm2) and high (2.5A/cm2) current density is plotted. Even though the total

thickness of the PEMFC sandwich is relatively thin, a temperature gradient of 5 de-

grees exist at high current densities. This temperature gradient is very significant,

especially at two phase flow regions due to the exponential nature of the water vapor

curve. Figure 4.19 shows the membrane water content, λ, at three different current

densities. It can be observed that the membrane water content distribution be-

comes very non-linear at high current densities, thus assuming linear water content

in the membrane, especially at high current density, is not a good approximation

for PEMFC simulations.
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Figure 4.18: Temperature distribution in the PEMFC sandwich at three different
current densities

4.9.4 Dry Oxygen transport resistance

The relative magnitudes of the various sources oxygen transport resistance at

different operating pressure is shown in Figure 4.20. The resistances strongly depend

on material properties, geometric properties and operating condition. Results are

shown here for the cell built with PTFE treated Toray 060 DM, with 30 µm thick

MPL and 125 µm GDL. Temperature was set to 80◦ C and RH was kept constant

at 64%. Diffusion media (MPL and GDL) are the major source of oxygen transport

resistance. More than half of the total resistance comes from the diffusion media

and at 301 kPa, the diffuion media resistances contribute to almost three quarters

of the total resistance.

Figure 4.20 also shows that non-pressure dependent resistance is not negli-

gible for calculation. Most of the pressure independent resistance comes from the

electrode. Diffusion media transport resistance depend on the ratio of porosity to
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Figure 4.19: Membrane water uptake, λ, distribution in the membrane at three
different current densities

tortuosity (τ/ε). This is an intrinsic property of the material which needs to be

determined by in-situ or ex-situ experimental methods. For this simulation, the

ratio is obtained from the slope in figure 4.15(c). In addition to the τ/ε ratio, the

diffusion media anisotropy also plays a role in the transport resistance. In this sim-

ulation, the in-plane to through-plane diffusivity has been taken to be 1.8 [68,71].

This anisotropy is accounted for in the model by the fgeo factor in the transport

equation. Apart from these material properties, the cell geometry also has an effect

on the diffusion media transport resistance. The ratios of land/channel width and

DM thickness/channel width are also factors that impacts fgeo. The value of fgeo

used for this simulation is 1.540 and it has been calculated by solving Fick’s diffusion

equation.
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Figure 4.20: Simulation results of transport resistance contribution of diffusion
media, channel and non-fickian resistances
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Figure 4.21: Limiting current as a function oxygen dry mole fraction for (a) Toray
TGP-H-060 and (b) Freudenberg H23C8 and (c) the comparison of
oxygen transport resistance as a function a pressure at 80 ◦C and
64 % RH.

4.10 Investigation water transport in GDL

In this section, an application of the developed 1-D model to investigate the

effect of coupled heat and water transport on water condensation in the GDL is

presented. Toray TGP-H-060 and Freudenberg H23C8 are two of the most widely

used commercial gas diffusion materials for PEMFC applications. Freudenberg has

smaller pore size and the pores are more randomly distributed compared to Toray

[111]. The thermal transport properties of these two diffusion media also show

significant differences due to material and processing differences [69]. The reported

values of through-plane thermal conductivity of Toray and Freudenberg are 1.24

W m-1K -1 and 0.11 W m-1K -1, respectively [68, 17, 18]. In addition, Toray TGP-

H-060 is slightly thinner than Freudenberg H23C8. The compressed thickness of

Toray TGP-H-060 and Freudenberg H23C8 165 µm and Freudenberg H23C8 is 180

µm,. Due the aforementioned structural and transport property differences cells

built with Toray and Freudenberg GDL exhibit very different performance under

dry and wet operating conditions due to their differences in structural and thermal

transport properties.
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Figure 4.22: Wet oxygen transport as a function of relative humidity and limiting
current for (a) Toray TGP-H-060 and (b) Freudenberg H23C8 at
70 ◦C and 300 kPa.

4.10.1 Experimental Observations

Results from limiting current experiment conducted at at 80 ◦C and 64 % RH

is shown in figure 4.21(a) and (b). Based on the Equation 3.3, the total oxy-

gen transport resistance can be calculated as a function of pressure. As shown in

4.21(c), Toray TGP-H-060 has a significantly higher oxygen transport resistance

than Freudenberg H23C8. Following the analyses developed by Baker et al. and

Rahman et al. [8, 7, 120], the ratio of tortuosity to porosity is calculated to be

5.0 and 3.5 for Toray TGP-H-060 and Freudenberg H23C8, respectively. The dry

limiting current results demonstrate that, despite being thinner, the structure of

TGP-H-060 has a higher gas transport impedance than the Freudenberg H23C8.

In contrast to the dry limiting current measurement, the wet limiting cur-

rent tests were conducted to probe the oxygen transport resistance from the onset

of liquid water condensation to reaching maximum liquid water saturation in the

GDL by increasing oxygen concentration from 1 % to 21 %. Figure 4.22 shows the

total transport resistances of both GDLs operating at 70 ◦C, 300 kPa, and three

relative humidity conditions. Toray TGP-H-060 exhibits a clear transition of the

transport resistance from no liquid water (≈ 2 s cm−1) to the maximum saturation

(≈ 4 s cm−1). In addition, the onset water condensation of Toray TGP-H-060 has
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Unit Toray Freudenberg
Thermal Conductivity, k W m−1 K−1 1.24 [68] 0.11 [17]

Tortuosity over porosity, τ/ε 4.64 3.79
k
(
τ
ε

)
W m−1 K−1 5.75 0.42

Table 4.3: Through-plane thermal conductivity and gas diffusivity of the GDL in
Toray TGP-H-060 and Freudenberg H23C8.

an immediate effect on total transport resistance, which shows a rapid increase as

in Figure 4.22(a). This explains why the limiting current density associated with

onset water condensation increases with increasing channel RH. Similar to the ob-

servations from Caulk et al. [21], the transport resistance of Toray TGP-H-060

reaches a wet plateau, which indicates that the maximum saturation in the GDL is

achieved. In contrast, the transport resistances of the Freudenberg H23C8 only in-

creased gradually with increasing limiting current densities, regardless of the channel

RH, as shown in Figure 4.22(b).

To investigate the reason for this phenomenon Chuang et. al. [28] employed

nuetron radiography to study water distribution in both GDLs and observed that

water first condenses in Toray GDL near MPL and then propagates throughout the

thickness. In contrast, water in the Freudenberg GDL first condenses in the GDL

under the land and extends toward the MPL and leaves the GDL under the channel

open for oxygen transport. The observation of the liquid water accumulation in the

GDL explains the distinct trends of wet oxygen transport resistance.

4.10.2 1-D modeling analysis

To study the water condensation behavior, the 1-D steady-state simulation

with the Toray and Freudenberg material properties is performed at a current density

of 1.50 Acm−2 under 300 kPa, 70 ◦C and 90 % RH. The ratios of the tortuosity over

porosity are obtained from the limiting current measurement. The through-plane

thermal conductivity of the two materials can be found in the literature [68, 17].

Both the thermal conductivity and gas diffusivity are material properties as listed

in Table 4.3.

Calculated from the input operating conditions and material properties, fig-

ure 4.23 shows the simulation results of water saturation and vapor pressure distri-

bution and relative humidity distribution inside the GDL for both the Toray and
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Figure 4.23: Simulation results of (a) Water vapor and saturation pressure and (b)
Relative humidity distribution in Toray TGP-H-060 and Freudenberg
H23C8 at 1.50 A cm−2, 300 kPa, 70 ◦C and 90 % RH.
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Freudenberg materials. Water condensation in the GDL occurs when RH exceeds

100 %, which means that the water vapor pressure exceeds the saturation pressure.

The water saturation pressure is only a function of temperature and the slope in-

creases with decreasing through-plane thermal conductivity as shown in Equation

5.7. On the other hand, the slope of vapor pressure increases with decreasing DH2O
eff

or increasing (τ/ε) as shown in Equations 4.39 and 4.27. Due to the difference in the

slope of saturation and vapor pressure, the onset of water condensation can happen

in the GDL near the MPL interface, like the Toray material, or the channel/land

interface, like the Freudenberg material, as shown in Figure 4.23(b). Even though

the 1-D steady-state model only deals with vapor transport, the RH distribution

in the GDL provides key insights into the onset water condensation location. The

simulation results agree well with the liquid water distribution observed Chuang et.

al. [28].

In summary, the location of onset condensation in the cathode GDL is gov-

erned by the complex interaction of the coupled heat and gas transport. The iden-

tified critical transport parameter is k
(
τ
ε

)
. Table 4.3 shows the critical transport

parameter for both the Toray TGP-H-060 and the Freudenberg H23C8. When the

value of k
(
τ
ε

)
is high, such as for the Toray material, liquid condensation first occurs

in the GDL near the MPL interface and directly blocks the oxygen paths. Therefore,

liquid water in Toray materials causes a significant increase in oxygen transport re-

sistance, as shown in Figure 4.22(a). On the other hand, with a small k
(
τ
ε

)
value,

such as observed for the Freudenberg material, liquid condensation first occurs in

the GDL near the channel/land interface. Due to high convective flux and low heat

transfer at the GDL and channel interface, water is less likely to condense. As a re-

sult, water condensation only occurs in the GDL under the land. This also explains

why liquid water in the Freudenberg GDL only induces a gradual increase of oxygen

transport resistance as shown in Figure 4.22(b). Based on our simulation results,

the transition of the onset condensation location exists when the critical transport

parameter, k
(
τ
ε

)
, is at around 0.81 W m−1K−1 as shown in Figure 4.23(b) at 70 ◦C

and 300 kPa. Further, this transition of the critical transport parameter increases

with (1) cell operating temperature due to the increasing gradient of water satu-

ration pressure and (2) decreasing total operating pressure because of the increase

in diffusivity. Even though the transition of the critical transport parameter varies
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with the operating conditions, the same guiding principle applies for optimizing

GDL material design to reach high power density operation.

4.11 Summary

In this chapter a 1-D modeling framework for predicting dry oxygen trans-

port resistance and limiting current has been presented. This model considers non-

isothermal heat transfer, convective and diffusive gas transport, electrochemical re-

action, shorting and cross over current, effects of land/channel geometry, membrane

water balance, and proton resistance based on non-linear water content in the mem-

brane. Limiting current experiments were conducted at 115.8 kPa, 151.34 kPa,

201.34 kPa and 301.34 kPa, at 80°C and 64% relative humidity. A dry polariza-

tion test was conducted at 70°C, 100 kPa and 60% relative humidity. Non-pressure

dependent resistance and the ratio of porosity to tortuosity are obtained from the

limiting current experiment to use in the model. Results from the 1-D model simula-

tion were compared with both limiting current and dry polarization tests. Detailed

discussion on incorporating water balance, heat transfer and mass transport was

presented. It was demonstrated that at high current densities the membrane water

content distribution becomes highly non-linear so modeling ohmic resistance with

constant membrane conductivity or linear water content yields inaccurate result. In

addition, inclusion of a non-isothermal temperature distribution inside the PEMFC

sandwich is also important since a temperature gradient of 5-6 degrees exist at the

high current density region. For modeling mass transport in a 1-D model, inclu-

sion of “fgeo” factor is also crucial. “fgeo” accounts for land/channel geometry and

anisotropic diffusion coefficients.

In addition, an application of the 1-D model is also presented where the effect

of coupled heat and mass transport on water condensation in GDL is studied. This

model has established a good basis for simulating dry performance of PEMFCs.

However, under wet operating conditions, the two-phase transport characteristics

will be very different from the dry operating conditions and the current model

outputs will deviate significantly from the experimental results. In chapter 5 the

physics to enhance models capability in two-phase flow conditions is presented.
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Chapter 5

MODELING TWO-PHASE WATER TRANSPORT

In this chapter, a novel approach to simulate water transport in the gas

diffusion media is presented. In addition to the two phase-flow in the gas diffusion

media, a correlation for catalyst utilization with predicted electrode water activity

based on experimental data is also developed to investigate the reduction of catalyst

at high water saturation conditions. The overall model algorithm and the governing

equations including reversible cell voltage, HOR kinetics, proton transport loss in

membrane and electrode and mass transport loss remain same as the 1-D dry model.

5.1 Water tendril model in the GDL

When PEMFCs are operated at high humidity or high current density operat-

ing condition local water vapor pressure in the GDL exceeds the saturation pressure

and and water starts to condense in the GDL while filling up the pores, significantly

inhibiting the diffusive gas transport. The increase in gas transport resistance pri-

marily occurs due to the reduction of porosity (ε) and increase in tortuosity (τ),

which reduces the overall effective diffusivity for gas transport. The increase in gas

transport resistance with water saturation in the GDL can be observed from the

limiting current experiment results shown in figure 5.1. The operating condition for

the experiment were 300 kPa 70 °C 90%RH. From the oxygen transport resistance

vs the limiting current density plot we can easily identify the three distinct regions:

dry, transition and wet. In the dry region, oxygen transport resistance does not in-

crease with limiting current and vapor diffusion is the primary transport mechanism

for water. In the transition region, liquid water starts to condense in the GDL and

the Oxygen transport resistance RO2 starts to increase. In the wet region, entire

diffusion media is saturated and essentially liquid water is transported through the

water tendrils formed in the GDL. Wet region can be identified by the plateau in

the oxygen transport resistance.
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Figure 5.1: Experimental results from limiting current result showing the change of
Oxygen transport resistance with increase in limiting current density
at 300 kPa 70°C 90% RH

Based on this observations, Caulk and Baker [22] proposed an alternative

two-phase water transport model and in this work we also adopted a very similar

approach. For the purpose of modeling water transport in the GDL, the diffusion

media can be separated into distinct dry and wet regions. When the local water

partial pressure, PW (x) is less than the saturation pressure Psat(x), the diffusion

media is considered dry. On the other hand, liquid water condensation occurs and

the water tendril is formed when the local water partial pressure is greater than the

saturation pressure. The schematic of the liquid water tendril model is shown in

figure 5.2.

Depending on the operating condition and material properties the diffusion

media can be fully dry, fully wet or partially wet throughout the thickness and

even though the GDL is fully wet throughout the thickness, there are still pores

available for gas transport due to its hydrophobicity [28, 12]. The length of the wet

region of the diffusion media is defined as the “Tendril Length, Ltendril”. In the wet

region, capillary pressure gradient is negligible and the oxygen transport resistance

is a function of effective diffusivity. From the limiting experimental results, we can
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Figure 5.2: Schematic representation of water transport in GDL based on Caulk
and Baker’s [22] water tendril model (a) partially wet GDL (ttendril <
tGDL) (b) fully wet GDL (ttendril = tGDL)
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calculate the ratio of tortuosity to porosity of GDL as:

D

Deff

=
τ

ε
=

(
RTotal
O2
−RCh

O2
−RNF

O2

)
×DOM

O2

fgeom × tGDL
(5.1)

where RTotal
O2

is the total oxygen transport resistance (s/cm), RCh
O2

is the oxygen

transport in the channel, RNF
O2

is the non-fickian transport resistance from the MPL

and electrode, fgeom is the geometriy correction factor for land/channel geometry

and anisotropic diffusion, tGDL is the thickness of the GDL. From equation 5.1 we

can calculate effective diffusivity under dry and wet GDL. When diffusion media is

dry, the gaseous species transport is calculated based on the dry effective diffusivity

as:
∂

∂x

(
DDry
eff,i

fgeoRT

∂Pi
∂x

)
= 0 (5.2)

where Pi is the partial pressure of gaseous species (i = O2, H2O), and DDry
eff,i the

effective dry diffusivity for oxygen or water vapor (i = O2, H2O), R is the universal

gas constant, T is the temperature. When the diffusion media is wet (Pw ≥ Psat),

the gas transport is inhibited due to pore blockage from liquid water and the mass

transport equation is corrected with wet effective diffusivity as:

∂

∂x

(
Dwet
eff

fgeoRT

∂Pi
∂x

)
= 0 (5.3)

Water transport in the GDL is primarily divided into vapor diffusion and liquid

water permeation. When the GDL is dry, vapor water is transported via vapor

diffusion.
∂

∂x

(
DDry
eff

fgeoRT

∂PH2O

∂x

)
= 0 (5.4)

When the GDL is partially or fully wet, water vapor is transported upto saturation

pressure gradient:
∂

∂x

(
Dwet
eff

fgeoRT

∂Ps
∂x

)
= 0 (5.5)

For partially wet GDL, ttendril < tGDL, as a result vapor diffusion occurs up to dry

GDL thickness tGDL,dry = tGDL − ttendril. The liquid water flux NL(x) in the water
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tendril is obtained by subtracting the water vapor flux from the total water flux.

NL (x) = (1− fw)
I

2F
−
Dwet
eff

RT

∂Ps
∂x

= −
∆P liq

H2O

Rliq
H2O

(5.6)

Here fw is the fraction of generated water that is transported from cathode

to anode. In the wet GDL liquid water transport through the water tendrils and

the water tendrils provide a very effective water removal pathway for with minimal

transport resistance. It is assumed that the resistance for liquid water transport

through the diffusion media is almost negligible i.e, ∂P liq
H2O
≈ 0.

5.1.1 Two-phase heat transfer

Similar to gas and water transport, heat transfer is also divided into dry and

wet regions. When GDL is dry, the local temperature can be solved by the energy

conservation equation:

∂

∂x

(
kdry

∂T

∂x

)
= 0 (5.7)

Where kdry (W/m −K) is the dry thermal conductivity of the GDL, T (K) is the

local temperature. For heat transfer in the wet region, water can be condensed or

evaporated in the diffusion media. Therefore, associated latent heat (H) needs to

be accounted for in the heat equation [22].

∂

∂x

(
kwet

∂T

∂x

)
= mH (5.8)

5.1.2 Boundary Conditions

If the GDL is dry , the boundary conditions for heat and mass transfer at

the GDL/MPL interface are:

q
′′

c = −kdry
∂T

∂x
(0) (5.9)

(1− fw)
I

2F
= −

Ddry
eff

fgeoRT

∂Pw
∂x

(0) (5.10)
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Where q
′′
c is the heat flux towards cathode side and it is obtained from the solution of

thermal resistance network discussed in [120]. If the GDL is wet then the boundary

conditions are:

q
′′

c +mLH = −kwet
∂T

∂x
(0) (5.11)

NL = (1− fw)
I

2F
−
Dwet
eff

RT

∂ps
∂x

(0) (5.12)

Equation 5.7 to 5.12 are implemented in the heat and mass transport iteration loop

of the model.

5.2 Local oxygen transport resistance

Experimental results from Suzuki et al. [134, 133], Kongkanand et al. [70,

71], Banham et al. [9] show that with low platinum loaded electrodes the oxygen

transport resistance increases and this additional transport resistance is pressure

independent and can generally be modeled with an additional resistance term in the

electrode. Typically, the non-fickian transport resistance consists of three transport

resistance, one from small pores in the microporous layer, one from the small pores

in cathode and the third for a region close to the Pt surface.

RNF = RMPL
NF +RCCL

NF +
RPt
O2

r.f.
(5.13)

Greszler et al [45] conducted limiting current experiment to quantitatively evaluate

the non-Fickian transport resistance for low Pt loaded cells. They found electrodes

with low roughness factor show a higher non-Fickian O2 transport resistance. When

roughness factor is reduced more oxygen must be delivered to a smaller Pt surface

and this results in a higher transport resistance. We hypothesis that the same

phenomena can also occur in PEMFCs with relatively highly loaded (0.3-0.4 mg)

Pt electrodes during severe electrode flooding. Even though the original roughness

factor is relatively high, at high current density liquid water can flood the active

reaction sites. This can reduce roughness factor which results in a higher oxygen

transport resistance at electrode. Kongkonad et al. [71] experimentally calculated

the correlation between non-Fickian O2 transport resistance and roughness factor
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as, RNF = 11.2
r.f.

+ 0.053. This correlation is implemented in the model to account

for the non-Fickian transport resistance as roughness factor is reduced due to water

flooding or low Pt loading.

5.3 Results: 1-D Wet Model

5.3.1 Experimental validation of the tendril model

In order to validate the simulation results with PEMFC experimental perfor-

mance limiting current and polarization tests were conducted. Dry limiting current

tests were conducted at 80 °C, 64% RH and 100,200 and 300 kPa with varying Dry

oxygen mole fraction of oxygen from 4% to 1%. For wet limiting current experiment

operating conditions were:300 kPa, 80°C and 80% and 90% RH with oxygen with

varying dry oxygen mole fraction from 21% to 1%. Figure 5.3 shows the comparison

simulation results with limiting current and polarization experiments after inclusion

of tendril model to the 1-D dry model. It can be observed from figure 5.3(a) and

5.3(b) that the model is capable of predicting the oxygen transport resistance RO2

under both dry and wet operating condition condition. The authors would like to

draw attention to the fact that, while most of the models published in literature can

predict the polarization performance none has shown to be effective at predicting the

oxygen transport resistance under fully humidified condition and the importance of

predicting OTR at wet operating condition has been highly neglected. This shows

the efficacy of the tendril model approach to simulate two phase transport resistance.

The tendril model is very effective to predict the dry transport, the onset of liquid

water condensation point and full GDL saturation with high accuracy. However,

the prediction of the onset of liquid condensation point and the transition region

is very sensitive to the water transport parameters used. For this simulation the

water diffusivity values from Zawodzinski et al [160] and EODC from Gottesfield et

al [123] is used. Details of the model sensitivity to water diffusivity and EODC is

discussed in section 5.3.5.

Simulation results of polarization performance is compared with the experi-

mental results in figure 5.3(c) and it can be observed that while the model can still

predict the diffusion limiting current due to GDL flooding, it fails to capture the

performance losses originating from electrode to low catalyst utilization in the elec-

trode due to electrode flooding. To capture these effects we adopted an empirical
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Figure 5.3: Comparison of 1-D simulation results with limiting current experi-
ment for Oxygen transport resistance under (a) dry operating condi-
tion, 100-300 kPa, 80°C, 64% RH (b) wet operating conditions 300kPa
70°C 80/90% RH (c) polarization performance compared with 1-D dry
and 1-D dry with water tendril model under wet operating condition
300kPa 70°C 90%RH
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approach.

5.3.2 Additional Performance losses

At high humidity and high current density operation liquid water starts to

condense in the PEMFC electrode and this phenomenon is referred as the electrode

flooding. At high water saturation levels in electrode the active reaction sites get

blocked by liquid water resulting in a reduced catalyst utilization. Modeling liquid

water transport inside the catalyst layer is extremely challenging due to both nano

scale transport of water inside the CL and the uncertainty associated with key

transport properties, which can only be determined by ex-situ experiments. In

addition, the structure of the catalyst layer is extremely complex as it includes

carbon agglomerates, primary and secondary pores, thin film of ionomer and Pt

particles of different size and shapes [23]. Experimentally measuring the two-phase

transport properties of thin electrode layer is very difficult and uncertain. In order to

accurately model liquid water transport in electrode one would need to simulate at

an agglomerate scale [24, 56, 88] which is computationally very expensive requiring

high performance computing resources to solve the coupled transport and kinetics

equation over the millions of nodes in a single agglomerate. While this approach is

informative at the agglomerate scale, these simulations are almost impossible couple

in a full PEMFC simulation model because of the order of magnitude difference in

PEMFC geometries.

In this work, we derived an empirical correlation to model liquid water con-

densation and water coverage in the cathode catalyst layer. In the developed 1-D

model the performance losses from HOR kinetics and Pt-oxide coverage dependent

ORR kinetics, ohmic loss in catalyst layer and membrane, and mass transport due

to reactant depletion in the electrode have already been accounted. We assume that

the performance loss that is observed in high current density operation under wet

operating condition is due to the reduced catalyst utilization as a result of water

condensation inside the catalyst layer. To calculate the reduced catalyst utilization,

simulations were fitted with roughness factor (r.f. = ECSA×Pt loading) to match

the experimental cell performance.

In figure 5.4 simulation result of water activity aw in the cathode electrode

is plotted along side the polarization performance. Simulation results show that at
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Figure 5.4: Experimental results showing rapid performance loss due to low cata-
lyst utilization at electrode flooding at 300kPa 70°C 90%RH. Shaded
region represents the performance loss not captured with GDL tendril
model.
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300 kPa 70°C and 90%RH operating condition water activity in the electrode is less

than 1 until 0.50 A/cm2. As current density is increased the catalyst layer water

activity is also increased finally reaching a value of 1.60. The gray shaded region in

figure 5.4 shows the performance loss due to low catalyst utilization as a result of

liquid water coverage in the catalyst layer. To address this additional performance

loss from liquid water coverage the reduction in roughness factor was calculated to

match the cell performance. The catalyst utilization factor is defined as:

χ =
r.f.

r.f.dry
(5.14)

Where r.f.dry is the roughness factor of the dry electrode calculated as

r.f.dry = ECSA× Pt loading (5.15)

To formulate an empirical correlation between the catalyst utilization factor χ and

water activity in the electrode, seven wet polarization experimental results were

fitted with reduced roughness factor to capture the additional performance losses.

Figure 5.5 shows the catalyst utilization factors at different operating conditions

with the predicted water activity in the electrode. The catalyst utilization factor

(χ) shows a repetitive pattern where the value of χ remains 1 until a certain water

activity and then it drops rapidly. The catalyst utilization factor and local water

activity results can be fitted with a sigmoid function as:

χ = χwet +

 χdry − χwet

1 + exp
acCL
w −aCr

w
A1

 (5.16)

where χdry is the catalyst utilization of the completely dry electrode, χwet is the

catalyst utilization factor of the fully wet electrode, acCLw is the water activity of the

catalyst layer, acrw is the onset water activity point after which catalyst utilization

starts to reduce rapidly. The liquid water coverage of the catalyst layer can be

obtained as:

θw = (1− χ) (5.17)
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Figure 5.5: Simulated catalyst utilization factor with local water activity in the
electrode at different wet operating conditions at 300kPa 70°C 90%RH.
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The roughness factor in the Pt-oxide coverage dependent ORR model (equa-

tion 5.18) can be corrected with the liquid water coverage term to capture the

performance losses associated with water condensation in the electrode as shown

here:

i = io×(1− θw) rf×
(

PO2

PO2,ref

)m
(1− θPtOx) exp

(
−αFη
RT

)
exp

(
−ωθPtOx

RT

)
(5.18)

Here, PO2 is the oxygen partial pressure in the electrode, PO2,ref
is the oxygen partial

pressure at reference atmospheric condition, θPt−Ox is the Pt oxide coverage, α is

the reaction symmetry coefficient, ω is the energy parameter for Temkin isotherm,

R is the universal gas constant and T is the temperature in electrode. The values

of the all modeling parameters are provided in table 5.3.3.

5.3.3 Polarization experiment

With the implementation of water tendril and the empirical catalyst utiliza-

tion model, the 1-D model can predict polarization performance with very good

accuracy. In figure 5.6, simulation result is compared with fuel cell experimental

performance at 300 kPa, 90% RH, 70°C. To fit the model in the kinetic region, the

value of exchange current density,i0 is adjusted. Value of Tafel slope has been used

as 70mV/dec. Ohmic resistance in membrane and electrode is calculated based on

the local water content λ. The dotted line represents the 1-D dry model and the

solid line represents the 1-D two-phase PEMFC model. The 1-D dry model can

simulate the performance up to 0.50V with reasonably high accuracy. However as

the cell voltage is further lowered the model starts to deviate from the experimental

measurements. This is because at high current density water starts to condense in

the GDL and in electrode an the single phase model fails to capture the physics.

To predict the fuel cell performance at low cell voltage/high current density, it is

extremely important to capture the effects of water condensation in the GDL and

electrode. The τ/ε values are obtained from the limiting current measurements for

both dry and wet diffusion media but the electrode flooding parameters are adjusted

to fit the polarization curve at high current density.
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Figure 5.6: Simulation of polarization performance ar 300kPa 90%RH, 70°C show-
ing the performance comparison between dry and two-phase PEMFC
model.

5.3.4 GDL and electrode flooding

At high current density or highly humidified operating conditions, water con-

dense inside fuel cell. Lister et al [87, 88] have shown that liquid water forms finger

like tendrils while penetrating through the hydrophobic diffusion media. In this

model we have defined tendril length as the ratio of wet (PH2O(x) > Psat(x)) and

total GDL thickness. The tendril length, Lt/tGDL provides a quantitative under-

standing of the water tendril propagation through the GDL. The growth of normal-

ized water tendril length is plotted with current density at two different operating

conditions in figure 5.7. It can be observed that as relative humidity is increased, the

onset of liquid water condensation point shifts towards left side. This indicates at

higher RH, water condensation in GDL occurx at much lower current densities. For

the 90%RH case, tendril length reaches the full length of the GDL at 1.20 A/cm2
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Table 1. Parameters for 1-D model
Tendril model parameters

Ratio of tortuosity and porosity at dry GDL (τ/ε)dry (calculated) 4.56
Ratio of tortuosity and porosity at wet GDL (τ/ε)wet (calculated) 10.78

Thermal conductivity of dry GDL, (kdry), W/m−K [68] 1.21
Thermal conductivity of wet GDL, (kdry), W/m−K 1.41

Latent heat of condensation, H (kJ/Kg) 2268
Oxide coverage dependent ORR kinetics

Exchange current density, i0, A/cm2 (fitted) 3.0× 10−5

Energy parameter of Temkim isotherm, ω, Joule [131] 3.0× 103

Tafel slope, b = 2.303RT/αF , mV/dec 70
Reaction order, m [131] 0.75

Electrode catalyst utilization model
Dry cathode roughness factor, (χdry) 1

Fully saturated cathode roughness factor (χwet) 0.20
Transition water electrode water activity, aw,cr 1.20

Table 5.1: Simulation parameters for the water tendril, ORR kinetics and electrode
catalyst utilization model

current density and for 80%RH case, it occurs at 1.70 A/cm2. Thus the oxygen

transport resistance increases very rapidly as the effective diffusion coefficient is

reduced.

Benziger et al [12] also observed that once the water tendrils are formed, with

a very small increase in capillary pressure the GDL can sustain the flow of water

through the GDL. Based on this we assume a very low water transport resistance

inside the water tendrils. It needs to be noted that even when the GDL is fully

flooded, only a fraction of the pores are blocked by liquid water and the rest are

available for gas phase transport. Even when water tendril length equals to the

thickness of the total diffusion media, not all the pores are not blocked by liquid

water.

Figure 5.8 shows simulation results of how electrode flooding occurs as current

density is increased. Due to the complex microstructure of the electrode predicting

liquid water flooding inside the electrode is extremely difficult. In this work we

formulated simplistic electrode flooding model based on an empirical correlation.

The simulation results show that after a critical water activity at the electrode,

liquid water coverage increases rapidly. The liquid water blocks the active reaction

83



Figure 5.7: 1-D simulation of water tendril growth in GDL with increasing limiting
current density at 300 kPa 70°C 80%, 90%RH.
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Figure 5.8: Simulation result of local water activity and liquid water coverage in
electrode at 300 kPa 70°C and 90%RH

sites and reduces the roughness factor. This effect is observed in the polarization

curve from the rapid decline in cell voltage at very high current densities. Our model

predicts that at very high current density almost 75% of the active reaction sites

can be blocked by liquid water coverage. Thus improving fuel cell performance at

high current density is reliant upon excellent water management of the cell.

5.3.5 Effect of membrane water transport properties on tendril model

Accurate calculation water transport across the membrane is critical for sim-

ulating two-phase flow in the diffusion media as the value of fw can severely impact

water partial pressure inside the cell. Water transport across membrane is a com-

plex and intricate balance between water back diffusion and electro-osmotic drag.

In PEMFCs water is generated in the cathode side and as a result water concen-

tration in the cathode side is generally higher than the anode side. Because of this

concentration gradient water diffuses towards the anode from the cathode and this

phenomenon is commonly referred as water back-diffusion. In addition the gener-

ated protons from HOR reaction in anode moves towards cathode catalyst layer

and drag one or more water molecule during the proton transport process. This is
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phenomenon is known as electro-osmotic drag and the electro-osmotic drag coeffi-

cient (ndrag) is used to quantify the number of water molecules that are dragged

per proton. Applying the mass conservation principle in membrane, water balance

equation is formulated as:.

n
′′

H2O
= −fw

i

2F
=

i

F
ndrag

λ

22
− ρdry,mem

Mmem

Dλ
dλ

dz
(5.19)

Where λ is the membrane water content, ρdry,mem is the density of the dry membrane,

Mmem is the mebrane equivalent weight and Dλ is the water diffusivity through

membrane. The reported values of Dλ and ndrag shows significant variation in

literature. For example, the values of Dλ varies by order of magnitudes depending

on the experimental measurement technique. Compared to water diffusivity, there is

slightly more agreement on the values and overall trend of ndrag but still the variation

is considerably high. A. Kosuglu et. al. reviewed this issue in detail [82]. To study

the effect of Dλ and ndrag on simulating the oxygen transport resistance most widely

cited experimental measurements from the literature has been selected [20, 39, 40,

160, 100, 98, 62, 41]. Simulations were run at 300 kPa, 70°C and 90%RH and the

corresponding oxygen transport resistance values are compared with experimental

measurements as shown in figure 5.10

Figure 5.9 shows the simulation results of oxygen transport resistance with

ndrag measurements from Fuller et. al.[39], Zawodzinski et. al. [160], Gottesfield et.

al. [123], Ge et. al. [41] and Ise et. al. [62]. While studying the effect of ndrag,

the values of Dλ was unchanged and the correlation by Zawodzinski et. al. [160]

was used. The ndrag values from Fuller predicts early water condensation in the

GDL while the correlation by Zawodzinski predicts the most delayed liquid water

condensation in the GDL. The experimental measurements from Ise and Gottesfield

agrees well with experimental results.

The effect of Dλ on simulation of oxygen transport resistance is shown in

figure 5.9. For all Dλ sensitivity simulations, ndrag correlation for Zawodzinski was

used. The Dλ values by reported by Caulk et al.[20], Motupally et al. [100] and

Fuller et. al.[40] is much higher compared to Mittlesteadt[98] and Zawodzinski[160].

Due to this higher back diffusion water condensation in the GDL is delayed and

the model predicts much lower oxygen transport resistance values compared to the
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Figure 5.9: Simulation of Oxygen transport resistance with different values of
electro-osmotic drag [39, 160, 123, 41, 62] reported on literature.

experiment. Model shows the best agreement with the experimental measurements

Zawodzinski et. al. [160]. Compared ndrag the Dλ values vary much more signifi-

cantly and as a result the model shows much higher sensitivity to Dλ.

5.4 Summary

A simplistic alternative to the Darcy law based two-phase water transport

model is proposed based on the work by Caulk et al [22]. This simple model con-

siders liquid water saturation to be constant and uniform whenever diffusion media

is wet and provides a mathematical advantage of removing liquid water saturation

as a state variable since liquid water saturation no longer varies when the diffusion

media is wet. In addition, the newly developed 1-D model eliminates the need to

specify the saturation boundary condition at the channel-diffusion media interface.

The saturation dependent material transport properties (e.g relative permeability)

is also not required to model water transport through the GDL since Darcy law

is not utilized. To implement this model only the ratio of tortuosity over porosity
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Figure 5.10: Simulation of Oxygen transport resistance with different values mem-
brane water diffusivity [20, 40, 160, 100, 98] reported on literature.

(τ/ε) is required which can be very easily obtained from limiting current experi-

ments. To capture the effects of liquid water flooding in the electrode, an empirical

approach has been adopted. During liquid water condensation in the electrode the

active sites are covered by liquid water and it reduces the catalyst utilization of

the electrode. To calculate how catalyst utilization varies with local water activity

polarization experiments were conducted at carefully designed wet operating con-

ditions and the experimental results were fitted with 1-D simulation. It has been

found that the correlation between catalyst utilization and electrode water activity

exhibits a sigmoid function behavior. The roughness factor of the electrode rapidly

declines after the onset water activity in the electrode. The newly developed 1-D

model has been validated with both limiting current and polarization experiments.

Wet limiting current and polarization experiments are conducted at 300kPa 70°C,

80% and 90%RH. It has been demonstrated with the inclusion of water tendril and

catalyst utilization model, oxygen transport resistance and polarization test can be

very accurately predicted at dry and wet operating conditions. Simulation results
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showed liquid water coverage in the electrode can be as high as 75% under high

humidity operating conditions.
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Chapter 6

DEVELOPMENT OF DOWN-THE-CHANNEL MODEL

6.1 Down-the-Channel Framework

While the 1-D model discussed in chapter 4 and 5 can accurately predict

PEMFC performance under both dry and wet operating conditions, the effect of

flow-orientation, stoichiometric ratio, pressure drop and coolant temperature effect

on cell performance cannot be captured. The 1-D model is limited to only high

stoichiometric operations with minimal pressure drop. To overcome this limitation

a 1+1-D model framework is developed based on the 1-D model.

In the 1+1-D model, the flow channel is discretized in multiple segments

and the 1-D model is used a probe to calculate the cell conditions. Local pressure,

temperature, RH and mole flux is provided to the 1-D model as an input and

the cell voltage at each node is calculated. The input mole flux at each node is

calculated based on mass conservation and discussed in 6.2. To solve for the cell

voltage for an applied current density, the anode FF voltage is set to ground and

the current density distribution is optimized to obtain an equipotential cathode FF.

Since the bipolar plates are made of metals with high electronic conductivity the

assumption of equipotential FF is reasonable for fuel cell applications. During co-

flow operation the reactants flow in the same direction for both anode and cathode.

For counter-flow operation anode flow direction is altered to the opposite to cathode

flow direction. Coolant flow direction remains the same for both co-flow and counter

flow. Figure 1 shows the schematic of the 1+1-D model for both co-flow and counter-

flow orientation.

6.2 Channel discretization

Applying the conservation of mass equation on control volume z the oxygen

(N z
O2

) and water vapor molar flow rate (N z
H2O,C

) is calculated as
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Figure 6.1: Implementation of co-flow orientation with the resistance network of
the 1+1-D model where multiple 1-D cells are represented by electric
circuits coupled with the gas flow in the flow-channels
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N z
O2
−N z−1

O2
− iz−1

local

(M − 1)× 4F
= 0 (6.1)

N z
H2O,C

−N z−1
H2O,C

+
(
1− f z−1

w

) iz−1
local

(M − 1)× 2F
= 0 (6.2)

Here M is the total number of nodes in flow channel, ilocal is the local current

density at node z, fw is the fraction of generated water transferred to anode side

from cathode side and F is the faraday’s constant. Similarly the molar flow rate of

hydrogen (N z
H2

) and water vapor (N z
H2O,a

) in anode side for control volume z can

be obtained

N z
H2
−N z−1

H2
− iz−1

local

(M − 1)× 2F
= 0 (6.3)

N z
H2O,a

−N z−1
H2O,a

− f z−1
w

iz−1
local

(M − 1)× 2F
= 0 (6.4)

At the Cathode inlet, the water vapor mole fraction X in
H2O,c

is calculated based on

the inlet RH (RHc,in) and total inlet pressure, (Pin)

X in
H2O,C

=
PH2O,C

Pin
=
RHc,in × Psat(Tcoolant,in)

Pin,cathode
(6.5)

Here the saturation pressure Psat is calculated based on the coolant inlet tempera-

ture. Oxygen mole fraction (X in
O2

) is obtained as

X in
O2

=
P in
O2

Pin,cathode
=
XO2,dry (Pin −RHc,in × Psat(Tcoolant,in))

Pin,cathode
(6.6)

The inlet molar flux rate is a function of stoichiometric ratio and it is calculated as,

N in
O2

= St× iapplied
4F

(6.7)

Water vapor (N in
H2O,c

) and nitrogen mole fraction (N in
N2

) are obtained following the

ideal gas law,

N in
H2O,c

= N in
O2
×
X in
H2O,C

X in
O2

(6.8)
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N in
N2

= N in
O2

X in
N2

X in
O2

(6.9)

Similarly, the inlet mole fractions of hydrogen (X in
H2

) and water (X in
H2O,a

) in

anode side are calculated as.

X in
H2

=
PH2

Pin,anode
=
Pin −RHa

in × Psat(Tcoolant,in)

Pin
(6.10)

X in
H2O,a

=
PH2O,a

Pin
=
RH in

a × Psat(Tcoolant,in)

Pin,anode
(6.11)

Here, RH in
a refers to the inlet relative humidity, Pin,anode is the inlet pressure for

anode.

6.3 Results: Down-the-Channel Model

6.3.1 Experimental validation

The developed 1+1-D down-the-channel model is validated with steady state

experimental results conducted by General Motors on a PEMFC stack. Simulation

results at 1.50 A/cm2 is shown in figure 6.5. The measured value of HFR is com-

pared simulation predicted results. A HFR of 0.608 Ω − cm2 is predicted by the

simulation where the experimentally measured value was 0.610 Ω− cm2. The com-

parison between experimentally measured and simulation predicted current density

distribution along the flow channel which is plotted in figure 6.5 and good agreement

is found in the current density distribution with slight deviations near the end of

the flow channel.

6.3.2 Effect of Stoichiometry and Flow-orientation on PEMFC perfor-

mance

To investigate the effect of stoichiometry and flow-orientation simulations

were carried out at stoichiometries of 2.0 and 1.0 for both dry (150 kPa, 80°C,

20%RH) and wet (150 kPa, 80°C, 100%RH) operating conditions. As shown in

figure 6.6(a), cell performance under extreme dry condition is sensitive to both

stoichiometric flow rate and flow-orientation. At extreme dry conditions low stoi-

chiometry performance is higher than high stoichiometry and flow orientation does
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density distribution in the down-the-channel model.
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Figure 6.4: Pseudo code showing the algorithm for obtaining equipotential cathode
bipolar plate

not have any noticeable effect on cell performance. For stoichiometry ratio of 2,

counter-flow performance is much higher compared to co-flow. The performance

gain for counter-flow operation is mostly from the lower HFR values. High stoicho-

metric flows have a drying effect on the cell which is detrimental to cell performance

under extreme condition.

The cell performance with varying stoichiometry and flow-rates under wet

operating (150 kPa, 80°C, 100%RH) condition is plotted in figure 6.6(b). Under

wet operating condition cell performance is not sensitive to flow-orientation but

stoichiometric ratio has a much more noticeable effect. Since inlet gas feed is fully

humidified HFR values are almost identical for all cases. But we observe a higher

mass transport losses at high current density due to liquid water condensation and

it is more pronounced at low stoichiometry condition.

96



0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 00 . 0 0

0 . 2 5

0 . 5 0

0 . 7 5

1 . 0 0

1 . 2 5

1 . 5 0

No
rm

aliz
ed

 Cu
rre

nt 
De

ns
ity(

i/i a
pp

lied
)

D i s t a n c e  f r o m  a n o d e  i n l e t  ( d i m e n s i o n l e s s )

 G M  E x p e r i m e n t
 1 + 1 - D  M o d e l

1 . 5 0  A / c m 2 ,  1 7 6 k P a  8 0 � C
3 0 / 6 2 %  R H  d P  =  3 0 / 4 5  k P a ,  
d T  =  7 . 8 � C  S t  =  2 / 1 . 8 0

Figure 6.5: Down-the-channel current distribution experiment and model predic-
tions at 1.50 A/cm2 current density and counter-flow orientation. Op-
erating condition 176 kPa 30/60%RH 80°C, Pressure drop 30/45 kPa,
Coolant temperature difference 7.8°C

6.3.3 Down-the-channel distribution

To investigate the effect of stoichiometric ratio and flow-orientation on down-

the-channel distribution of critical performance parameters simulations were run at

1.5 A/cm2 under both dry (150kPa 80°C, 20%RH) and wet (150kPa 80°C, 100%RH)

operating condition. The channel pressure drop was kept at 30/45kPa and coolant

temperature difference was kept constant at 7.8 °C.

At high stoichiometric flow rates current density distribution remains uniform

through-out the channel length which is desirable but at low stoichiometry condition

current density show high gradient between inlet to outlet locations. Current density

distribution for co-flow orientation shows more than 20% variation between the local

minima and maxima where counter flow shows only 6% variation. The simulation
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Figure 6.6: 1+1-D simulation result showing the effect of stoichiometric flow rate
on PEMFC under dry operating conditions with co-flow and counter-
flow orientation. Operating condition: 150 kPa 80°C, 20% RH (Dry),
100%RH (Wet),Pressure drop 30/45 kPa, Coolant temperature differ-
ence 7.8°C

results indicate more uniform current density is achieved for counter-flow at low

stoichiometry.

The fraction of generated water transported from cathode side to anode side

(fw) is plotted in figure 6.9(a). At high stoichiometric flow rates water transport

across the membrane is less than 5%. However at low stoichiometry water transport

across membrane becomes more prominent. For co-flow, fw shows a gradual increase

from cathode inlet to exit with values of fw less than 5% near cathode inlet and 20%

near the cathode exit. For counter-flow operation, fw shows a completely different

trend. fw is highest near the cathode inlet and becomes negative near cathode

exit which essentially shows water is transported towards the cathode from anode.

This phenomenon is referred as internal circulation of water as the water that is
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Figure 6.7: 1+1-D simulation result showing the effect of stoichiometric flow rate
on PEMFC under wet operating conditions with co-flow and counter-
flow orientation. Operating condition: 150 kPa 80°C, 20% RH (Dry),
100%RH (Wet),Pressure drop 30/45 kPa, Coolant temperature differ-
ence 7.8°C

transported to anode is dragged back to the cathode side. The effect of internal

water circulation can be observed in the HFR distribution as shown in figure 6.9(b).

HFR values are significantly reduced at low stoichiometric flow rates regardless of

the flow orientation but counter-flow shows a more uniform and low HFR. However,

for co-flow orientation HFR shows a steep decrease from inlet to exit.

The anode and cathode channel relative humidity distribution in down-the-

channel direction for co-flow and counter-flow is plotted in figure 6.10(a) and 6.10(b)

respenctively. RH in both anode and cathode channel is increased as lower stoichio-

metric flow rates are used. For co-flow orientation (figure 6.10(a)), both anode and

cathode gas flow is in the same direction. Relative humidity gradually increases

towards the channel exit as a result for co-flow orientation the cell remains more
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Figure 6.8: Down-the-channel current distribution at 1.50 A/cm2 applied current
density and counter-flow orientation. Operating condition 150 kPa
20/20%RH 80°C, Pressure drop 30/45 kPa, Coolant temperature dif-
ference 7.8°C

humidified near the channel exit. Cathode RH is higher than anode all through

the channel since water generation is in the cathode side. For counter-flow orien-

tation, the flow direction for anode is changed. Even though, the general trend of

increasing RH near the channel exit remains the same but because of the opposite

flow direction overall humidification level of the cell is more improved in co-flow

orientation.

6.4 Investigation of water balance

For all the simulations in this section, the base line operating condition is

150kPa 80°C and 20/20% (An/Ca) RH with 30/45kPa pressure drop and 7.8 °C
coolant temperature rise. 130/130 µm GDL and 25 µm membrane has been used as

the base-line geometry for all simulations.
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6.4.1 Asymmetric GDL

Figure 6.11 shows the distribution of cathode to anode water transport (fw)

in down-the-channel direction for counter-flow operation at 1.5 A/cm2, 150 kPa

80°C, 20% RH. It can be observed that assembling cells with different anode/cath-

ode GDL thickness can significantly alter water transport across the membrane.

For example, increasing GDL thickness in cathode side leads to higher values fw

whereas anode GDL thickness have a very negligible effect. Since the water diffu-

sivity in hydrogen is four times higher than water diffusivity in air, increasing GDL

thickness in anode side does not significantly increase the transport resistance and

as a result fw is not as sensitive to anode GDL thickness as the cathode counterpart.

The cell with 230/130 µm GDL, shows highest water transport and this leads to

a higher membrane water uptake as shown in figure 6.12(a). Membrane hydration

is extremely critical under dry operating conditions since PEMFC performance is

primarily limited by ohmic loss at automotive fuel cell operating condition (0.67V)

as per DOE guideline. A thicker cathode GDL decreases the membrane ohmic resis-

tance (HFR) by providing better membrane humidification. the author would like

point out that that increasing GDL thickness will also increase the oxygen transport

resistance which may lead to higher mass transport losses at high current densities.

Hence, the balance between mass transport loss and ohmic loss must be be taken

into consideration.

6.4.2 Membrane thickness

It is well understood in literature that lowering membrane thickness reduces

the proton transport loss in membrane. In this section, simulation results of cells

with 25, 15 and 10 µm membrane thickness is compared to study the effect of mem-

brane thickness on cell water balance, water uptake (λ) and channel RH distribution.

1+1-D simulation results of HFR and membrane water uptake (λ) are shown in fig-

ure 6.13. Consistent with the existing literature it is observed from figure 6.13(b)

that lowering membrane thickness reduces the HFR. However, it is important to

note that membrane water uptake (λ) also improves with thinner membranes as

shown in figure 6.13(a). The cell with 25 µm membrane shows high water uptake

(lambda) gradient between channel inlet to exit which is known to have detrimental

effect on membrane degradation whereas the cell with 10 µm membrane exhibits
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a higher and more uniform water uptake (λ) distribution which both improves cell

performance and membrane degradation. Figure 6.14(a) shows the water transport

from cathode anode in the down-the-channel direction for cells with 25, 15 and 10

µm membrane thickness. Thinner membranes transport more water towards cath-

ode compared to the thicker membrane. Water back diffuses from anode to cathode

because of the water gradient between the two sides and a thinner membrane leads

to lower back diffusion resistance resulting in more water transport towards anode

side. Higher water transport (fw) also improves the anode RH as shown in figure

6.14 (b). The channel RH distribution shows equal anode and cathode RH levels

are achieved near the middle of the channel length when a 10µm membrane is used

which explains the uniform water uptake (λ) distribution.

6.4.3 Asymmetric channel inlet RH

To study the effect of relative humidity of channel inlet, simulations were run

at 60/20, 20/20 and 20/60% (An/Ca) inlet RH conditions. The operating pressure

and temperature was kept constant at 150 kPa and 80°C respectively. For all the

simulations 130/130 µm GDL and 25 µm membrane was used.

In figure 6.15(a) water uptake (λ) distribution is plotted for the aforemen-

tioned conditions. 20/60% RH case shows the highest membrane water uptake

whereas 20/20 %RH shows the lowest membrane water uptake. HFR values from

6.15(b) also follows the same trend as membrane conductivity is directly correlated

with water uptake (fw). 20/60% RH case shows the lowest HFR and 20/20%RH

case shows the highest HFR distribution in down-the-channel direction. The reason

for lower HFR values or higher water uptake values for 20/60% RH case can be

understood from the water balance and channel RH distributions in figure 6.16(a)

and (b) respectively. Higher RH in cathode side transports more water to anode as

back-diffusion becomes the dominant driving force and because of the higher water

transport across membrane anode side remains more humidified. High anode RH

does not improve membrane humidification as much as water transport from anode

side to cathode side depends primarily on electro-osmotic drag which is a function

of ionic potential difference across the membrane. To summarize, asymmetric RH

can help reduce the membrane proton transport resistance when higher cathode RH

values are utilized.

102



0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0- 0 . 0 5

0 . 0 0

0 . 0 5

0 . 1 0

0 . 1 5

0 . 2 0

0 . 2 5

Wa
ter

 Tr
an

sp
ort

 fro
m 

Ca
tho

de
 to

 An
od

e (
f w)

N o r m a l i z e d  D i s t a n c e  f r o m  A n o d e  I n l e t

 C o - f l o w  S t  1 0 / 1 0
 C o - f l o w  S t  2 / 2
 C o u n t e r - f l o w  S t  1 0 / 1 0
 C o u n t e r - f l o w  S t  2 / 2

( a )

0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0
0 . 0 6
0 . 0 8
0 . 1 0
0 . 1 2
0 . 1 4
0 . 1 6
0 . 1 8
0 . 2 0

HF
R (

Ω
-cm

2 )

N o r m a l i z e d  D i s t a n c e  f r o m  A n o d e  I n l e t

 C o - f l o w  S t  1 0 / 1 0
 C o - f l o w  S t  2 / 2
 C o u n t e r - f l o w  S t  1 0 / 1 0
 C o u n t e r - f l o w  S t  2 / 2

( b )

Figure 6.9: Down-the-channel distribution of (a) water transport from cathode to
anode (b) HFR at co-flow and counter-flow orientation for stoichio-
metric flow rates of 2 and 10. Operation conditions: 150 kPa 80°C
20% RH.
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Figure 6.10: Relative humidity distribution in down-the-channel direction at sto-
ich of 10 and 2 for (a) co-flow orientation (b) counter-flow orientation.
Operation conditions: 150 kPa 80°C 20% RH.
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Figure 6.11: Down-the-channel distribution of (a) cathode to anode water trans-
port (b) channel relative humidity with varying anode/cathode GDL
thickness at 150 kPa 80°C, 20% RH
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Figure 6.12: Effect of GDL thickness on along the-channel distribution of (a)
membrane water uptake (b) HFR distribution at at 150 kPa 80°C,
20% RH
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Figure 6.13: Effect of membrane thickness on along the-channel distribution of (a)
membrane water uptake (b) HFR distribution at at 150 kPa 80°C,
20% RH

Figure 6.14: Down-the-channel distribution of (a) cathode to anode water trans-
port (b) channel relative humidity with varying membrane thickness
at 150 kPa 80°C, 20% RH
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Figure 6.15: Effect of asymmetric channel inlet RH on (a) membrane water uptake
(λ) (b) membrane proton transport resistance (HFR) at at 150 kPa
80°C, 20% RH

Figure 6.16: Effect of asymmetric channel inlet RH on (a) water transport from
cathode to anode (fw) (b) RH distribution in the down-the-channel
direction at at 150 kPa 80°C, 20% RH
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Chapter 7

CONCLUSION

In this thesis, a comprehensive down-the-channel performance model is pre-

sented. To formulate the down-the-channel model at first a 1-D dry model is de-

veloped. The 1-D model assumes fully developed flow in the flow channels and a

constant reactant concentration in the flow-channel GDL interface. The pressure

in the modeling domain is considered as isobaric. For mass transport in the gas

diffusion layer and micro porous layer, diffusion is considered as the only trans-

port mechanism. Both Fickian and Non-Fickian diffusion is included in transport

resistance but the pressure independent Non-Fickian diffusion terms like Knudsen

diffusion are lumped into a constant resistance parameter term in the transport

equations, Rothers is obtained experimentally. Anisotropic diffusion in the gas dif-

fusion media is modeled with a correction factor fgeo. Homogeneous and isotropic

properties for porosity, tortuosity and thermal conductivity are assumed through-

out the spatial domain. The 1-D dry model considers non-isothermal heat transfer,

convective and diffusive gas transport, electrochemical re-action, shorting and cross

over current, effects of land/channel geometry, membrane water balance, and pro-

ton resistance based on non-linear water content in the membrane. Limiting current

experiments were conducted at 115.8 kPa, 151.34 kPa, 201.34 kPa and 301.34 kPa,

at 80°C and 64% relative humidity. A dry polarization test was conducted at 70°C,

100 kPa and 60% relative humidity. Non-pressure dependent resistance and the

ratio of porosity to tortuosity are obtained from the limiting current experiment to

use in the model. Results from the 1-D model simulation have been compared with

both limiting current and dry polarization tests. Detailed discussion on incorporat-

ing water balance, heat transfer and mass transport have been presented in chapter

4. It has been demonstrated that at high current densities the membrane water

content distribution becomes highly non-linear so modeling ohmic resistance with
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constant membrane conductivity or linear water content yields inaccurate result. In

addition, inclusion of a non-isothermal temperature distribution inside the PEMFC

sandwich is also important since a temperature gradient of 5-6 degrees exist at the

high current density region. For modeling mass transport in a 1-D model, inclu-

sion of “fgeo” factor is also crucial. “fgeo” accounts for land/channel geometry and

anisotropic diffusion coefficients. The main objective of the 1-D modeling frame-

work is to accurately predict PEMFC physics at dry operating condition and it has

been achieved succesfully.

In addition, an application of the 1-D model also has been presented where

the effect of coupled heat and mass transport on water condensation in GDL is

studied. Two of the most widely used commercial gas diffusion materials, the Toray

TGP-H-060 and Freudenberg H23C8, were selected for this case study due to their

difference in thermal properties. The through-plane thermal conductivity of Toray

material is one order of magnitude higher than that of the Freudenberg material.

Limiting current experiments were conducted to determine oxygen transport resis-

tance under both dry and wet operating conditions. The Toray material shows

a sharp increase in oxygen transport resistance after the onset of water conden-

sation, while Freudenberg material exhibits a gradual increase. The polarization

curves under dry and wet conditions agreed with the effect of thermal and oxygen

transport properties. Toray performs better under dry conditions, but worse under

wet conditions. 1-D modeling analysis showed the performance variation is due the

differences in thermal conductivity and gas diffusivity properties . A critical con-

trolling parameter, k
(
τ
ε

)
, has been obtained from the 1-D coupled heat and water

vapor transport equations. A gas diffusion material with high k
(
τ
ε

)
performs well

under hot and dry conditions, but suffers from drastic oxygen transport loss as soon

as liquid water condensation occurs in the GDL. On the other hand, a gas diffu-

sion material with low k
(
τ
ε

)
is more suitable for cold and wet operating conditions.

Therefore, there exists an optimal material design that yields an intermediate k
(
τ
ε

)
value, which allows the material to have robust performance across a broad range

of operating conditions. The findings of this case study provide clear guidelines for

designing PEMFC materials to significant boost fuel cell energy conversion efficiency

for future application.

Next, to expand the models capability to predict PEMFC performance at
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high humidity operation two-phase water transport has been implemented. A sim-

plistic alternative to the Darcy law based two-phase water transport model is pro-

posed based on the work by Caulk et al [22]. This simple model considers liquid

water saturation to be constant and uniform whenever diffusion media is wet and

provides a mathematical advantage of removing liquid water saturation as a state

variable since liquid water saturation no longer varies when the diffusion media is

wet. In addition, the newly developed 1-D model eliminates the need to specify the

saturation boundary condition at the channel-diffusion media interface. The sat-

uration dependent material transport properties (e.g relative permeability) is also

not required to model water transport through the GDL since Darcy law is not

utilized. To implement this model only the ratio of tortuosity over porosity (τ/ε)

is required which can be very easily obtained from limiting current experiments.

To capture the effects of liquid water flooding in the electrode, an empirical ap-

proach has been adopted. During liquid water condensation in the electrode the

active sites are covered by liquid water and it reduces the catalyst utilization of

the electrode. To calculate how catalyst utilization varies with local water activity

polarization experiments were conducted at carefully designed wet operating con-

ditions and the experimental results were fitted with 1-D simulation. It has been

found that the correlation between catalyst utilization and electrode water activity

exhibits a sigmoid function behavior. The roughness factor of the electrode rapidly

declines after the onset water activity in the electrode. The newly developed 1-D

model has been validated with both limiting current and polarization experiments.

Wet limiting current and polarization experiments are conducted at 300kPa 70°C,

80% and 90%RH. It has been demonstrated with the inclusion of water tendril and

catalyst utilization model, oxygen transport resistance and polarization test can be

very accurately predicted at dry and wet operating conditions. Simulation results

showed liquid water coverage in the electrode can be as high as 75% under high

humidity operating conditions.

Finally the 1-D two phase model is extended to a 1+1-D down-the-channel

model where the flow-channel was discretized in multiple segments using the mass

conservation principle. Local channel information such as the pressure, temperature,

RH, gas composition is provided as input to the 1-D model and cell voltage at

each segment was calculated. To solve for the cell voltage at an applied current
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density the anode flowfied was set to ground and the current density distribution was

iterated to obtain an equipotential cathode. Co-flow and counter-flow orientation

was achieved by switching the direction of anode flow. Coolant flow direction was

kept the same regardless of flow orientation. The 1+1-D model has been validated

with experimental current density distribution measured by General Motors and the

model shows excellent agreement. 1+1-D simulation were run under dry (150kPa

80°C, 20%RH) and wet (150kPa 80°C, 100%RH)operating conditions with both

co-flow and counter-flow. The channel pressure drop was kept constant at 30/45

kPa and coolant temperature gradient was maintained at 7.8 °C. The effect of flow

orientation did not show any significant impact under wet or high stoichiometric

flow rates. However, counter-flow operation showed improved performance at low

humidity and low stoichiometric flow rates. Simulation results showed Counter

flow operation provided more uniform current density distribution, enabled internal

water circulation and lowered the membrane ohmic resistance.
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Chapter 8

FUTURE WORK

The developed down-the-channel model opens a lot of research opportunities

to move the current research forward. A summary of potential model improvement

are listed below.

1. Improving model convergence at stoichiometry flow rates lower than 1.50 with

high coolant temperature gradient and counter flow orientation.

2. Option to change coolant flow direction should be added.

3. The current iterative algorithm for membrane water balance exhibits ill-convergence

and increases computation time. Developing a more robust membrane water

balance algorithm is necessary to further improve the model.

4. Currently performance losses from the catalyst layer flooding and mass trans-

port are based on empirical correlation. To further improve the model a cata-

lyst layer agglomerate model with liquid water condensation effects should be

added.

5. 1+1-D models capability to predict PEMFC performance straight and serpen-

tine flow channel designs needs to be validated with experimental results.

6. Current water tendril model can capture the oxygen transport resistance for

Toray type diffusion media (high thermal conductivity and low gas transport

resistance). A mathematical formulation should be implemented to predict the

oxygen transport resistance for Freudenberg type diffusion media (low thermal

conductivity and high gas transport resistance)
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7. Current 1-D model assumes the heat source to be localized in the cathode cat-

alyst layer. The local heat generation effects such as: ohmic heating, reaction

impossibilities needs to be accounted.
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APPENDIX A
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Figure A.1: Iteration loops for calculating fraction of generated water transported
towards anode side from cathode side
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Figure A.2: Iteration loops for solving 1-D heat equation
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Figure A.3: Iteration loop for solving 1-D mass conservation equation
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