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Abstract
To enhance durability and cold start performance of PEFCs, residual water in the
fuel cell components must be minimized during operation and after shutdown. In
this work, an integrated approach is developed and adopted to investigate the nonparasitic modes of water transport in the fuel cell components, and then identify
the key controlling parameters to maximize water drainage during shutdown. A
complete stack thermal model and two-phase single cell model has been developed
to achieve this goal.
A computational stack thermal model was developed to investigate the cold
start behavior, and to estimate detailed spatial temperature distribution across
the cells. The model was experimentally validated using measured data for a 20
cell stack. A parametric study was also conducted to determine the governing
parameters, relative impact of the thermal mass of each stack component and ice,
internal and external heating mechanism, and anticipated temperature distribution
in the stack at start-up for various operating conditions. This model was also used
to estimate the end cell temperature during PEFC stack shutdown, which can be
used as a transient boundary condition for the unit cell model. The result of this
work can be directly incorporated into fuel cell stack design and material selection.
A two-phase unit fuel cell model was also developed to investigate the water and
iii

thermal transport in the PEFC components after shutdown, which for the first time
includes thermo-osmotic flow in the membrane. The model accounts for capillary
and phase-change induced flow in the porous media, thermo-osmotic and diffusive
flow in the polymer membrane. Results conclusively demonstrates that during
shutdown to the frozen state, residual water at the cathode can be controlled,
and freeze damage can be avoided by balancing the phase-change induced flux
in the diffusion media with the net balance of thermo-osmosis and diffusion flux
in membrane. The concept of using controlled temperature gradients to nonparasitically remove excess water during shutdown can be used as a design solution
to improve the anode end cell cold start performance in a PEFC stack.
In practical applications, accelerated damage along the end plates of stack has
been observed. To investigate the effect of stack design on the end cell water
transport, both the stack and single cell model were integrated. The single cell
model was used to estimate the local water distribution with land/channel boundary condition, and the experimentally validated stack thermal model provided the
temperature boundary condition to simulate the end cells. Two different stack
designs that exist in the patent literature but not have been explained theoretically were investigated for water drainage. For the first time, a complete physical
explanation for the observed effects has been presented. The results of this work
can be potentially used to improve stack design and develop shutdown protocols
to minimize the residual water.
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Chapter 1
Introduction
1.1

Background

The fuel cell is an electrochemical device which converts the chemical energy of a
fuel and oxidizer into electrical energy through electrochemical reactions. A fuel
cell typically consists of an electrolyte layer in contact with a porous anode and
cathode electrode. Unlike a battery that must be recharged or disposed off after
its finite amount of fuel or oxidizer is consumed, a fuel cell will produce electricity
when the reactants are continuously supplied. The first known operating fuel cell
can be traced to the year of 1839, when scientist William Robert Grove discovered
the reverse electrolysis process of water. He combined hydrogen and oxygen gas
by using separate platinum electrodes in a dilute sulfuric acid electrolyte solution
to produce an electrical current. However, due to the limited catalyst active area
and high electrolyte resistance, the electrical current obtained from the fuel cell
was too small to be applied in a practical usage. Hence the early interest in Groves
invention began to diminish.
The research and development of fuel cell did not get much attention until the
late 1950’s when General Electric (GE) developed the first low temperature polymer electrolyte fuel cell (PEFC) for NASAs Gemini space program [1]. Willard
Thomas Grubb, a chemist at GE, invented the PEFC in 1955, while he was considering new application areas for ion-exchange membranes. He modified the fuel
cell design by using a sulphonated polystyrene ion-exchange membrane as the electrolyte. Three years later, Leonard Niedrach, another GE chemist, found a way
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to deposit platinum on to the membrane, and greatly improved the power density
of PEFC [1]. In these early PEFC, there were many drawbacks on the fuel cell
technology especially with the electrolyte membrane, higher cost and its limited
lifetime. The development of the PEFC went into abeyance in the 1970’s and early
1980’s. In mid 1980’s, the research of the PEFCs became active again because of
breakthroughs in electrolyte material and the catalyst technology. The development of proton exchange membranes based on stable sulphonated fluoropolymers
(commonly fluoroethylene) greatly lengthened the lifetime of PEFCs. The most
famous one and almost the industry standard is Nafionr , an ionomer developed by
Dr. Walther Grot at DuPont in 1970s. The PEFC research became somewhat idle
until the 1990s when a new carbon supported platinum catalyst was developed by
a group at Los Alamos National Laboratory, greatly reduced its cost.
Since 1990’s, fuel cells have become of high interest for stationary and portable
power supplies, including the automotive applications due to increasing environmental concerns. It was apparent that a more efficient, environmental friendly, renewable and petroleum-free power source was needed, especially in the automotive
market. Due to the direct conversion of the chemical energy into electrical energy,
fuel cell can achieve overall system efficiency more than the internal combustion
engine. Lutz et al. [2] and Wright [3] have compared the theoretical efficiency of
fuel cell and heat engine, and have shown that both have the same second law
limitation without material property specifications or simplifications. A common
misconception that fuel cell is not limited by Carnot efficiency is not true. However,
fuel cells can be more efficient in practice [2, 3]. It is because that if a fuel cell is
compared to a heat engine of the same theoretical efficiency, then the fuel cell will
not be limited in practice by having to deal with the high temperature of the heat
engine. Heat engines cannot operate at the maximum combustion temperature,
because of the materials problems of handling the working fluid. Therefore, heat
engines are forced to accept operating losses that fuel cells, operating at a much
lower temperature, can avoid [2]. Moreover, both practical heat engine operation
and fuel cells also have some inherent irreversibility [2]. For example, in a practical
heat engine sources of irreversibility can be from incomplete combustion, material
limitation, and heat transfer/rejection to environment or in mixing process. Fuel
cell also suffers from various polarization losses, incomplete reaction and heat re-

3
jection/transfer to the environment etc. This irreversibility may further reduce the
theoretical maximum work obtained from a practical heat engine or fuel cell, and a
careful first law and second law analysis must be done for appropriate comparison
of maximum work obtainable [2].
In addition to potential high efficiency, fuel cells are also advantageous in terms
of their quiet and emission free operation (except for emissions derived from production of fuel). Since there are no moving parts, besides pumps or blowers,
involved in the fuel cell system, their operation is very quiet compared to the
other engines. Also, when hydrogen is used as a fuel, the only products are power
and generally potable water. Therefore, pollutants such as nitrous oxides and
particulate matters are eliminated, while carbon dioxide and carbon monoxide
are reduced nearly to zero when hydrogen fuel is used. Thus fuel cells are a so
called zero-emission engine. Furthermore, when obtained from electrolysis or from
biomass and waste, hydrogen is a petroleum-free, renewable energy source, which
makes fuel cells very advantageous, compared to other power sources.
There are several types of fuel cells, each being unique and typically characterized by the electrolyte used. The most popular fuel cells are listed in Table
1.1. As it is seen, among the fuel cell types, the PEFC has the widest range of
application area including the automotive industry, portable applications such as
laptop power units and stationary power generation systems. The basic operation
of PEFC is described in the next section.

1.2
1.2.1

Polymer Electrolyte Fuel Cell
Description

Figure 1.1 represents the basic operation and components of a simple PEFC. Hydrogen, or other fuel, is supplied to the anode side of the fuel cell while the oxidant,
usually the oxygen gas taken from the air, is delivered at the cathode side. The
electrochemical oxidation reaction at the anode side occurs by the hydrogen gas
splitting into hydrogen ions H+ , and free electrons e− . The produced electrons
flow through an external circuit connected to a load and produce electrical power.
The hydrogen ions pass from anode side to cathode side through a semi-permeable
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polymer membrane which is not conductive to electrons but has high ionic conductivity. At the cathode side, the electrons, hydrogen ions and oxygen gas are
combined and oxygen reduction reaction takes place forming the product water.
The following electrochemical reaction take place in the PEFC [4]:
Anode Reaction:
2H2 → 4H + + 4e−

(1.1)

O2 + 4H + + 4e− → 2H2 O

(1.2)

1
H2 + O2 → H2 O
2

(1.3)

Cathode Reaction:

Overall Cell Reaction:

In order to help reduce the activation energy for the electrochemical reactions, a
catalyst layer containing nano-size (2-4 nm) platinum particles is generally implemented on both anode and cathode sides.

1.2.2

Components of a PEFC

In Figure 1.1, the basic components of a PEFC are also shown. In the center
of the diagram, there is the ion conductive polymer electrolyte membrane which
usually varies between 18-175 µm in thickness. The electrolyte most commonly
used by PEFCs today is a polyperfluorosulfonic acid membrane. DuPont produces
the industry’s most widely used membrane called Nafionr , although other similar
products exist including Gore Technologies Primear series of membranes. Nafionr
contains a polytetrafluoroethylene (PTFE or Teflonr ) backbone with sulfonic acid
groups attached to the perfluorinated-vinyl-polyether side chains. In the presence
of water, these highly hydrophilic sulfonic acid groups will absorb water and ionize
to enable H+ ion transfer through the membrane.
On each side of the membrane, the catalyst layers are implemented which
typically consists of platinum powder roughly 2-4 nm in size and supported by the
larger (∼40 nm) carbon particles. The electrochemical reactions take place in these
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layers; therefore they are also referred as the reaction sites. The total thickness
of the catalyst layer is on the order of 10-20 µm. The combined structure of
membrane and two catalyst layers are usually referred as the membrane electrode
assembly (MEA) or three layer structures.
Outside the MEA structure, there are backing layers or gas diffusion media
(DM). Figure 1.2 shows the Scanning Electron Microscopy (SEM) images of two
different DM viz. carbon cloth (woven) and carbon paper. The carbon cloth DM
consist of fibers woven in some pattern as shown in Figure 1.2(a) whereas, carbon
fiber paper consists of fibers aligned in random direction and is shown in Figure
1.2(b). The main purpose of DM is for the transport of reactant gases from the flow
channels to the catalyst layer. In addition, with the carbon structure of the DM,
it allows the necessary electron conduction from the catalyst layer to the external
load. Another important feature of this component is to remove the product liquid
and gas-phase water from the catalyst layer into the flow channel.
The flow channels, or the bi-polar plates, are made of an electrically conductive
material such as graphite or metal. They distribute the reactants through the overall assembly, provide electron conductivity between the electrodes, and necessary
robustness and strength to support the whole fuel cell structure.

1.2.3

Performance Analysis

The performance of a PEFC is generally defined by using a polarization curve,
which is a graphical representation of the cell voltage output versus the operating
current of the cell. In general, the polarization curve is a non-linear relationship
between the voltage and current due to several over potentials occurring in the
fuel cell operation. Figure 1.3 shows a typical polarization curve for PEFC. Basic
regions are labeled on the figure as; (I) activation polarization region, (II) ohmic
polarization region, and (III) concentration polarization region. Details of these
processes are explained in [4, 5] and a brief summary is mentioned below.
The activation polarization represents the rate of an electrochemical reaction
controlled by sluggish electrode kinetics in the low current density region. Similar to chemical reactions, electrochemical reactions in fuel cells also involve an
activation energy that must be overcome by the reacting species. In other words,
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electronic barriers must be overcome prior to the current generation and ion transport. Activation over potential can be described by the Butler-Volmer equation
for an electrode [5]:
·
i = i0 exp

µ

¶
µ
¶¸
αA nF
αC nF
ηact − exp −
ηact
RT
RT

(1.4)

where i represents the current density (A/m2 ), F is the Faraday’s constant, i0 is
the exchange current density (A/m2 ), ηact is the activation over potential (V), n is
the number of electrons transferred in the elementary electrode reaction, and αA
and αC are the anodic and cathodic charge transfer coefficient.
Ohmic polarization is caused by the limited ionic conductivity of the membrane,
the electrical resistance of the porous medium and the current collector plates. In
addition, the contact resistance at the interface of the current collector plates
and DM also contributes to the ohmic polarization. The ohmic losses are more
pronounced at moderate and high current density operation, and are strongly
affected by the hydration level of the membrane. The ohmic loss can be expresses
by Ohm’s law [5]:
ηohm = iRtotal

(1.5)

where Rtotal is the total resistance of a fuel cell including the contact resistance
and the ionic resistance, and i is the current density.
Concentration polarization represents the mass transport limitations of the
reactant gases to the reaction sites at high current densities. During the cell
operation, the generated water may condense and block the available pore for
gas transport in the DM. As a result, the reactant gas fluxes can not diffuse to
the active reaction sites in the catalyst layer. The diffusive limitation in the DM
results in a concentration difference between the catalyst surface and DM, and
subsequently causes a reduce electrode potential. According the Nerst equation,
the concentration over potential can be written from the thermodynamic activity
as [5]:
µ

ηconc

i
= B ln 1 −
iL

¶
(1.6)
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where iL is the limiting current density (A/m2 ), indicating the maximum rate at
which reactant can be supplied to an electrode and B is a constant which can be
obtained from experimental data.
Finally, the cross-over losses in the PEFC are resulted from the hydrogen transfer from the anode to cathode, due to the high concentration gradient across the
electrode. The crossed-over fuel reacts with oxygen at the cathode catalyst layer.
The released electron during the electrochemical reaction doesn’t go through the
external circuit. This leads to a reduction in the overall electrochemical reaction
rate of the cell and decreases the cell efficiency.

1.3

Problem Overview

Current fuel cell technology faces a number of technical challenges for automotive
application that must be surmounted in order to compete against the internal
combustion engine. Two key issues: fuel cell durability and cold start performance
have gained considerable attention [6, 7, 8, 9].
In cold-weather conditions, the start-up of fuel cell stack is impeded by residual water ice formation, and water generated by electro-chemical reaction. The
ice/frost formed may block the passage for reactant gas transport by filling the
pores in the catalyst layer (CL) or diffusion media (DM), or block the channel flow
path. To facilitate the rapid cold start-up process, energy is needed to melt the
ice and heat up the fuel cell stack to its normal operating condition. Existence of
the phase change, and the various disparate length scales involved complicate the
cold start analysis and it differs substantially from a single cell to a full size stack.
Same time freezing of residual water has been shown to cause physical damage of
materials as well as electrochemical performance loss.
To facilitate the rapid cold start and minimize the freeze damage in PEFC
components, residual water in the fuel cell components must be minimized. Currently, various purging methods are being utilized to minimize the residual water
in the fuel cell. In practice, purge is traditionally restricted to a short duration due
to the high parasitic energy requirement. Recently, various non-parasitic methods
using temperature gradients [10, 11] have gained considerable attention. However,
these methods are limited to the experimental observations, and fundamental un-
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derstanding of this, and other non-parasitic mode of water drainage is not yet well
understood. The next section describes the pertinent literature for the multi-phase
transport in fuel cell and stack, cold start and freezing phenomenon in the fuel cell
components.

1.4

Literature Survey

A review of fuel cell research history in the 20th century has been given by Perry
and Fuller [1]. They have described the fuel cell technology development in last
100 years and mentioned the details from the space application to its commercialization. One of the most interesting features of their review is the discussion
about all type of fuel cells including the PEFC, its potential application and future
research direction leading to commercialization.
Springer et al. [12], and Bernardi and Verbrugge [13] are among the pioneers
to perform the modeling studies of the PEFC. They laid down the foundation to
use computer simulations to predict the PEFC performance. Springer et al. [12]
proposed an isothermal one-dimensional steady state model for PEFC. The key
feature of the model was the use of experimental data of diffusion, electro-osmotic
drag coefficient and water sorption isotherms for Nafionr 117 membrane to predict
the steady state water profile. Model accounts for multi component diffusion using
Stefan-Maxwell equation, but neglects the effect of the liquid water on membrane
water content and in the electrochemical kinetics. Bernardi and Verbrugge [13]
developed transport equation for each fuel cell component by combining the gasphase transport model with the Bernardi’s membrane model [14]. In their model,
diffusion media and membrane were treated as porous media and Darcy’s law
was used for liquid (superficial) velocity. Electrochemical kinetics was modeled
using Butler-Volmer equation and Stefan-Maxwell for multi-component gas phase
transport. The predicted polarization curve was in a good agreement with the
experimental data obtained by Ticianelli et al. [15].
Following Springer and Bernardi work, numerous single-phase and two-phase
model for the PEFC of varying complexities have been developed. Nyugen and
White [16] investigated the effect of liquid water presence with a pseudo twodimensional heat and water management model including multi-component trans-
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port. Their model can be summarized as channel-membrane model, neglecting
transport in porous electrode, therefore lacking to predict the two-phase behavior
esp. flooding phenomenon in the PEFC. Wang and his students [17-23,] developed
a single domain multi-dimensional, multi-phase (M2 ) model for PEFC. This M2
model is based on the multi-phase model initially proposed by Wang and Cheung
[24, 25]. The noted publications from Wang’s group are isothermal single-phase
two-dimensional and three-dimensional model developed by Um et al. [17, 18]
and two-phase model for hydrophobic DM by Pasaogullari and Wang [19, 20, 26].
Pasaogullari and Wang [20] also investigated the effect of micro porous layer (MPL)
to avoid the flooding in the PEFC, thus improving the fuel cell performance at high
current density operation. Later, Wang and Wang [22] extended the M2 model to
predict the transient behavior of the PEFC. Berning et al. [27-29] also presented
a three-dimensional multi-phase model for the PEFC. Their model was also similar to the M2 model and predicted that liquid water saturation doesn’t exceed
10% at either cathode or anode side DM. However, Neutron Imaging studies [30]
predicted higher amount of liquid water in the fuel cell (up to 150 mg). Weber
and Newman [31-33] developed a physical model for Nafionr , which bridges the
gap between diffusion and hydraulic model in the PEFC. In their model, the governing equation for the Nafionr was developed for liquid and vapor equilibrated
membrane and combined to account for simultaneous liquid and vapor transport
in the membrane. Nam and Kaviany [34] presented an analytical model to relate the effective mass diffusivity with the local saturation and porosity using the
network model. Using this network model along with hydrodynamics of capillary,
two-phase flow in porous media, water formation and condensation kinetics is used
to determine water saturation in one-dimension. Bigersson et al. [35] developed a
non-isothermal two-phase model for PEFC. The two distinct feature of their model
was the incorporation of thermal contact resistance in the model and investigating
the discrepancies in the value of the capillary pressure. Kulikowosky [36, 37] developed a quasi-3D model for the water transport in the PEFC. His model accounts
for the non-linear relation of diffusion of water in membrane and delineates the
treatment of liquid water and vapor in the CL and membrane. Further details
of transport phenomenon and fundamental model for the PEFC are presented in
review articles by Wang [38], and Weber and Newman [39].
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The above literature survey was focused on the single-phase or two-phase model
development for the PEFC. The key for the cold start model development is to understand the state of water in the PEFC below freezing temperature, the thermal
and water transport (both capillary driven and due to thermal osmosis) and the
phase change phenomenon. The review of these models helps to understand the
water and thermal transport and lay down the founding stones for the development
of the cold start model. The literature for the single fuel cell operation under subzero temperature is very limited and many times conflicting especially in terms of
state of water in Nafionr . Hishinuma et al. [40] evaluated the cold start performance of a 104 cm2 cell, both experimentally and numerically. They concluded
that self start-up of the given PEFC configuration below -5 o C was impossible
without external heat input; although other cell/stack design can self start below
-5 o C. Following Hishinuma’s experiments, many studies were done to investigate
the damages and performance degradation during freeze thaw cycles [41, 42, 43]
and details can be referred elsewhere [44]. He and Mench [45] proposed a novel
frost heave model from the theories of porous media by combining the Harlan’s
hydraulic model [46] and Miller’s rigid ice model [47, 48]. They predicted that ice
lens formation under the land is not feasible due to the high over burden pressure
(compression in the PEFC) and explained the delamination between Nafionr and
CL due to the possible water expulsion from the electrolyte during freezing. Ge
and Wang [49, 50] performed in situ imaging to characterize the state of water
and ice formation in an operating PEFC during cold start, by punching a hole in
the DM to visualize the water/ice formation in cathode CL. They concluded that
freezing point depression in the cathode CL is no greater than 2 o C and has no
significant effect on the cold start behavior. On the other hand, using visible and
infra red images, Ishikawa et al. [51] measured water in liquid state at -10 o C in the
PEFC and showed that temperature at liquid water location rises to 0 o C during
the freezing. Similarly, for the cold start performance, Yan et al. [52, 53] reported
irreversible losses during start-up experiments from -15 o C on a 25 cm2 cell. In
contrast to their observation, Perry et al. [11] showed no performance degradation
after 200 boot strap start-up cycles on a 320 cm2 30 cell stack. Recently, Tajiri et
al. [54, 55] presented the cold start performance of a single isothermal cell from -30
o

C. They maintained the isothermal cell condition by designing the high thermal
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mass of cell plates and fixtures, and controlled the initial water distribution by
an equilibrium purge. They investigated the effect of the ambient start-up temperature, operating current density and the initial water content on the fuel cell
performance. Mao and Wang [56, 57] presented a fundamental analysis of cold
start and developed a multi-phase model to predict the PEFC performance under freezing condition. The developed model was validated with the results from
Tajiri et al. [54]. The summary of the results of Wang and his student’s publication [54-57] was to use the dry membrane as water storage and therefore enhance
the start-up time. The proposed model was an extension of M2 model and accounts for the reverse-sublimation. However, the model doesn’t capture the anode
side channel freeze out as shown by Garzon et al. [7] and doesn’t incorporate the
freezing point depression in membrane [6, 45]. Wang et al. [58] studied the effect
of applying the external reverse voltage on cold start performance. and found no
degradation in cell performance if voltage did not exceed 0.85 V.
Design and analysis of the stack is very different as compared to the single cell.
Due to the disparate length scale involved and large number of cells, analysis of
stack for each cell level is almost impossible. Currently, most of the existing stack
models are concerned with the thermal and water management in the stack during
steady state normal operating conditions [59-63]. Little information is available
regarding the PEFC stack transient behavior and its performance under sub-zero
conditions. Even though a significant number of system based patents exists for
cold start e.g. [64-70], they fail to completely address the fundamental issues in
the fuel cell stack during cold start. Shan et al. [71-73] developed a transient
stack system model to investigate the effect of varying load on the start-up during
normal operating conditions. Sundaresan and Moore [74, 75] have presented a
zero-dimensional thermal layered model to analyze the start-up behavior from a
sub-zero environment. Their simulation incorporates the start-up transient, and
captures the component level temperature distribution in the stack. However, their
model is built on an identical empirical source term on the anode and cathode side,
which prevents predicting the true asymmetric temperature distribution in the
stack [72]. Moreover, each component in the stack is lumped and represented by a
single point temperature, which limits the model to capture only the thermal mass
effects rather than other material thermal parameters. Ahluwalia and coworkers
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[76, 77] have investigated the effect of various operating conditions on the self start
of a PEFC stack using a two-dimensional species and current model. Bradean et
al. [10] proposed to apply temperature gradient to migrate liquid water from MEA
to plate channel. From their experiments on 20 cell stack, they claimed that water
content in the cell can be reduced to 2.5 mg/cm2 per cell and stack startup was
achieved from -12 o C without any external energy source. A detailed comparison
of features of various stack model is shown in Table 1.2. Details of various warming
strategies including catalytic reaction [64, 65], external load [66, 67], passing hot
fluid and reactant gas [68-70] in the PEFC stack, etc., have been developed and
can be found in the published US patent literature. However, limited experimental
data have been published so far due to the propriety nature of the field.
The literature review given here is intended to provide an overview of the
previous work in the area and may not be the exhaustive collection of all the work.
Additional work is covered in the following chapters with their specific relation to
the scope of the individual chapters.

1.5

Motivation and Objective

The polymer electrolyte fuel cell (PEFC) performance and durability under subzero operation is relatively a recent topic and has gained a lot of attention both
from academia and industry, especially in the automobile application. The existence of numerous patents in achieving the rapid cold start and reducing the
residual water (e.g. [64 - 70]) indicates the amount of effort to achieve a practical
solution and make PEFC commercially viable for various energy needs. However,
limited literature is available in terms of published papers, presentations and reports elucidating physical phenomenon, methods to avoid the ice formation and
mitigating the freeze related damage. Cold start performance can also be enhanced by reducing the residual water before freezing [10]. So, there is also need
to fundamentally understand the non-parasitic mode of water transport for water drainage. The motivation of the current work is to develop a physics based
mathematical model for the polymer electrolyte fuel cell stack and understand the
temperature driven water transport modes in PEFC components. So, a transient,
one-dimensional thermal model for a generic PEFC stack is developed to investi-
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gate the cold start ability and the corresponding energy requirement over different
operating and ambient conditions. The developed stack model provides design
guidelines to overcome the cold start issue. A transient two-phase mathematical
model was also developed to describe water redistribution in the single PEFC components after shutdown, which for the first time includes thermo-osmotic flow in
the membrane, so that understanding necessary to optimize the shutdown drainage
process could be obtained.
The main objectives of the current work can be summarized as follows:
1. Develop a transient one-dimensional, validated thermal computational model
to predict the temperature distribution and investigate the startup/shutdown
behavior of a PEFC stack.
2. Develop a transient two-phase mathematical model to predict the water redistribution in the fuel cell components after PEFC shutdown, which includes
thermo-osmosis in electrolyte membrane and phase-change related transport
in diffusion media.
3. Investigate the impact of stack design on water drainage in end cell during
shutdown.
4. Develop a two-dimensional anisotropic model to investigate the impact of
local delamination on polymer electrolyte fuel cell (PEFC) performance.
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Table 1.1. Popular fuel cell types and their characteristics

Fuel Cell

Electrolyte

Alkaline
FC
PEFC

KOH

Phosphoric
Acid FC
Molten
Carbonate
FC
Solid
Oxide FC

Solid
Polymer
(Nafionr )
Phosphoric
Acid
Lithium and
Potassium
Carbonate
Solid Oxide
Electrolyte
(Zirconia)

Operating
Temperature
60-120 o C
50-100 o C

∼220 o C
∼650 o C

∼1000 o C

Fuel
Type
Pure
H2
Pure
H2
Pure
H2
H2 ,
CO,
CH4
H2 ,
CO,
CH4

System
Efficiency
35-55 %
35-45 %

40 %
>50 %

>50 %

Application

Military,
Space
Automative,
Portable
CHP
(200
kW)
CHP (200 1000 kW)
CHP (200 1000 kW)
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Table 1.2. Summary of features/attributes of the various stack model in literature

Stack
Model ⇒
Features ⇓

Ahluwalia
and Wang
[76]

Yu et al.
[59], Amphlett et
al.
[78,
79]

√

√

Transient/
Steady

T

T

Type

2-D

Lumped

Physical explanation

Freezing of
water
Validation
Effect
of
initial
condition

√

√
√

×

×

Sundaresan
and Moore
[74, 75]

Li et al.
[60, 61]

Shan
and
Choe
[71, 72]

√

√

T

S

T

Lumped

Lumped

Lumped

×

×

×

×

×

√

√

(Network
model)

(Network
model)

×

×

×

×

200

35

30

51

10

√

√

√

√

√

Design
parameter
variation

×

×

×

×

Material
variation

×

×

×

×

×

×

×

×

Number of
cells
Operating
parameter
variation

End plate
effect
External
heating

√

×

×

×

√

×
√

√
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Figure 1.1. Basic operation and components of the fuel cell [4]
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(a)

(b)

Figure 1.2. SEM images of (a) carbon cloth (b) Carbon paper
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Figure 1.3. Typical polarization curve for a PEFC

Chapter 2
Theory of Transport of Water in
the PEFC Components
This chapter describe the necessary details to understand the multi-phase flow in
the fuel cell component esp. Nafionr and diffusion media. In the first section, brief
review of Nafionr morphology, state of water and various modes of water transport
are presented. In the subsequent section, multi-phase flow fundamentals in the
porous media are discussed. In the last section, a fundamental thermodynamic
analysis for the frost nucleation on the diffusion media and/or catalyst surface is
presented.

2.1

State of Water in Electrolyte Membrane

Nafionr was developed by DuPont in 1962 and is a perfluorosulphonic acid (PFSA)
polymer membrane. It has a PTFE backbone and has perfluorovinyl ether pendant
side chain with sulphonate groups on the ends. The detailed review of the Nafionr
molecular structure and its morphology is presented by Mauritz and Moore [80]
and Hickner et al. [81]. This section describes the brief summary of state of water
in Nafionr , water transport mechanism and freezing of water in the Nafionr .
The state of water in Nafionr is expressed in terms of water content, λ and
is defined as the number of moles of water associated with a mole of sulphonic
groups in the membrane. Polymeric membrane absorbs water when it is in contact
with water vapor or liquid water and is represented by a water uptake curve called
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”isopiestic curve” [12]. In 1903, Schroeder [82] found that polymeric material
absorbs less water from the saturated vapor phase than from the liquid water,
and this is also known as Schroeder paradox. Many researchers e.g. [83, 84]
have measured the membrane water content as a function of water activity for
Nafionr 117 and other polymeric membrane. The maximum water content in
Nafionr decrease from 14 to 10 with increase in temperature from 30 o C to 80 o C,
when it is equilibrated with unit water vapor activity as shown in Figure 2.1(a).
The Schroeder paradox is also observed in Nafionr membrane and a physical
explanation is recently proposed by Weber and Newman [31, 33]. They described
the water uptake in the membrane in four steps and is shown in Figure 2.1(b). In
the first step, the dry membrane absorbs water in order to solvate the acid groups,
forming inverted micelles in the polymer matrix. With more water uptake, these
clusters grow and form interconnections network with each other. The third step
corresponds to a state when the membrane is in contact with saturated water vapor,
where a complete cluster network has formed. This allows for the liquid water to
infiltrate and expand the collapsed channels in the fourth step. As a result a porelike structure is formed. Due to the fact that channels are filled with liquid water,
so water uptake of the membrane has increased without a change in the chemical
potential of membrane, which essentially is the Schroeder’s paradox. The porelike structure formed makes the Nafionr more like a porous media. Liquid water
is then flowing into the membrane driven by capillary pressure, instead of the
activity gradient. They claimed that Schroeder’s paradox is actually representing
a structure and transport mechanism transition.

2.1.1

Modes of Water Transport

Membrane properties especially density, proton conductivity, gas permeability and
diffusion coefficient are strong function of membrane hydration. In PEFC operations, water is generally carried into the fuel cell by pre-humidified reactant gas
streams. Some water passes through the DM, and reaches the membrane in the
form of vapor, which in turn, increases the hydration level of the membrane. In
addition to the input streams, the water vapor is also generated in the cathode
catalyst layer by the electrode reaction. Water transport across the membrane
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originates from the imbalance in water concentration and static pressure across
the membrane. Therefore, the water transport mechanism across the membrane is
a controlling factor that determines the level of membrane hydration. The various
water transport mode in the membrane are discussed in the following sections.
2.1.1.1

Diffusion

The diffusion of water between the electrodes is caused by the water concentration
gradient (∆cc−a ) across the membrane. In this model, membrane is assumed to
be a homogenous single phase media, and the water transport is governed by the
activity gradient. This model was first proposed for PEFC application by Springer
et al. [12], and Fuller and Newman [85], and later modified for chemical potential
gradient by Janssen [86]. The water diffusive flux (qw,dif f ) can be represented by
Fick’s Law given as [5, 87]:
qw,dif f = −Dw (λ)

dcw
dx

(2.1)

where Dw is the diffusion coefficient (function of local water content of the membrane, λ), and

dcw
dx

is the water concentration gradient across the membrane. It

is important to note that using the activity gradient as driving force; diffusion
model cannot describe the water transport in fully hydrated conditions. However,
a modified form of the above equation can be used and is discussed by Ge et al.
[88] in detail.
Water can diffuse across the membrane in either direction. However, water
concentration is usually higher at the cathode due to the water generation in the
cathode CL. As a result, in the conventional fuel cell operations, water generally
tends to diffuse toward the anode side. The water transport from cathode to
anode is called back-diffusion. Bi-directional water diffusion driven by an activity
gradient plays an important role in maintaining the water balance of the PEFCs.
In an operating PEFC, the anode tends to dry out because water is transported to
the cathode by electro-osmotic drag, and the cathode tends to be flooded because
both electro-osmotic drag and water production causes to accumulate an excess
amount of water at the cathode side. Back-diffusion of water from cathode to
anode compensates the water loss of the anode, and tends to flatten the water
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activity profile across the membrane, therefore preventing the anode dry-out and
reducing the cathode flooding phenomena.
2.1.1.2

Hydraulic Permeation

Water may also be transported through the membrane by hydraulic permeation,
which is caused by the differences in the pressures of the gas reactants across the
membrane. In this model, membrane is treated as a two phase porous medium and
Darcy’s law is used to explain the water transport. This model was initially applied
for PEFC by Bernardi and Vebrugge [13] and later modified to include effects of
saturation, pore size distribution and hydrophobicity by Eikerling et al. [89]. The
water flux transported by hydraulic permeation (qw,hyd ) is directly related to the
pressure gradient across the membrane, and can be described as:
qw,hyd = −

khyd (λ) dP
µ
dx

(2.2)

where khyd is the hydraulic permeability coefficient of the electrolyte membrane
(function of membrane water content, λ), µ is viscosity of water, and

dP
dx

represents

the pressure gradient across the membrane. For operating conditions when both
reactant gas pressures (anode and cathode) are relatively equal, as is a common
practice in PEFCs, the hydraulic permeation rate approaches to zero, thus can be
neglected.
It is important to mention that both type of model (Diffusion and Hydraulic)
can be made to agree with the experimental data, but neither describes the full
range of data nor all observed effects, like Schroeder’s Paradox. Weber and Newman [31, 32] hybrid model is a combination of both diffusion and hydraulic model.
They used the diffusion mode between the unconnected clusters and, for the water
pathways between the clusters, capillary pressure gradient was used.
2.1.1.3

Electro-osmotic Drag

When H + ions migrate from the anode to the cathode, they tend to attract and
drag water molecules along with them across the electrolyte. This phenomenon is
referred to as electro-osmotic drag. The number of water molecules transported
per hydrogen proton (H + ) is called the drag coefficient (nd ). The drag coefficient
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commonly ranges from 1 to 2.5 for Nafionr membranes, as reported by Janssen
and Overvelde [90]. Ren and Gottesfeld [91] have reported the drag coefficients
as high as 5 H2 O/H + for fully hydrated Nafionr 117 membranes, and they observed that the drag coefficient is a linearly increasing function of temperature
within the range of 20 to 120 o C. The water flux driven by electro-osmotic drag
(qw,ele−osm ) is proportional to the proton flux under a given condition (hydration
level, temperature etc.), and is described as:
qw,ele−osm =

ind (λ)
F

(2.3)

where i is the local current density, F is Faraday’s constant and λ is the water
content of membrane, which indicates the number of water molecules adsorbed by
each sulfonic acid group. nd is a proportional constant named as ”electro-osmotic
drag coefficient”, which physically indicates the number of water molecules dragged
by each proton. The drag coefficient strongly depends on the water content of the
membrane (λ) since membrane exhibits the structural changes in various states
of hydration. The rate of electro-osmotic drag from the anode to the cathode is
directly proportional to the operating current density. Especially at high current
densities, the electro-osmotic drag increases, causing the cell to dry the anode side,
while flooding the cathode side.
2.1.1.4

Temperature Driven Flow (Thermo-osmosis)

Thermo-osmotic volume flux across the membrane is observed when there is a
temperature difference on both sides of the membrane separated solutions. Both
solutions may have same species and concentration. The volume flux, qw,therm−osm
under a temperature difference can be written as [92]
qw,therm−osm = −D (T ) ∇T = −D (T )

∂T
∂x

(2.4)

where D is the thermo-osmotic coefficient and it depends on the hydraulic permeability, mean membrane temperature and partial molar volume of the solvent [92,
93]. Depending on the type of membrane, thermo-osmotic coefficient may have
positive or negative values, indicating the direction of water transport.
Tasaka et al. [94] observed water transfer through various hydrophilic and
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hydrophobic polymer membranes and analyzed them by a theory based on nonequilibrium thermodynamics. They observed the movement of water from the
cold to hot side through a hydrophilic membrane, and water flux direction was reversed for hydrophobic membrane. The Nafionr membrane has a negative thermoosmotic coefficient, which means water moves from cold side to hot side. Taska et
al. [95] measured thermo-osmotic coefficient -0.357 x 10−7 g/cm2 sK for Nafionr
417 and Villaluenga et al. [93] measured -0.75 x 10−7 g/cm2 sK for Nafion 117,
respectively. Most of the fuel cell modeling literature doesn’t account for the
thermo-osmotic phenomenon in the PEFC. Recent experimental observation by
Braden et al. [10] and Zaffou et al. [96] reported water movement from hot to cold
side through MEA of a PEFC, which is in disagreement with the measurements of
Taska et al. [95] and Villaluenga et al. [93].

2.1.2

Freezing Point Depression

It has been well establish [80, 81, 97] that water exist mainly in two form in the ionic
pores of the membrane: 1) Non-freezable and 2) Freezable water. Non-freezable
water is defined as water that is strongly bound to either polymer backbone or the
ionic groups that is associated with the polymer. Water molecules that are highly
polarized by the virtue of being in close proximity to an ion exist in hydration shells
and are unable to crystallize. However, freezable water exhibits similar behavior
as normal bulk water. Freezable water can exists as loosely bound or bulk water
and freezes around 0 o C. A simplified schematic of different type of water is shown
in the Figure 2.2(a). Nonfreezable water is situated along the pore walls, whereas
freezable water is located near the pore center, as suggested by modeling, X-ray
and neutron imaging studies [80, 98, 99]
Differential scanning calorimetry (DSC) analysis is one of the methods to measure the unfrozen water content in the membrane. Non-freezable water yield no
characteristic of thermal transition on the DSC analysis. The freezing peak in the
DSC analysis may depend on the scan rate. The detailed comparison of DSC data
and analysis to estimate the unfrozen water content is summarized by He [100],
and He and Mench [45]. Recently, Mukundan et al. [6] estimated that Nafionr
sample equilibrated at 50% RH shows no freezable water with total water content
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corresponding to λ = 5.5. The sample equilibrated in liquid water had λ = 9 of
freezable water and λ = 13 of non-freezable water. The freezable water can in
turn be resolved into bulk like water that has a sharp melting point (λ = 1.4) and
freezable bound water that has broad melting range between -17 o C to 0 o C (λ =
7.6). He and Mench [45] also reported similar analysis that non-freezable water
content in the Nafionr 117 membrane could be from 2.5 to 12 and depend whether
the membrane is in contact with liquid water or water vapor. They developed a
characteristic curve for the unfrozen water vs. Temperature from the literature
and is shown in Figure 2.2(b). The empirical equation from the data in Figure
2.2(b) is:
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Water Transport in Porous Media

Detailed understanding of water and thermal transport in the diffusion media
(DM) is very necessary to optimize the PEFC performance, both at normal and
sub-zero operating conditions. This section provides a detailed description of the
fundamentals of multi-phase flow and immiscible flow theory in the porous medium.

2.2.1

Fundamentals

This section will describe the basic definition and concepts for multi-phase flow in
porous media.
2.2.1.1

Porosity

Porous media (PM) is composed of a solid backbone material and void pores.
Porosity (²) is defined as the ratio of void space to the bulk volume of porous media.
To further distinguish the connected and isolated pore sites, another term called
effective porosity (²ef f ) is used in the soil science. Effective porosity represents the
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interconnected pore volume that contributes to fluid flow within the porous media,
and excludes the isolated pores. Bulk porosity is defined as [101]:
²=

Void volume
Bulk volume of porous media

(2.6)

Effective porosity is defined as:
²ef f =
2.2.1.2

Interconnected void volume
Bulk volume of porous media

(2.7)

Saturation

In multi-phase mixture in the porous media, the volume fraction of total pore
volume occupied by a phase is called saturation. Saturation (s) is a key parameter
for multi-phase flow because it represents the available pore space that the gas
phase can diffuse. Phase saturation, sj is expressed as [101]:
sj =

Volume occupied by phase j
Total available pore volume

(2.8)

It is evident from the definition of saturation that it can vary from 0 to 1 for a
particular phase and sum of all phases should add up to unity.
2.2.1.3

Contact Angle and Surface Tension

Contact angle is a critical parameter in two-phase flow and is defined as the angle
between the gas-liquid interface and solid surface. It is measured at the triple
point, where all three points intersect. It can be interpreted as the measure of
wetting of a surface by a liquid. Contact angles depend on the base material’s
surface and surface morphology (roughness). The liquid droplet contact angle on
any solid surface can be defined by the mechanical equilibrium of the droplet under
the action of three interfacial tensions [101]. The interfacial tension σjk is defined
as the amount of work that must be performed in order to separate a unit area of
the fluid j from k. The term σj is the surface tension between substance j and its
own vapor phase. The work to separate two phases is expressed as:
Wjk = σj + σk − σjk

(2.9)
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Figure 2.3 represents a droplet of liquid (l) on top of solid (s), equilibrated with
gas (v). A simple force balance on the droplet contact surfaces in the x-direction
gives the surface tension components of the solid material; one can derive the
Young’s equation [101]
cos θ =

σsv + σsl
σlv

(2.10)

where σlv , σsl and σsv represents the liquid-vapor, solid-liquid and solid-vapor
surface tensions, respectively. Depending upon the molecular force balance at the
contact line, the surface tends to either contract or stretch the liquid droplet like
an elastic membrane. In the above equation, θ is the contact angle and σlv cosθ
is called the adhesion tension. A surface can be considered as hydrophilic when
contact angle (θ) is smaller than 90o (liquid will be wetting fluid), whereas a surface
is defined as hydrophobic for contact angles greater than 90o (liquid will be nonwetting fluid). On a hydrophilic surface, liquid water droplets tend to spread over
the surface, whereas on a hydrophobic surface, the droplets tend to be more of a
sphere-like shape, covering less surface area.
2.2.1.4

Capillary Pressure

The interface of two fluids is balanced by the pressure of the two fluids, together
with the surface tension of the interface σ. The capillary pressure pc is defined as
the pressure difference between the non-wetting and wetting fluids, known as the
Laplace equation:
µ
pc = pnw − pw = σ
0

1
1
0 +
r
r00

¶
(2.11)

00

where, r and r are the two principle radii of the interface, as shown in Figure 2.4.
r is the mean radius, which is of the order of magnitude of the pore size. For a
capillary tube model, in which the PM is composed of capillary tubes of different
radii, when the mean radius of the capillary tubes is r∗ , the capillary force can be
written as
pc =

2σ
2σ
= ∗ cos θ
r
r

(2.12)
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Interfacial tension and wettability also depend on whether a fluid-fluid interface
is advancing or receding on a solid surface. The phenomenon is called hysteresis.
Figure 2.5 shows two hysteresis effects. The ink-bottle effect takes place in pores
with non-uniform width, as can be expected in DM and CL. Wetting an initially
dry pore or drying an initially wet capillary pore gives two different stable configurations. The raindrop effect shows the different advancing and receding contact
angles for a droplet on a declining surface.
The process for wetting fluid replacing non-wetting fluid in a PM is called imbibition. The opposite process is called drainage. Figure 2.6 shows a typical capillary
pressure and wetting fluid saturation relationship, pc = pc (sw ), during imbibition
and drainage for a porous soil medium. sw0 is called the irreducible saturation of
the wetting fluid, which represents the quantity of wetting fluid remaining in the
PM even at high capillary pressure. Similarly, snw0 is called the residual saturation
of the non-wetting fluid. Point A shows the bubbling pressure, pb , which means the
minimum pressure needed to initiate displacement of wetting fluid by non-wetting
fluid.
Leverett [102] proposed a semi-empirical equation to relate the curves, ignoring
hysteresis,
J = J (sw ) =
q
where,

k
²

³p ´ rk
c

σ

(2.13)

²

is the empirical mean pore diameter for a PM. Due to the hysteresis,

the J-Leverett function is not unique. From the Leverett experimental data [102],
Udell [103] proposed the functional form of J-Leverett function as:
J (sw ) = 1.417sw − 2.120s2w + 1.263s3w

(2.14)

Some fuel cell models pick another type of Leverett function [19, 20, 103], which
is based on the capillary tube model and thus includes the contact angle effect.
pc ´
J = J (sw ) =
σ cos θ
³

r

k
²

(2.15)

Kumbur et al. [104] presented a study on the effectiveness of the Leverett
function for the fuel cell diffusion media and found it inappropriate especially at the
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high saturation values. Kumbur et al. [105 - 107] also determined the appropriate
equivalent Leverett function for commercial fuel cell DM and investigated the effect
of temperature, compression and PTFE on the capillary pressure.
2.2.1.5

Permeability and Darcy’s Law

Permeability refers to the tendency of a porous material to allow fluid to move
through its pores. Permeability of a porous medium is one of the controlling factors
that affect the rate at which fluids travels through the pores of the porous medium.
For instance, porous media with higher permeability facilitates the transport of
reactants and products. The intrinsic permeability is a property of the porous
media only, not the flowing fluid, and is defined as:
k = Cd2

(2.16)

where k and d are intrinsic permeability and average pore diameter. C represents the dimensionless constant describing the configuration of the flow path.
Permeability is either directly measured or empirically estimated using Darcy’s
law. Darcy’s law was established by Henry Darcy, and it states that the flow rate
through a porous body is equal to the product of permeability of the medium and
pressure gradient across the porous body, divided by the viscosity of the flowing
fluid [101]. Darcy’s law is defined as:
Q=−

kA ∆P
µ L

(2.17)

where Q, A and µ represents the flow rate, cross-sectional area to flow and viscosity of the fluid.

∆P
L

is the pressure gradient across the porous medium having

a thickness of L, k is the absolute permeability of the porous medium and represented by unit Darcy (1 Darcy ∼ 10−12 m2 ). For PEFC application, there exists
no experimental data of the relative permeability as function of saturation. Estimation like kr,w ∝ s3w have been used [17-19]. When a measured value of absolute
permeability is unavailable, Carman-Kozeny [108, 109] equation shown below can
be used to estimate the absolute permeability of the porous medium.
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k=

r 2 ²3
18τ (1 − ²)

(2.18)

Here, r, ² and τ are the mean radius of the pores, porosity and tortuosity of the
medium, respectively.
In a multi-phase flow in porous media, the available pore space is shared by
all the phases e.g. liquid and gas, thus the effective cross sectional area available
for each fluid is less than the total available pore space. This effect is taken into
account by the relative permeability parameter (kr ), which is defined as the ratio
of the intrinsic permeability for a phase (kj ) to the total intrinsic permeability
(kabs ) of the porous media. Figure 2.7 shows a typical relation of the relative
permeability versus liquid saturation for unconsolidated sands.

2.2.2

Immiscible Flow Theory

The multi-phase flow through PM is usually treated as immiscible fluids with the
following assumptions [101]:
1. All continuous phases flow simultaneously and do not mix.
2. Every single phase follows its own tortuous path in the pore space.
For phase j, if gravity effects are neglected, the flow rate can be derived through
Darcy’s law,
vj = −kr,j

k
∇pj
µj

(2.19)

For mass balance,
∂ (²ρj sj )
= −∇ (ρj vj ) + Sm,j
∂t

(2.20)

where, ρj is the density and Sm,j , is the mass source term for phase j. The mass
source term could be from phase change or from any chemical reaction. For
isotropic porous media with constant density and porosity, combining Eq. 2.19
and 2.20 will result
µ
¶
k
Sm,j
∂sj
= ∇ kr,j ∇pj +
²
∂t
µj
ρj

(2.21)
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For each phase involved, one can write a flow equation similar to Eq. 2.21 to
describe the multi-phase flow in PM.
For the energy equation, the porous media can be treated as a mixture of
backbone material and flowing fluids within the voids. The energy equation can
be summarized as
¡
¢
¡
¢
D ρCp T
= ∇ k̄∇T + Sh
Dt

(2.22)

where, ρCp and k̄ are averaged thermal parameters, Sh is the volumetric heat
source term. Another approach for the thermal parameters could be the volume
P
P
averaging as i (²i ρi Cp,i ) and i (²i ki ), where Cp,i is the heat capacity and ki is
the thermal conductivity of the component i.

2.3

Fundamental Analysis of Frost Nucleation

In the cold weather condition, existing water vapor in the environment can form
the frost on the cold surface. The phase change of water vapor may occur by two
mechanisms 1) Condensation to liquid water and freezing to ice i.e. water vapor
will condense below the dew point temperature and freezes as surface temperature
is below the freezing point, 2) De-sublimation to the ice.
In either case, frost formation involves two distinct processes [110]:
1. Nucleation
2. Crystal Growth
The vapor embryo is a concentration of water molecules that can be transformed to form a frost nucleus. The nucleation process requires that the vapor
embryo must overcome a certain Gibb’s energy barrier [111]. Although the cooled
moist air may be saturated at the cold surface, but frost nucleation will not occur
unless the Gibb’s energy barrier is exceeded. The embryo’s which have insufficient
Gibbs energy for nucleation re-evaporates into the air. Once the frost embryo has
exceeded the critical radius, it start’s growing in lateral and axial direction to form
the ice crystals.
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Various researchers have investigated the frost crystal growth on a flat cold plate
[112-114]. Sahin [112] investigated the effect of plate temperature, air temperature,
humidity ratio and Reynolds number on the frost formation. Lee et al. [113] have
developed a molecular diffusion model of water vapor for the frost formation rate,
and predicted that water vapor contribute partially to increase the frost density and
rest to increase its thickness. Using scale analysis, Na and Webb [110] estimated
that less than 10% of water vapor contributes to the density increase of the existing
frost. Most of the available literature on experimental and modeling of the frost
formation is for flat plate and applicable to heat exchanger, air craft wings etc.
Limited literature is available for the frost formation from water vapor in the
porous media.
The pore size of PEFC component esp. DM and CL is order of 1-20 µm. It is
very unlikely that ice crystals can grow in these minute pores. So, this study will
be focus only on the inception of the frost nucleation and how material properties
affect the onset of the frost formation. If tailoring of the material surface property
can delay the frost formation, then it may result in delaying the freeze-out time
during the PEFC cold start-up. The frost nucleation is affected by:
1. Gibb’s free energy difference and Embryo formation rate
2. Super saturation degree
• Surface temperature
• Surface energy/interfacial energy
• Humidity ratio

2.3.1

Gibb’s Free Energy Difference and Embryo Formation Rate

The nucleation process requires that the vapor embryo must overcome a certain
Gibb’s energy barrier for phase change to ice nuclei [111]. The Gibb’s energy
change required for nucleation is reference to the saturation state, and the difference between the supersaturated and saturated state for the embryo contacting
the cold surface can be written as [111]:
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∆G = Vembryo ∆g̃v + Aij σij + Ajs (σjs − σis )

(2.23)

where, ∆g̃v is the Gibb’s free energy change between the parent phase and new
phase per unit volume and is dependent on the temperature change and vapor
pressure, and other symbols are explained in the Figure 2.8. To thermodynamically
analyze the nucleation process, parent phase of the nucleation can be assumed as
sphere [111, 115]. So, from Eq. 2.23 the Gibb’s free energy change between new
and parent phase can be written as:
4
∆G = πr3 ∆g̃v + 4πr2 σij + Ajs (σjs − σis )
3

(2.24)

The maximum Gibb’s free energy to initiate the nucleation can be obtained by
differentiating Eq. 2.24, and can be written as:
16π σij3 (2 + m)(2 − m)2
∆Gc =
3 ∆g̃v2
4
where,
m ≡ cos θ =

σjs − σis
σij

(2.25)

(2.26)

and ∆Gc is the critical free energy difference between the energy at the saturation
state and the energy at the onset of nucleation.
From the Becker and Doring theory [116], the embryo formation rate at the
onset of nucleation can be written as:
−∆Gc
I = I0 e( kTs )

(2.27)

where, I0 is the kinetic constant, k is the Boltzmann constant and Ts is the surface
temperature (K). Volmer and Flood [116] shows from their experiments that the
critical embryo formation rate for the homogenous nucleation of water vapor starts
when ln I ≈ 10. Using this threshold embryo formation rate for nucleation, degree
of supersaturation required can be estimated.
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2.3.2

Supersaturation Degree

The critical Gibb’s free energy ∆Gc is dependent on the interfacial energy at each
interface, and the Gibb’s energy change of water vapor per unit volume ∆g̃v as
shown in Eq. 2.25. The Gibb’s free energy change of water vapor per unit volume
can occur in two ways: 1) Water vapor pressure change 2) Temperature change.
For the Gibb’s energy to change, the water vapor pressure must be higher than
the saturated state, or the surface temperature must be lower than the saturation temperature. These two criteria mean that the water vapor pressure must
be supersaturated at a given condition for the nucleation. The degree of super
saturation can be defined as:
SSD ≡

Pv − Pv,sat
Pv,sat

(2.28)

where, Pv is the local vapor partial pressure of the air and Pv,sat is the saturated
vapor pressure at the same location.
To estimate the supersaturation required, embryo formation rate is estimated
using Eq. 2.25 - 2.27. Other necessary parameters for numerical implementation
are summarized in Table 2.1. Figure 2.9 and Figure 2.10 shows the necessary supersaturation required for the phase change during condensation and de-sublimation
with different contact angle. It can be observed from Figure 2.9 that 20-25 o C
supercooling may required to initiate the frost nucleation with saturated vapor.
Similarly, Figure 2.10 shows that SSD up to 6 may be needed for surface temperature (Tw ) value of 0 o C. So, by controlling the surface energy (or hydrophobicity),
frost nucleation can be delayed and hence higher freeze-out time can be achieved
during the PEFC cold start.

2.4

Summary

The details of the state of water and its transport mechanism in the Nafionr electrolyte membrane and porous media was presented. It was found that unfreezable
water content in the membrane can vary from 2.5 to 12 and depends on whether the
membrane is in contact with liquid water or water vapor. The unfreezable water
can exist up to -20 o C in the membrane. The fundamentals for two-phase trans-
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port in the porous media and discussion about the various characteristics curves
were also presented. In the last section, a fundamental thermodynamic analysis
of the frost nucleation on a cold surface was performed and factors affecting the
nucleation growth rate (e.g. degree of super saturation, surface energy etc.) were
described.

36
Table 2.1. Parameter required to estimate the supersaturation required for frost nucleation [111]

Phase change
Condensation
Desublimation

State
i
Vapor
Vapor

j
Water
Ice

I0 (/m2 s)

Interfacial energy

1029
1029

σij = 75.7 x 10−6
σij = 99.5 x 10−6
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(a)

(b)

Figure 2.1. (a) Water uptake isotherms from the modified chemical model for a membrane in contact with water vapor, the temperature are 25, 45, 65, 85 o C [31] (b) Evolution of the membrane structure as a function of water content, λ. The pictures are
cross-sectional representations of the membrane where the gray area is the fluorocarbon
matrix, the black is the polymer side chain, the light gray is the liquid water, and the
dotted line is a collapsed channel [31]
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(a)

(b)

Figure 2.2. (a) Schematic diagram illustrating the different types of water in a polymeric membrane. Reducing the humidity reduces the amount of freezable water present
in the pore and alters its size [97] (b) Unfrozen water versus temperature for Nafionr
membrane [45]
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Figure 2.3. Schematic of a droplet on a hydrophobic surface
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(a)

(b)

Figure 2.4. Equilibrium at a curved interface and interfacial tension between two
immiscible fluids [101]
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(a)

(b)

Figure 2.5. Illustration of hysteresis effects [117] (a) Ink-bottle effect (b) Rain-drop
effect
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(a)

(b)

Figure 2.6. Typical wetting/drying curves illustrating hysteresis [4] (adapted from
[101]) a) hydrophilic porous media b) hydrophobic porous media
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Figure 2.7. Typical relative permeability as function of saturation pressure [101]
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Figure 2.8. Schematic of Flethcher’s heterogeneous nucleation model [111]
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Figure 2.9. Predicted supercooled temperature for phase change with contact angle
(Tsat = 0 o C)
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Figure 2.10. Predicted critical supersaturation degree (SSD) contact angle (Tw = 0
o C)

Chapter 3
Stack Thermal Model
3.1

Introduction

This chapter presents a detailed one-dimensional stack thermal model to provide
useful guidelines to select the best stack materials and compare the various possible heating mechanisms for improving the PEFC stack cold start performance.
The main goal is the development of the transient one-dimensional thermal model
for a generic polymer electrolyte fuel cell (PEFC) stack to predict the temperature
distribution, cold start ability and energy requirement for the stack start-up under chosen operating and ambient conditions. Estimation of spatial temperature
distribution and modeling of coolant/gas using convective heat transfer are the
two distinct features of the model. Use of a convective heat transfer model for the
gas/coolant flow eliminates the need of gas/coolant outlet temperature values, unlike other lumped models [59, 74]. The developed model is used to investigate the
effects of thermal transport parameters, material and design variation of DM, the
end plate and bi-polar plate, and external energy input on the sub-zero start-up of
the PEFC stack and various recommendations are proposed to achieve rapid cold
start.

3.2

Model Development

A typical PEFC stack consists of 200-250 single cells attached electrically in series.
Each cell (consist of anode/cathode bi-polar plate, diffusion media (DM), catalyst
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layer and membrane) is separated by the coolant plate. The schematic of a typical
PEFC stack is shown in Figure 3.1.

3.2.1

Model Assumptions

The following assumptions were made for the stack thermal model.
1. The heat transfer in the stack is one-dimensional (x-direction).
2. All material thermal properties are constant over the temperature range considered (-20 to 0 o C).
3. Thermal contact resistance between the PEFC components is neglected.
4. Joule heating is neglected in the DM, bi-polar plate and coolant plate due
to the high conductivity and low start-up current density.
5. Reactant/product cross-over is not considered in the model, since it contributes negligibly to the heat generation.

3.2.2

Governing Equation

The schematic of the stack and its components for the model development and
control volume is shown in Figure 3.2. In the current model, each stack component
is resolved spatially in the x-direction, and conservation of energy is performed
to obtain the governing equation for the temperature. The detailed governing
equation for each PEFC component is described below.
3.2.2.1

End Plate

The end-plate is normally made of polymer or metal and provides uniform compression for the stack. Inside the end-plate, conduction is the only mode of the
heat transfer. One side of the end-plate is exposed to the ambient or insulating
material, and other side faces the coolant/current collector bus plate. Heat loss
from the surface to the ambient air is treated as the flux boundary condition and
is discussed in the Section 3.2.3 in detail. The generalized governing equation for
temperature [118] can be written as:
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∂T
=
∂t

µ

kep
ρep Cp,ep

¶

000

Qep
∂ 2T
+
2
∂x
ρep Cp,ep

(3.1)

The term on the left side is the rate of change of control volume temperature (i.e.
thermal energy storage), the first term on the right side is the conduction heat
transfer and the second term represents the volumetric rate of thermal energy
generation in the control volume. The heat generation in the end-plate during the
normal operation is zero. However, for the cold start, some additional external
heating can be imposed as a warming strategy to facilitate the rapid startup.
Therefore, the heat generation term is retained in the model formulation.
3.2.2.2

Coolant Plate

In a fuel cell stack, cooling plates are used to remove the waste heat generated
in the cell, and to maintain the designed stack temperature. The coolant plates
are normally comprised of graphite/steel with machined or stamped flow channels.
A detailed schematic for the coolant plate with various modes of relevant heat
transfer is shown in Figure 3.3(a). The conduction heat transfer is considered
through the solid part of the plate, whereas heat uptake from the stack body into
the coolant is accounted through the convective mode of heat transfer (Note that
during start-up the coolant can actually heat or cool the stack depending on coolant
and stack temperature). The model can account for the time dependent coolant
inlet temperature during the start-up, enabling incorporation of the re-circulation
of the coolant flow. Heat loss (convective and radiative) from the top and bottom
of the coolant-plate to the surrounding is accounted using an equivalent convective
heat transfer coefficient (h2 ). The governing equation in a coolant plate [118] can
be written as:
µ
¶ 2
000
Qcp
kcp
∂ T
∂T
=
+
∂t
ρcp Cp,cp ∂x2
ρcp Cp,cp
¶
µ ¶
µ
1
1
[2hcp (T − Tcoolant (t)) ncp + 2h2 (T − Tamb )]
ρcp Cp,cp
Ap
(3.2)
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where, ncp is the number of coolant channels in the coolant plate, Tcoolant (t) is the
time dependent coolant inlet temperature, and Ap is the effective cross-sectional
area available in the coolant plate for the conduction heat transfer. In Eq. 3.2 the
first and second part of the last term on the right hand side represent the heat loss
from stack to coolant and surrounding, respectively.
3.2.2.3

Anode/Cathode Bi-polar Plate

In this formulation, the bi-polar plate is modeled similarly to the coolant plates,
since these are typically a single integrated structure in a PEFC stack. The only
difference in the bi-polar plate is that the gas channels are present in part of the
plate, as shown in Figure 3.3(a). This structural difference is accounted in calculating the effective cross-sectional area for conduction heat transfer, Ap , which
represent the total area of the lands in contact with the DM. The governing equation of bi-polar plate [118] can be written as:
µ
¶ 2
000
Qbp
kbp
∂ T
∂T
=
+
∂t
ρbp Cp,bp ∂x2
ρbp Cp,bp
µ
¶
µ ¶
1
1
[2hbp (T − Tcoolant (t)) nbp + 2h2 (T − Tamb )]
ρbp Cp,bp
Ap
(3.3)
where, ngc is the number of gas-channel in the bi-polar plate and Tg is the gas inlet
temperature, and other parameters are defined in the Nomenclature.
3.2.2.4

Anode/Cathode Diffusion Media

The DM is an electrical conducting porous media located between the CL and the
lands, and it provides a passage for the reactant gases to reach the reactant sites
at the catalyst layer. In terms of heat transfer, the DM has the lowest thermal
conductivity beside CL and membrane among the stack components [119], thus
acting as insulation to the heat generating three-layer MEA structure. For the
heat transfer model, the conduction heat transfer through the bulk matrix and the
advection heat transfer due to the reactant gas flow are considered to occur in the
fibrous DM, as schematically shown in Figure 3.3(b). The heat generation in the
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DM occurs due to the ohmic heating of the carbon based material. Due to the
high ionic conductivity of DM, ohmic losses in the DM are negligible as compared
to membrane and CL. So, no heat source in the DM is considered in the model.
The governing equation can be written as:
∂T
=
∂t

µ

kDM
ρDM Cp,DM

¶

Σṁk C̄p,k ∂T
∂ 2T
−
2
∂x
AρDM Cp,DM ∂x

(3.4)

The last term in Eq. 3.4 represents the advection heat transfer in the DM. The
subscript k denotes the number of components of the reactant gas, including hydrogen, water-vapor and liquid water for the anode side DM and air, water-vapor
and liquid water for the cathode side DM.
3.2.2.5

Anode/Cathode Catalyst Layer

The CL is modeled similarly to the DM except for the addition of a heat generation
term. The heat generation in the CL is due to the electro-chemical reaction and
voltage over-potential. The volumetric heat source term in the CL can be written
as:
000

QCL =

i

µ

tCL

T0 ∆S
+η
nF

¶
(3.5)

where, T0 is the local catalyst temperature, and other parameters are defined in
the Nomenclature. The entropy change at standard state with platinum catalyst
is taken as ∆S = 0.104 J/molK for the anode, and ∆S = -326.36 J/molK for the
cathode [120]. The activation over-potential (η) was calculated based on typical
Tafel kinetics for a Pt-electrode [121].
3.2.2.6

Membrane

The DuPont Nafionr or Gore Primear membranes are widely used in fuel cell
applications. In the membrane, conduction is the dominant mode of the heat
transfer. The governing equation in the membrane can be written as:
∂T
=
∂t

µ

km
ρm Cp,m

¶

000

∂ 2T
Qm
+
2
∂x
ρm Cp,m

(3.6)

Note that the heat generation term in the membrane consists of Joule heating only.
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3.2.3

Boundary/Interface and Initial Condition

The left and right face of the end-plates of the stack are exposed to the ambient
air or insulating material. The convective flux boundary condition is specified as:
¯
∂T ¯¯
k
¯
∂x ¯

= h (T − Tamb )

(3.7)

x=0

¯
∂T ¯¯
−k
¯
∂x ¯

= h (T − Tamb )

(3.8)

x=l

where h is the convective heat transfer coefficient and can be calculated using
natural convection correlations [118] or it can be assigned to a low value to simulate
insulation conditions. At the interface of each stack component, the temperature
and flux continuity are imposed. The initial condition in the model is presumed
to be uniform with ambient temperature at all locations, which represents a fully
soaked frozen stack. In a realistic scenario, days may be required to reach this
uniform temperature condition. Therefore, this initial condition represents a worst
case scenario of start-up time and energy requirement.

3.2.4

Modeling of Melting of Ice and Numerical Implementation

The mathematical equations developed for each component were combined to form
a single set of governing equation appropriate for all domains (Refer Section A.1
for further details). These equations were discretized using the control-volume
method [122]. For the time discretization, the implicit technique was used. The
required heat absorbed to melt the ice is modeled using the source based method
presented by Voller and Swaminathan [123] for the solidification process. The ice
melts at 273 K and the temperature at that location (node) will not rise until all
the ice melts. The generalized discretized equation for ith control-volume can be
simplified and written as:

Ai Tin+1

+

X
nb

n+1
Bnb,i Tnb

=

Di Tin

µ
¶
)
H(dmn+1
000
i
− Qi −
∆xi + Ei
(A∆x)i

(3.9)
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where Ai , Bnb,i , Ci , Di and Ei are constant and depend on material properties and
boundary conditions, Tnb is the temperature of neighborhood control volumes, H
000

is the latent heat of fusion, Qi and dmi is the volumetric heat generation and the
mass of ice melted at current time step in the ith control volume. Based on the
available energy, the amount of initial ice melted is estimated using an iterative loop
with Eq. 3.9. In the case of no initial ice, Eq. 3.9 is reduced in the discretized form
of a transient diffusion equation [118]. The resulting set of discretized equations
was solved using a tri-diagonal solver. Other details of numerical implementation
can be found in the Section A.2.

3.3

Stack Parameter and Verification

Based on the mathematical model described, a numerical code was developed to
investigate the effect of various stack materials and operating parameters on the
start-up behavior. Representative stack dimensions and other parameters for the
base simulations are summarized in Table 3.1. For the base case, no coolant flow
through the stack was considered and the initial ice content was assumed to be zero,
representing a perfect purge shut down. Table 3.2 summarizes all necessary stack
material thermal properties needed for the model. The convective heat transfer
coefficients were estimated using the Churchill and Chu correlation [118] defined
for natural convection. Well-established correlations for the fully developed flow
were used for estimating the coolant and bi-polar plate channel convective heat
transfer coefficient [118].
Various test cases were designed and simulated to rigorously verify the developed numerical code. Details of the verification, grid and time sensitivity studies
and model validation are shown in the Appendix A and reference [124]. From the
grid sensitivity study, it was concluded that 140 grid points per cell were sufficient
to ensure the spatial error to be less than 0.04 %. Similarly, time step sensitivity
study results in less than 0.02 % error with time step of 0.1 sec for simulations
without initial ice, whereas time step of 0.01 sec is needed to achieve the same
level of accuracy for a case with initial ice. The key definitions used to describe
the results are described below;
Start-up time (s): Start-up time is defined here as the time to reach the assured self
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start-up condition. That is, when the temperature at each node in stack (except
the end-plate) is greater than 0 o C, and all the ice in the stack has been melted.
Note that, depending on the design, a stack may achieve operational start-up before this condition is strictly achieved. However, it serves as a natural baseline for
the comparison.
Normalized energy generation (J/m2 ): Normalized energy generation is defined as
Qgen /(Ncell * Active Area of the stack), where Qgen is the total heat energy generated in the stack (including external heat source). This parameter can be used to
compare different size PEFC stacks during start-up.

3.4

Result and Discussion

Results are presented for the baseline parameters and the start-up condition shown
in Table 3.1, unless otherwise specified. For computational efficiency, a sensitivity
study of the number of cells on start-up time and normalized energy was performed
and is shown in Figure 3.4(a). The purpose of this was to determine the minimum
number of cells needed to realistically predict the behavior of a full size stack
with 200-250 cells. Moreover, this is also an important factor in the cold start
experimental design. For experimental convenience, the number of cells in the
stack should be minimized. At the same time, the short stack should accurately
predict the full size stack start-up behavior. Therefore, a general criterion to assure
computational and experimental accuracy with a short stack is needed. Based on
the base line parameters in Table 3.1, it was found that a stack with 20 cells or
more was sufficient to accurately simulate full size stack thermal behavior. To
further investigate the appropriateness of the chosen minimum number of cell (20
cells), the temperature distribution for 10, 20 and 30 cell stack were computed and
compared in Figure 3.4(b). The temperature distribution in the center cells for
20 and 30 cell stack were almost identical; indicating that 20 cell stack analysis is
adequate to extrapolate the full size stack temperature distribution and start-up
behavior. Recognizing the fact that minimum number of cell is a strong function
of end plate and stack component design, the results presented here are applicable
to the baseline conditions chosen for the generic stack, and will not be valid for all
stack configurations. As stack configurations become optimized with lower thermal
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mass, the minimum cell requirement will decrease.

3.4.1

Variation of Operating Current Density

Figure 3.5(a) and Figure 3.6(a) show the stack temperature profile during the
start-up from - 20 o C for current densities i = 1.0 and 0.1 A/cm2 , respectively. At
higher current density (i = 1.0 A/cm2 ) without any coolant flow and zero initial
ice, the start-up condition was achieved in 69.2 seconds (Figure 3.5(a)). However,
the start-up condition was not reached for i = 0.1 A/cm2 and is shown in Figure
3.6(a). For this case, the heat losses from stack to the reactant gases and the
ambient air (both at -20 o C) could match the heat generation, thus preventing the
stack from reaching a temperature above 0 o C. The asymmetric stack temperature
distribution of Figure 3.5(a) can be attributed to the different heat source term on
the anode and cathode side. Similar trends for stack temperature distribution are
also observed by Shan and Choe [72]. The higher heat generation at 1.0 A/cm2
is the key factor for the rapid start-up as compared to the lower current density
(i = 0.1 A/cm2 ). Note that in these simulations, freeze out blockage and shut
down from ice generated by electro-chemical reaction are not considered, and these
results are intended for thermal comparison only. There is also a balance between
water generated freeze out and heat generation that results in an optimal current
density. In Figure 3.6(a), the stack temperature distribution reaches steady state
beyond 100 sec. At i = 0.1 A/cm2 , all the generated heat is transferred to the
reactant gas or ambient air, or used in increasing the end plate sensible energy
(i.e. temperature), to reach the steady state condition. Self heating of the stack
to above 0 o C is impossible, if the stack reaches such an equilibrium condition.
Therefore, all the heat losses must be minimized to achieve the rapid start-up.
Heat loss to the reactant gas or coolant can be reduced either by increasing the
inlet gas flow temperature or reduction in the gas flow rate. The effect of inlet gas
temperature and end plate effect is analyzed in the next section.
Figure 3.5(b) and Figure 3.6(b) show the temperature distribution of center
and end cells at the end of start-up for current densities i = 1.0 and 0.1 A/cm2 ,
respectively. For i = 1.0 A/cm2 , the center cells have the maximum temperature
and can be 20-25 o C higher than the anode-side end cell (cell 1) during the start-
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up. The cathode-side end cell (cell 20) was 2-3 o C lower than maximum stack
temperature. However, for i = 0.1 A/cm2 , a temperature gradient was formed
in the stack, with the highest temperature on the cathode side end cell (cell 20)
and the lowest on the anode side end cell (cell 1). Interestingly, this temperature
gradient is a result of asymmetric heat source in the cell coupled with the higher
convective heat loss on the anode side gas channel. For the baseline channel design and the flow rate, the reactant flow on both sides is laminar (Reanode ∼ 50,
Recathode ∼ 600). The higher convective heat transfer coefficient on the anode side
is due to the significantly higher (∼ 7 times) thermal conductivity of hydrogen gas
as compared with air, as shown in Table 3.2.
The convective heat transfer coefficient (h) in the reactant gas channels depends
on the channel design and dimension, the flow rate, and the species mixture. At
higher current densities (∼ 1 A/cm2 ), higher flow rate increases h, thus increasing
the convective heat loss to the incoming flow at -20 o C. However, higher current
density operation is also accompanied with higher heat generation, which may
overcome the additional heat losses from the stack. Therefore, an appropriate
thermal based threshold operating current density can be defined for the self start
of the PEFC stack where heat generation is greater than reactant and external heat
loss. At higher current density operation, more water is also generated, which may
freeze at the catalyst layer and potentially lead to the shutdown of the cell/stack.
So, there is also an appropriate water generation based operating current density
for the cell/stack during the cold start, which is a difficult to estimate. It can
be concluded that there exists an optimal current density for a given design that
balances heat generation with freeze out from the water generated from reaction.
Hishinuma et al. [40], and Ahluwalia and Wang [76] have also reported similar observation for the critical/optimal voltage and operating current density during the
cold start of a unit cell and stack, respectively. A coupled heat and mass transfer
model with detailed current and species conservation is necessary to quantitatively
estimate this optimum range of operating current density, however it is out of the
scope of this paper.
Figure 3.7 shows a pie-chart for the sensible energy flow in each stack component estimated by a lumped model presented in literature [74] and the current
one-dimensional thermal model. The sensible energy is normalized for the direct
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comparison between both the models, and the presented results are for base case
condition with 10 mg/cm2 initial ice distribution (refer to Table 3.3). The 10
mg/cm2 of ice is presumed based on the estimate of residual stored water content from extensive Neutron Imaging studies at the Pennsylvania State University
with conventional DM materials [30]. The lumped model estimates a substantially
higher amount of sensible energy is invested in the end-plate (∼ 50 %) compared to
the current one-dimensional model (∼10 %). In the one-dimensional model, the bipolar and coolant plates dominate the sensible energy requirement (∼70%) among
the other stack components. This analysis indicates that bi-polar and coolant
plate thermal mass are the key factors for the cold start, rather than the end plate
thermal mass as discussed by others [74]. In fact, one clear objective to rapid start
is reduction of the energy stored in the end plates, as it does nothing to aide startup. It was also observed that the relative energy distribution between components
depends on the stack design, and will change as the stack design improvements are
made. For example, as bi-polar plates are made thinner in the future, the overall
contribution for the soft goods (i.e. MEA and DMs) will become critical. Even
though this is not the case with the baseline bulky bi-polar and end plates of the
present study. With the baseline stack design, 15-20% of the energy during the
start-up is also spent to melt the initial ice, indicating the strong role of purging of
residual water in reducing the start-up time and energy required. Detailed analysis
of end plate and bi-polar plate thermal parameters, and impact of initial ice are
presented in the subsequent sections.

3.4.2

Effect of the Inlet Gas Temperature

The effect of inlet gas temperature on the stack start-up time for i = 1.0 A/cm2
is shown in Figure 3.8. This plot shows a significant reduction in the start-up
time with an increase in the anode gas inlet temperature. The start-up time
decreases from the 69 sec to less than 20 sec with heated gas flow above 0 o C.
The cathode side heating however is not effective. For anode or cathode side
heating only, the inlet temperature of the non-heated inlet gas was maintained
at 253 K (-20 o C). Similar enhancement of cold start ability is experimentally
observed by Yan et al. [53] for the single cell. Heating the anode side is much
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more effective than the cathode side due to the high heat transfer coefficient for
hydrogen compared to air, as discussed earlier. Considering the low relative flow
rate and thermal dominance of the anode side, the additional external heating
required to raise anode gas temperature greater than 0 o C may be worthwhile in
some system designs. Although to achieve this, the center manifold would need
to be also heated. Heating the anode gas has the added benefit of reducing the
temperature difference between the anode and cathode side that naturally arises
due to the unbalanced heat generation in the electrodes. Cathode flow heating may
not be useful from a thermal perspective, although enhanced product water uptake
can be useful in terms of effective mass transport and retarding the freeze-out.

3.4.3

Effect of the Initial Ice Distribution

Residual water may freeze inside the fuel cell and drastically change the stack cold
start ability and the energy requirement. Table 3.3 summarizes the start-up time
(ambient temperature -20 o C) for different initial ice distributions in the fuel cell
stack components. The total amount of initial ice was distributed proportionally
in the DM, the CL and the membrane, and is also shown in Table 3.3. For the
baseline stack design, the start-up time increases almost 18% with increasing the
initial ice from 0 to 10 mg/cm2 per cell. In practice, the fuel cell may be frozen
out before achieving the start-up criteria due to the blockage of reactant gas in the
CL (Refer to Section 3.4.1 for details). The relative sensible energy requirement
for each stack component with 10 mg/cm2 ice per cell is also shown in Figure
3.7(b). The one-dimensional thermal model predicted that almost 17% of the
total sensible energy is used to melt the ice for case of 10 mg/cm2 ice per cell,
indicating the importance of proper drainage and purge on shutdown. With the
advancement in the stack design, the fraction of sensible energy required for the
ice and soft goods can increase to very high percentage (>50%), emphasizing the
need of an optimized purging method, selection of DM and channel design that
naturally carry low liquid content during regular operation. Moreover, the effect of
ice is more critical at lower current density (i < 0.1 A/cm2 ), due to the lower heat
generation. In such scenarios, external pre-heating of the stack before its operation
may be needed to mitigate the ice effect and reduce the start-up time.
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3.4.4

Effect of the Bi-polar/Coolant plate

The variation of thermal parameters of the bi-polar/coolant plate material and
simulation results for some standard bi-polar plate materials are shown in Figure
3.9. Figure 3.9(a) shows the variation of start-up time with thermal conductivity
of the bi-polar/coolant plate material for different specific heats. Two extreme
cases for the specific heat, Cp = 200 and 2000 J/kgK are shown in the Figure
3.9(a). It is obvious that reducing the thermal mass will significantly decrease the
stack start-up time. However, the start-up time is found to be invariant for plate
thermal conductivity higher than 10 W/mK. This can be attributed to the lower
thermal conductivity (∼ 20-25 times) of the soft goods, including DM, CL and
membrane [119]. The bi-polar plates appear to behave as a pure heat conductor,
thus negligible change in the start-up time was observed with change in kBP > 10
W/mK. Given that kBP > 10 W/mK in almost all possible bi-polar plate materials, the most important characteristic of the bi-polar plate is the specific heat
and size. Figure 3.9(b) shows a bar-chart for the energy-requirement and start-up
time for various bi-polar/coolant materials. Even though for the same geometry
and dimension, metallic bi-polar plates are much worse than the graphite due to
higher specific heat, the use of thinner stainless steel plate (half thickness of the
base case) reduces the start-up time by 40% as compared to the thicker graphite
plate (base case). Considering that reduced thickness of metal bi-polar plates can
be much greater than the simulated case (half thickness), metallic plates offer a
significant decrease in start-up time compared to graphite bi-polar plates. With
this improvement however, the residual ice content and soft goods become increasingly significant. In summary, materials having thermal conductivity greater than
10 W/mK with minimum thermal mass are recommended for the bi-polar/coolant
plate.

3.4.5

Effect of the End Plate

Figure 3.10 shows the effect of the end plate thermal parameters on the start-up
time and results for some standard end plate materials. The variation of start-up
times with the end plate thermal conductivity, for different specific heat values are
shown in the Figure 3.10(a). With an increase in the end plate thermal conduc-
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tivity, the start-up time increases and reaches an asymptotic value around a plate
thermal conductivity value of 10 W/mK. This increase in the start-up time is due
to the poor thermal insulation (thermal conductivity > 10 W/mK) provided by
the end plate. However, with an increase in the specific heat (or ρCp ), the start-up
time increases almost linearly. From Figure 3.10(b), the start-up time for metallic
end plates (like stainless or plain carbon steel) is 4-5 times higher than the base
case, and may not be suitable for rapid cold start. However, use of an insulating
material like polymers with good mechanical strength is a better option for the
end plate. If the metallic plates are chosen for the end plate, thermal isolation by
an additional insulation layer between the stack and current collector plate would
improve the cold start ability of the stack. A key during start-up is to minimize
the total heat transfer to the end plates, since the end plate simply acts as a heat
sink during the start-up.
The effect of the end plate thickness on the start-up time is shown in Figure
3.11. It can be easily observed that increasing the end plate thickness first increases
the start-up time drastically (due to the increase in thermal mass) until reaching a
constant value. For the base conditions, an end plate thickness greater than 10-15
mm has no further effect on the start-up time or the total energy requirement. The
reason for this behavior is that the start-up condition has been achieved before the
thermal waves propagate through the thicker end plate. If one considers a case of
infinite end plate thickness, this behavior is more easily understood. To examine
this observation, the temperature distribution for different end plate thickness is
shown in Figure 3.11(b) using a normalized scale. The right hand side (x = 1) of
the plot is towards the stack and the left side (x = 0) is facing to the ambient air.
For thicknesses of 10, 25 and 45 mm, the temperature in the end plate towards
the ambient side is still 253 K (initial condition), and temperature change can be
observed in 20-60% of the end plate only. So, increasing the thickness has no effect
on the temperature distribution beyond a certain value, and thus the start-up time
and required energy remains same. Knowledge of this threshold end plate thickness
(which is again a function of design and start-up conditions) can be very helpful
for the stack design. If stack design requires an end plate thickness higher then
its threshold value to satisfy compression requirement, then the plate thickness
can be increased without affecting the stack cold start behavior. As discussed,
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however, thermal isolation between the end plate and current collector/coolant
plate is preferred.

3.4.6

Effect of Diffusion Media

The effect of diffusion media thermal conductivity on the start-up time and results
for various commercially available DM are shown in Figure 3.12. Although the DM
are commonly ignored in the stack thermal analysis, Figure 3.12(a) shows that the
start-up time decreases from 200 sec to 40 sec as the DM thermal conductivity
increases from 0.1 to 2.0 W/mK. Increase in DM thermal conductivity promotes
the distribution of heat from the CL to the bi-polar plate, thus reducing the startup time. It should be noted, however, that on a localized scale, lower DM thermal
conductivity may also increase the cold start ability of a stack, by forming an inner
insulation layer, which helps locally to maintain a higher temperature at the MEA.
In this case, the CL and membrane heat up faster, but other stack components
will heat slowly because the heat is contained in the MEA only. Based on this
analysis, a thin high thermal conducting DM with minimum thermal mass is most
suitable for the rapid temperature increase and distribution across all the stack
components. Figure 3.12(b) shows the simulation results in terms of start-up time
and energy requirement for various commercially available DM. For most of these
commercial DM, the specific heat is not reported in the public literature. In such
cases, the base case parameter is used for the cold start simulation. Interestingly,
almost 20% reduction in start-up time and energy requirement can be achieved
by selecting the Toray carbon paper (TGP-H-90) as compared to carbon cloth
from E-tek (ELATr LT-1200 W), indicating critical role of the DM in the start-up
behavior even with a generic stack design. Moreover, as the bi-polar plate thickness
is reduced in optimized stack designs compared to the baseline case tested here,
the soft goods will become even more significant consideration for the cold start.

3.4.7

Warming Mechanisms to Achieve Rapid Start

Several external heating mechanisms, such as end plate or bi-polar plate heating
[74], catalytic reaction [64, 65] or passing heated fluid [68, 69] can be used in the
stack to reduce the start-up time. Heating of the bi-polar plates or end plates
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involves placing external heaters at the plate locations. In the catalytic reaction
methodology, the reactant gas H2 and O2 is exothermally reacted to locally heat
the MEA [65]. To simulate the catalytic heating, an additional heat source was
specified in the membrane. Passing the heated fluid in the stack involves flow of
heated coolant/anti freeze solution or the reactant gas to the stack prior to the
start-up [68, 70]. These warming strategies and their effectiveness for the current
stack design were analyzed and presented in the following section.
The reader should note that the appropriate external heat source is determined
by the stack thermal mass and the targeted start-up time. The purpose of this
analysis is to qualitatively investigate the effectiveness of various warming strategies on the start-up time. Table 3.4 summarizes the results for the start-up time
for variations of external heat source in bi-polar plate, end plate, and due to the
catalytic heating (membrane) for base conditions. The last column in the Table
3.4 represents the ratio of percentage decrease in the start-up time and the total
external heat supplied to the stack. It provides a relative metric to assess the
effectiveness of adding external heat to the base line stack. Almost 30% reduction
in the start-up time was estimated from the model for 20 W external heat sources
in the bi-polar plate/membrane of each cell. For the end plate heating, heating
the anode side is more effective than any other heating mechanism. With a total
of 200 W external heat sources, the percentage reduction in start-up time per watt
was 12.43% for anode side end plate heating. However, it was 7.7% and 7.5% for
bi-polar plate and end plate (both side) external heating. The anode side end cell
has the lowest temperature in the stack as already shown in Figure 3.5(b). External heating of the anode side end plate heats the end plate and the adjacent cells
having the lowest temperature, thus it is relatively efficient means of achieving the
rapid start-up, with up to 17% reduction in start-up time per watt heat added.
The start-up criterion in the model needs all location in stack to be above 0 o C.
So, external heating mechanisms focused on the cooler cells (anode side end cell)
will be more effective and are recommended from this study.
In all these simulation results shown in Table 3.4, the sensible energy flow
in the stack components comprises heat sources due to ohmic and other losses
(self heating) and external heat sources. Obviously, providing external heating
mechanisms decreases the start-up time substantially. But, the reduction in the
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start-up time should not be considered as the sole criterion for effectiveness of
external heat source. The effective heating mechanism should contribute primarily
to heat up the main stack body. Heat flow towards the end plate or the gas/coolant
flow is a total waste of energy. So, to delineate the contribution of self heating and
external heating to achieve the start-up, the predicted stack temperature profile
with external heaters in bi-polar plates (at 45 sec), and in the end plate (at 50
sec) are plotted in Figure 3.13 and Figure 3.14, respectively. Figure 3.13(a) shows
the stack temperature profile for the 5, 10 and 20 W heat source in the bi-polar
plate of each cell. With an increase in the bi-polar plate heat source, the stack
temperature rises. However, the end plate temperature remains almost same. The
temperature distribution in cell 10 and the adjacent coolant plate is also shown
in Figure 3.13(b) for further justification. So, in case of bi-polar plate heating,
the external heat source contributes to heat up the stack in addition to the self
heating, and thus reduced the start-up time. Similar trends were observed for the
catalytic heating and are not shown here for brevity. Figure 3.14 shows the stack
temperature distribution for the 25, 50 and 100 W heat source in each end plate.
The temperature distribution in the stack is almost same, regardless of the end
plate external heat source. End plate heating contributes mainly to heat up the
end plate, which is not useful, and also to the end cells. This implies that the
external heat source in the end plate does not contribute substantially to reduce
the start-up time. The reduction in the start-up time can be attributed to the
partial heating of the end cells especially the anode side, where low temperature
prevails during start-up. With the thermal isolation between end plate and current
collector, the heat transfer from end plate to the end cell will be further reduced.
So, the heating the end plate may not be a good strategy for the rapid start-up as
compared to the bi-polar plate heating, although it is much more convenient on
the system level.
Another heating mechanism involves passing of heated coolant or reactant gases
to the stack. The effect of heated reactant gas on the start-up has already been
discussed in Section 3.4.2. Table 3.5 summarizes the effect of passing the heated
coolant on the stack start-up. With flow of heated coolant at 5 o C, the stack
was able to start-up in less than 30 seconds, even at a lower current density value
of 0.01 A/cm2 . In this scenario, nearly all the sensible and latent heat required
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comes from the coolant. High heat transfer rate from coolant is result of high
convective heat transfer coefficient for the coolant channel. The coolant channel
design should enhance the heat transfer from coolant to the stack body and viceversa. It is also important to note that stack was able to start-up at 1.0 A/cm2
without any coolant flow. But, passing the coolant below 0 o C resulted in failure
to achieve the start-up condition. The reason is that coolant heats up the stack
initially and reaches an equilibrium state at slightly below 0 o C. At this equilibrium
temperature, coolant extracts up all the heat generated in the stack (due to the
high convective loss to the coolant) and delays the start-up. Passing the coolant
above 0 o C is comparatively the most effective method of external heating and
achieving start-up at all current density operation.

3.5

Summary and Conclusions

In this chapter, the stack start-up results were presented using the one-dimensional
thermal model. A summary of the critical parameters to achieve the rapid cold
start and few conclusions are summarized in Table 3.6. Due to the complex stack
geometry and asymmetric heating, the directional effects also have a significant
impact on the start-up. The model developed can be used by the stack system
engineers to design a specific stack with the best possible start-up strategy, given
a stack specific geometry and thermal data. Based on the model results for the
given stack, the following conclusions can be made:
1. An optimum minimum number of cells are required to accurately simulate
the full size stack behavior for computational and experimental testing. The
minimum number of cells required in this study was found to be 20, but
depends on the stack design and end plate condition.
2. For a given stack design and ambient/initial condition, an optimum range
of operating current density exists to achieve the start-up condition in the
shortest time, that balances heat generation with freeze out from generated
water.
3. The residual ice content contributes significantly to increase the start-up time
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and energy requirement, and a suitable purging methodology should be used
to minimize this effect.
4. The start-up time was found to be invariant for stack bi-polar thermal conductivity greater than 10 W/m K, whereas the soft goods (esp. DM) thermal
conductivity have a significant impact on the start-up time.
5. The bi-polar plate thermal mass has a dominating role on the start-up compared to other stack components. However, as stack designs are improved,
soft goods (DM and MEA) thermal mass will become more dominant.
6. The end plates should be thermally isolated (thermal conductivity < 1 W/m
K) from the stack. An end plate thickness higher than the threshold value
(15 mm for the base case) has no effect on the stack cold start ability.
7. The addition of an external heat source to each bi-polar plate is useful, but
complex to implement compared to heating the end plates. Of the end plate,
anode side heating would be more effective to help achieve a uniform heating
profile. Catalytic heating is also effective but may lead to some structural
damage in MEA.
8. Pre-heating the inlet reactant gas, especially on the anode side, is effective
to reduce the start-up time by 20-30%, thus improving the stack cold start
ability. Passing the coolant or anti freeze solution at above 0 o C can be
extremely effective to achieve the rapid cold start, even at lower current
density operation.
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Table 3.1. Stack parameters for the base case simulation

Symbol
l
b
N
i
tep
tcp
bcp
ncp
tbp
bg
ngc
tDM
tCL
tm
Tamb
Tg
Tcp
H

Parameter
Width of the stack (m)
Height of the stack (m)
Number of cells
Current density in the stack (A/m2 )
End-plate thickness (m)
Coolant plate thickness (m)
Coolant channel width (m)
Number of coolant channels in a single coolant plate
Bi-polar plate thickness (m)
Gas channel width (m)
Number of gas channels on the bi-polar plate
Anode/Cathode DM thickness (µm)
Anode/Cathode CL thickness (µm)
Membrane thickness (µm)
Ambient temperature (K)
Reactant gas inlet temperature (K)
Coolant inlet temperature (K)
Latent heat of fusion of ice (kJ/kg)

* Representative value is used

Value
0.1 [74]
0.25 [74]
20
10000 [74]
0.025 [125]
0.001 [62]
0.005∗
30∗
0.001 [125]
0.001∗
100∗
400
25
50
253
253
253
334 [118]
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Table 3.2. Thermal/material properties of the stack components

Material

Thermal conductivity
(W/mK)
0.32 [125]
10 [118]
10 [118]

Density
(kg/m3 )
1740 [118]
1400 [118]
1400 [118]

Specific
heat
(J/kgK)
1460 [118]
935 [118]
935 [118]

0.42 [119]

450 [126]

710 [118]

0.27 [119]

1000

710 [118]
1170
14160 [118]

935 [118]

End-plate
Coolant Plate
Anode
Bipolar plate
Diffusion Media
Catalyst
Layer
Membrane
H2 (at 270 K)

Polymer [125]
Graphite [62]
Graphite
[125]
Carbon paper

Nafionr
-

0.16 [119]
0.165 [118]

Air (at 270 K)

Plain carbon
steel
Stainless steel

0.0223 [118]
60 [118]

1980 [16]
0.090
[118]
1.30 [118]
7850 [118]

13.4 [118]

8238 [118]

1005 [118]
430 [118]
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Table 3.3. Effect of initial ice distribution on the start-up time for 250 cm2 active area
stack and i = 1 A/cm2 (cell components thickness are for base condition)

Amount of
ice per unit
active area
(mg/cm 2 )
0
1
2
3
5
7
10
0.4
0.4
0.4

Ice distribution in each
component of a single cell
(mg)
DM
0
160
320
480
800
1120
1600
100
0
0

CL
0
40
80
120
200
280
400
0
100
0

Membrane
0
50
100
150
250
350
500
0
0
100

Start-up
time (s)

%
Increase in
start-up
time

69.09
70.23
71.41
72.62
75.13
77.47
81.82
69.59
69.45
69.44

1.65
3.36
5.11
8.74
12.13
18.43
0.72
0.52
0.51
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Table 3.4. Effect of external heating source in stack component on the start-up time (i
= 1 A/cm2 , base condition)

Heated
component

No external
heat source
Bipolar plate
Bipolar plate
Bipolar plate
End plate
End plate
End plate
End plate
Anode
side
end plate
Anode
side
end plate
Anode
side
end plate
Membrane
Membrane
Membrane

Heat
source
per unit
component
(W)
0

Total
external heat
source in
the stack
(W)
0

Start-up
time (s)

%
Reduction
in startup time

%
Reduction
per watt
(x 10−2 )

69.2

-

-

5
10
20
25
50
100
200
50

100
200
400
50
100
200
400
50

61.9
56.3
47.9
66.0
63.2
58.7
52.2
63.2

10.55
18.64
30.78
4.62
8.67
15.17
24.57
8.67

10.55
9.32
7.70
9.25
8.67
7.59
6.14
17.34

100

100

58.7

15.17

15.17

200

200

52.0

24.86

12.43

5
10
20

100
200
400

61.9
56.2
47.9

10.55
18.79
30.78

10.55
9.39
7.70

70
Table 3.5. Effect of passing the heated coolant on the start-up time (Tamb = -20 o C,
base conditions)

Current density
(A/cm2 )
Base ( i =1)
1
1
1
0.1
0.1
0.01

Coolant
inlet
temperature
(
o
C)
No-coolant
-5
0
2
2
5
5

* Simulations were run through 1200 sec

Start-up time
(s)

% Reduction in
start-up time

69.2
No start-up∗
No start-up∗
18.2
No start-up∗
25.5
31.4

73.70
63.15
54.62
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Table 3.6. Summary of model results and critical parameter for cold start

Parameter
Anode inlet reactant gas temperature
Cathode inlet reactant gas temperature
Coolant inlet temperature

Importance
Moderate

Comment
Heating the inlet gas (esp. anode side) reduces the start-up time.

Low

-

Critical

Initial ice (Residual water)

Critical

Operating current
density
Heat loss to the
ambient (stack insulation)
Number of cells

Critical

Coolant inlet temperature > 0 o C is
strongly recommended. Supplying coolant
below 0 o C may retard the stack start-up,
and static coolant without flow is preferred
to this.
Frozen residual water increases the startup time as well as the required energy for
the start-up.
An optimum range of operating current
density exists for the cold start.
Stack must be insulated to minimize the
heat loss to ambient.

End Plate Specific heat /density
(ρCp )
End Plate Thermal conductivity
(k)

Moderate

End Plate Thickness

Moderate

BP Specific heat
/density (ρCp )
BP Thermal conductivity (k)
DM Specific heat
/density (ρCp )
DM Thermal conductivity (k)

Critical

Low

Moderate

Moderate

Low
Moderate
Moderate

Number of cell must be above threshold
value for accurate simulation of full size
stack.
Lower specific heat is better for the cold
start.
End plate should provide thermal insulation (k < 1 W/mK). Thermal conductivity
> 10 W/mK has negligible effect on startup time.
Lower thickness for the end plate is recommended. Thickness higher than the threshold value has no effect on the start-up time
and energy required.
Lower thermal mass for the bi-polar plate
is strongly recommended.
Material with thermal conductivity > 10
W/mK is recommended.
Lower thermal mass for the DM is recommended.
Higher thermal conducting DM is recommended.
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Figure 3.1. Schematic of a polymer electrolyte fuel cell (PEFC) stack
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Figure 3.2. Schematic of the PEFC stack and its components for model development
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Figure 3.3. Heat transfer mode in the PEFC stack component (a) Bi-polar plate and
coolant plate (b) Diffusion media, catalyst layer and membrane
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(a)

(b)

Figure 3.4. (a) Variation of start-up time and normalized energy generation with
the number of cells, initial temperature = -20 o C and base conditions (b) Temperature
distribution at the end of start-up (t = 69.2 sec) for 10, 20 and 30 cell stack
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(a)

(b)

Figure 3.5. (a) Stack temperature profile for base conditions at various time for i =
1.0 A/cm2 (start-up time = 69.2 sec), Tamb = -20 o C without ice and no coolant flow
(b) Cell temperature profile at t = 69.2 sec
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(a)

(b)

Figure 3.6. (a) Stack temperature profile for base conditions at various time for i =
0.1 A/cm2 (no start-up to 1200 sec), Tamb = -20 o C without ice and no coolant flow (b)
Cell temperature profile at t = 1200 sec
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(a)

(b)

Figure 3.7. Relative percentage distribution of normalized sensible energy at the component level for 20 cell stack, needed to achieve start-up condition from -20 o C with 10
mg/cm2 ice per cell (a) lumped model (b) one-dimensional thermal model
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Figure 3.8. Effect of inlet reactant gas temperature on the start-up time
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(a)

(b)

Figure 3.9. (a) Effect of bi-polar/coolant plate thermal conductivity on the start-up
time for different specific heat (ρ = 1400 kg/m3 , Cp = 200 and 2000 J/kgK) (b) Start-up
time and energy generation for various standard bi-polar plate materials
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(a)

(b)

Figure 3.10. (a) Effect of end plate thermal conductivity on the start-up time for
different specific heat (ρ = 1400 kg/m3 , Cp = 200, 800, 1200 and 2000 J/kgK) (b)
Start-up time and energy generation for various standard end plate materials
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(a)

(b)

Figure 3.11. (a) Effect of end plate thickness on the start-up time and increase in the
end plate sensible energy during the start-up (b) Temperature distribution in the end
plate on a normalized thickness dimension
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(a)

(b)

Figure 3.12. (a) Effect of diffusion media thermal conductivity on the start-up time
for the given thermal mass (ρ = 450 kg/m3 , Cp = 710 J/kgK) (b) Start-up time and
energy generation for various standard diffusion media
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(a)

(b)

Figure 3.13. (a) Stack temperature profile in 20 cell stack at the end of 45 sec for
additional external heat source in the bi-polar plate (b) Temperature distribution within
cell 10 at the end of 45 sec

85

Figure 3.14. Stack temperature profile in 20 cell stack at the end of 50 sec for additional
external heat source in each end plate

Chapter 4
Temperature Driven Water
Transport Model
4.1

Introduction

This chapter presents a detailed transient two-phase mathematical model to predict
the water redistribution in the fuel cell components after PEFC shutdown. The novel
feature of the model is inclusion of a directly measured thermo-osmosis relationship in the
electrolyte membrane and the phase-change related transport (heat-pipe effect [127]) in
the porous media, which is also recently termed as phase-change induced (PCI) transport
[128]. Ultimately, the developed model can be used as a tool to design guidelines for
the material selection, to help understand water transport after PEFC shutdown, and
to minimize the residual water in the fuel cell components.

4.2

Temperature Gradient Driven Water Transport Modes in PEFC Components

4.2.1

Membrane

Thermo-osmosis in the polymer membrane is observed when a temperature difference
exists across the membrane, even when the solutions on either side have the same species
and concentration. The molar flux due to the thermal gradient, nw,thermal can be
represented as [92]
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nw,thermal = −DT (T )∇T

(4.1)

where DT is the thermo-osmotic coefficient, and depends on the hydraulic permeability, mean membrane temperature and partial molar volume of the solvent [92, 93].
Recently, Kim and Mench [129] presented directly measured rate laws for thermo-osmotic
flux in several common PEFC membranes as a function of temperature and temperature
gradient for fully liquid saturated membranes. These relationships are used in the model
presented here. A schematic of thermo-osmosis phenomenon in a polymer membrane
is shown in Figure 4.1(a). Positive thermo-osmotic diffusion coefficients imply water
motion from the hot to cold side. Depending on the type of charged membrane, the
thermo-osmotic coefficient may have positive or negative values. Tasaka et al. [94] observed movement of water from the cold to hot side for a hydrophilic membrane, and
reversed flux for a hydrophobic membrane. They have also argued that the physical reason for this motion was based on the entropy change. Table 4.1 summarizes the results
of direction of water transport for various polymeric membranes used in the fuel cell.
To the best of the author’s knowledge, existing fuel cell modeling literature does not yet
account for membrane thermo-osmosis.

4.2.2

Porous Media

In porous media, water can be transported both in liquid and vapor phase. Under a
temperature gradient, liquid water can evaporate at a hot location and move to a colder
location in the vapor phase. The diffused vapor can condense as it moves along the
temperature gradient due to the change in vapor pressure. This phenomenon has been
called the heat-pipe effect [103, 127], although the phenomenon is not strictly a heatpipe, since there is no capillary return of the condensed phase to the warm location. A
more proper, but cumbersome term is temperature gradient phase-change driven flow,
as shown in Figure 4.1(b). Here, we will refer to this phenomenon as phase-change
induced flow (PCI) [128], with the understanding that it refers to phase-change related
flow resulting from a temperature gradient, not just from humidity gradient. The phasechange driven flow phenomenon has been studied by various researchers in field of soil
science over the past two decades [103, 130, 131, 132], and has recently gained attention
in some fuel cell literature [10, 127, 128, 133].
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4.3

Model Formulation

A schematic of the fuel cell and its components, and control volume for the model
development is shown in Figure 4.2. Conservation of mass and energy has been performed
for each fuel cell component and combined with various interfacial boundary conditions
[134], as described.

4.3.1

Model Assumptions

The following assumptions were made for development of two-phase model.
1. The diffusion media (DM) and catalyst layers (CLs) are considered to be porous
media and the polymer electrolyte membrane (Nafionr ) is considered to be water
solvent. All material properties are homogenous but can be anisotropic. Swelling
of membrane due to water uptake is neglected in the model formulation.
2. Gravity effects can be neglected, compared to the capillary effects in the porous
¡
¢
¡
¢
media, since through scale analysis, ρg 4πr3 /3 << (2σ/r) πr2 for the porous
materials in PEFC [45]. The multiphase flow in porous media is treated as immiscible, so all continuous phases flow simultaneously through their own tortuous
path in the available pore space.
3. The polymer electrolyte membrane is treated with a pure diffusion model. The
diffusion model is chosen based on the availability of experimental water diffusivity
data. The water content of membrane, λ, is defined as the number of moles of
water associated with a mole of sulfonic acid group in the membrane H2 O/SO3− .
By using the gradient of λ as the driving force, the diffusion model can be used for
the whole range of 0 < λ < λ0 = 22. Actually, if the Nafionr can be considered
as a porous media with free water at a high water content, (i.e. 22 > λ > 14),
through the capillary relation for a two-phase flow in porous media, we can show
∇pw (∂pw /∂sw ) ∇sw ∇λ. Thus the hydraulic-type model can be simplified to a
diffusion-type model, providing unification of the two approaches [45]. When the
Nafionr is fully saturated (λ = 14), the hydraulic-type model is actually the same
as a single-phase flow in porous media.
4. In the porous media, water vapor and liquid water are considered to be in thermal
equilibrium at the interface. The vapor pressure inside the pore is approximated
as the same value as the interface pressure.
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5. Vapor pressure in the porous media is very small compared to the total pressure;
therefore total gas phase pressure is approximated as the air pressure.
6. Total gas phase pressure (air pressure) in the porous media is considered to be
constant. Influence of slight movement of air due to the diffusion of water vapor
within the voids is also neglected. Diffusion of water vapor is described by Fick’s
law.
7. The temperature gradient related phase-change transport is modeled using pure
thermodynamics with no consideration of surface property effects. Considering the
rough and partially hydrophobic nature of surface involved, there may be some
influence of the surface properties that is yet unexplored.

4.3.2

Mass/Flow Equation

The mass flow equation is different between the porous media and Nafionr membrane.
For the porous media, the saturation relationship can be written as:
sw + sg = 1

(4.2)

where sw and sg are the saturation of water and gas phase respectively. The saturation
of the phase is defined as the ratio of volume occupied by the phase to the total available
pore volume.
From immiscible flow theory, the flow equation for water phase can be written as:
[101]
²ρw

∂sw
+ ∇ (ρw uw ) = Sm,w
∂t

(4.3)

where ² is the porosity, ρw is the water density, uw is the water velocity, and Sm,w is the
mass source term. The mass source term here is due to the vaporization/condensation to
the vapor (gas) phase. The water velocity in the porous media (DM/CL) can be written
from Darcys law as: [101]
µ
uw = −

krw k
µw

¶
∇pw

(4.4)

where krw is the relative permeability of the water phase, k is the permeability of the
porous media, µw is the viscosity of water, pw is the water phase pressure. The relative
permeability of the water phase is usually a function of water saturation and has a typical

90
form of krw = snw , where n can vary from 1 to 9, as used by various authors [20, 29, 104,
135, 136], although a value of 3.0 is most commonly applied for fuel cells. In the present
study, the value of 3.0 is used. Substituting the water velocity from Eq. 4.4 in Eq. 4.3,
and simplifying the combined equation, we can show:
∂sw
²ρw
− ρw ∇
∂t

µµ

krw k
µw

¶

¶
∇pw

= Scond

(4.5)

where Scond represents the liquid water generation due to the condensation.
Similar to the water phase, the flow equation for the gas phase can be written as:
²ρg

∂sg
+ ∇ (ρg ug ) = Sm,g
∂t

(4.6)

where all the symbols are defined in the Nomenclature. The gas phase mass flux will
consist of pressure-driven Darcy flow and water vapor diffusion flux due to the phasechange driven flow under a temperature gradient. As the gas phase pressure is assumed
to be constant, the Darcy flow is negligible. Hence, the gas phase mass flux is due to
the vapor-phase diffusion only. The vapor phase diffusion can be written from Ficks law
[87] and can be simplified to obtain the mass flux expression [130, 131] as:
Mw ∂
ρg ug = D
R ∂T

µ

Psat
T

¶
∇T = DgT (T )∇T

(4.7)

where D is binary diffusion coefficient of water vapor in the air, Mw is the molecular
weight of water, R is the universal gas constant, Psat is the water saturation pressure.
The water vapor diffusion coefficient can be also modified for the DM/CL tortuosity using
Bruggmans relation: D = D0 (²)1.5 , where ² is the porous media porosity. Substituting,
the gas phase velocity from Eq. 4.7 in Eq. 4.6, and simplifying the resulting gas flow
equation:
²ρg

∂sg
+ ∇ (DgT ∇T ) = Svap
∂t

(4.8)

where DgT is the equivalent diffusion coefficient of water vapor in the gas phase and Svap
is the vaporization source term.
The developed liquid and gas phase equation can be further simplified using the
saturation relation. By substituting Eq. 4.8 in Eq. 4.2 and adding with Eq. 4.5 (Note
that Svap = -Scond ):
∂sw
− ρw ∇
² (ρw − ρg )
∂t

µµ

krw k
µw

¶

¶
∇pw

− ∇ (DgT ∇T ) = 0

(4.9)
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Using the approximation, ρw >> ρg , the governing equation for the flow in the porous
media can be written as:
∂sw
²ρw
− ρw ∇
∂t

µµ

krw k
µw

¶

¶
∇pw

− ∇ (DgT ∇T ) = 0

(4.10)

In Eq. 4.10, the second and third terms represents the capillary transport and diffusion
flux due to the phase-change effect, respectively. Note that in this formulation, the
phase-change induced (PCI) flow is driven purely by thermodynamic saturation pressure
gradients. It doesn’t include surface energy effects that may also play an important
role, but have yet to be investigated in fuel cell components. Future study is aimed at
elucidating the impact of surface properties on the expected phase-change related flux.
An additional characteristic equation is required to estimate the liquid water pressure
and saturation (to solve Eq. 4.10). The capillary pressure relation between the gas phase
pressure and water phase pressure is: [101]
r
pc = pg − pw = σ cos θ

²
J(se )
k

(4.11)

where σ is the surface tension of the air-water interface, θ is the contact angle, se is the
effective saturation [(sw − sirr )/(1 − sirr )], and sirr is the irreducible saturation. The
most widely used J-Leverett function, J(se ) [103] in the fuel cell literature [19, 20, 29,
45] is:
(
J(se ) =

1.417(1 − se ) − 2.120(1 − se )2 + 1.263(1 − se )3 θc < 90 Hydrophilic
1.417se − 2.120s2e + 1.263s3e

θc > 90 Hydrophobic
(4.12)

Recent study performed by Kumbur et al. [104] has shown that the above form of Leverett function is not entirely suitable for the fuel cell DM. An alternative experimentally
measured the capillary pressure relationship is given as: [105, 106, 107]
r

²C
K(snw ) where snw < 0.5
(4.13)
k
¡
¢
K(snw ) = wt% 0.0469 − 0.00152(wt%) − 0.0406s2nw + 0.143s3nw + 0.0561lnsnw (4.14)
6

0.4C

pc = (293/T ) γ(T )2

where wt% is the percentage of polytetrafluoroethlene (PTFE) content and snw is the
non-wetting phase saturation and C is the compression/stress relationship.
Some authors [29, 137] have combined both equations, i.e. substituting the liquid
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pressure derivative from Eq. 4.11 in Eq. 4.10, to obtain a single governing equation in
terms of sw and its gradient. However, there can be some numerical issues associated
with this methodology, as according to a purely capillary flow based formulation, a
saturation discontinuity (saturation jump) exists at CL/DM, CL/ micro porous layer
(MPL) or MPL/DM interface [104, 137, 138]. In the current model, Eq. 4.10 and Eq.
4.11 are solved simultaneously for pw and sw .
For the Nafionr domain, water transport is modeled with a pure diffusion model [12,
36, 86], including thermo-osmosis [92, 93]. The molar water flux in the membrane can
be written as:
nw = −Dλ ∇cw − DT ∇T

(4.15)

where Dλ is the membrane water diffusion coefficient, cw is the molar water concentration
and DT is the membrane thermo-osmotic diffusion coefficient. In Eq. 4.15, the first term
on the right hand side represents the diffusion flux and second term the thermo-osmotic
flux. The governing equation for the water transport in the membrane can be written
as:
∂cw
= −∇nw = ∇ (Dλ ∇cw ) + ∇ (DT ∇T )
∂t

(4.16)

The molar water concentration satisfies the relation [12, 36] cw = λw cacid , where λw is
the membrane water content. The ratio of membrane density to its electronic weight,
ρm /EW is cacid . Eq. 4.16 can therefore be simplified as:
∂λw
= ∇ (Dλ ∇λw ) +
∂t

µ

EW
ρm

¶
∇ (DT ∇T )

(4.17)

Eq. 4.17 with the appropriate boundary and initial condition can be solved for λw in
the membrane.

4.3.3

Energy Equation

The energy equation may have different forms in various fuel cell components. For the
porous media, the generalized energy equation can be written as:
D (ρCp T )
000
= ∇ (k∇T ) + Qph
Dt

(4.18)

where ρ, Cp and k are porous media density, specific heat and thermal conductivity.
In Eq. 4.18, the left most term represents the rate of change of energy in the control
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volume (i.e. thermal energy storage), the first term on the right is the conduction heat
transfer and last term represents the heat released/absorbed due to the phase change in
the porous media. Neglecting the advection transport due to the vapor diffusion, Eq.
4.18 can be simplified as:
¡
¢
∂ ρCp T
+ ρw Cp,w ∇ (uw T ) = ∇ (k∇T ) + Svap Hgl
∂t

(4.19)

where Hgl is the latent heat for the vaporization of water. Thermal transport properties
for the DM can be obtained by volume averaging:
ρCp = (ρw Cp,w sw + ρg Cp,g sg ) ² + ρpm Cp,pm (1 − ²)

(4.20)

In Eq. 4.19, using scale analysis, it can be shown that transient term is negligible
compared to the diffusion term for a porous media [130, 131]. Therefore, Eq. 4.19 can
be rewritten as:
¡
¢
∂ ρCp T
+ ρw Cp,w ∇ (uw T ) = ∇ (k∇T ) + [∇ (DgT ∇T )] Hgl
∂t
¡
¢
∂ ρCp T
=⇒
+ ρw Cp,w ∇ (uw T ) = [∇ (k + DgT Hgl ) ∇T ] = ∇ (knet ∇T )
∂t

(4.21)

(4.22)

Here knet is the net thermal conductivity, which includes conduction heat transfer and
heat transfer due to the phase-change driven flow. From the formulation, it should be
noted that the phase-change effect contributes in enhancing the heat removal from the
fuel cell components towards the gas channel (cold side) and will play a role as long as
saturation is above zero and there is a temperature gradient in the DM.
For the electrolyte domain, conduction is the dominant mode of thermal transport.
In the absence of any heat generation from phase-change, the energy equation can be
written as:
∂ (ρCp T )
+ ρw Cp,w ∇ (uw T ) = ∇ (k∇T )
∂t

(4.23)

where all symbols are defined in the Nomenclature. The membrane thermal properties
can also be evaluated as a mixture of dry membrane and water by volume averaging [45].
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4.3.4

Boundary and Interface Conditions

The net mass flux in the porous media can be written as:
µ
¶
k
ṁ = ρw uw + ρg ug = −ρw krw
− DgT ∇T
µw
00

(4.24)

In DM, CL and membrane, both water and thermal transport equations are solved.
The boundary/interface conditions need to be specified in the thru-plane direction (xdirection) only. Boundaries in other directions are symmetric; hence all gradients on
these boundaries are zero.
For the water transport, the boundary condition for the DM,
00

at the DM/BP

at the DM/GC

ṁ = 0

(4.25)

pw = f (Pch (t), T )

(4.26)

For an ideal scenario, the capillary pressure at the diffusion media/gas-channel (DM/GC)
interface should be zero [45], which facilitates maximum capillary drainage. However,
during shutdown, water droplets may emerge and reside at the DM/GC interface, which
can create some water pressure in the stationary droplet, suppressing additional droplet
growth. Because of this, the functional form of the water pressure at the DM/GC
boundary is difficult to know. The boundary condition used here will therefore simulate
the maximum water removal during shutdown, ignoring the impact of DM surface droplet
formation. At the other porous material interfaces (DM/CL, DM/MPL, MPL/CL), mass
flux (Eq. 4.24) and water pressure continuity is imposed. At the membrane/CL interface,
mass continuity and the following condition for water content is imposed [45]:
Water content

λw = 14 + 8sw

The interface condition for water content can also be set to include the

(4.27)
effect of

Schroeder’s paradox, which is explained by Zawodzinski et al. and others [31, 32, 83].
For this case, λw = 22 when the catalyst layer is equilibrated with liquid water (sw > 0),
and λw = 14 when sw = 0.
For the thermal transport, a convective boundary condition can be specified at the
DM boundary (both at land/channel case). For all other interfaces in the computational
domain, temperature and flux continuity is imposed.
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4.3.5

Properties and Parameters

Details of all modeling and material parameters are listed in Table 4.2. It should be
noted that reported values for DM water transport properties are very limited, or vary
to a large degree. For example, reported values for DM permeability range from 10−11
to 10−15 m2 [13, 19, 20, 135, 139, 140], and no direct experimental measurement has
yet been shown to demonstrate irreducible saturation in fuel cell DM. Of course, these
properties vary from one DM type to another, and can change the quantitative values
in the results shown in this article. However, qualitative trends in the results shown will
be similar, and the range of parametric values chosen is believed to be in a reasonable
range.

4.3.6

Numerical Implementation and Solution Technique

Based on the analytical formulation described, a numerical code was developed and
one-dimensional simulations were performed. In the numerical code, either a channel
or land boundary condition can be specified to investigate the water transport. The
control volume method was used to discretize the governing equation in the computational domain. A single domain approach was used to solve the energy equation and
water transport in porous media. Numerical equations were derived in terms of interface
temperature/pressure, and were obtained by integrating the governing equation over the
control volume [122]. For the time marching, an implicit method along with a NewtonRaphson method was used to solve the numerical equations. Numerous test cases were
also developed to verify the each term (transient, diffusion and advection term) in the
final governing equations. Time and grid sensitivity analysis were also performed to
ensure that solution is independent of chosen grid size and time step. Details of numerical implementation, verification study and grid sensitivity analysis are shown in the
Appendix B and have presented elsewhere [141].

4.4

Summary and Conclusions

In this chapter, a generic two-phase model to analyze the thermal-driven flow in fuel
cell component was presented. In porous media, a model was based on thermodynamic
concept i.e. vapor evaporate and diffuses solely due to the saturation pressure gradient.
However, in real scenario, the kinetics of evaporation and condensation can be affected
by surface properties, roughness etc. Also, in the model formulation, vapor pressure in
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the gas phase cant go below saturation pressure even in the dry zone (sw = 0), thus
limiting the drying of membrane. Future research is needed to explore these factors.
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Table 4.1. Summary of temperature gradient related water flow observations in literature

Reference

Observation
Material
Water flux
(kg/m2 s)

Tasaka et al.
[92, 94, 95]

Nafionr 417

Villaluenga et
al. [93]

Nafionr 117

Bradean et al.
[10]

Fuel
stack

Perry et al.
[11]

Fuel cell

Zaffou et al.
[96, 142]

Nafionr
112,
catalyzed
Nafionr
112)
Gorer select
membrane
(5510 series)
Nafionr
117,
Flemionr
SH50, Gore
Selectr

Kim
and
Mench [129]

cell

MEA
and
MEA with
PTFE reinforced DM
and MPL

3.57 × 10−6
(for ∆T ≈
100 C, Tavg =
35.20 C)
7 × 10−5
(for ∆T ≈
100 C, Tavg =
26.50 C)
2.8 × 10−6 (for
∆T ≈ 1 − 20 C
for each cell)
Not available

Comment
Water
flow
direction
Cold to hot

Cold to hot

Hot to cold

Hot to cold

-

No flow

-

Hot to cold

1.69 × 10−4 (N
117),2.55 ×
10−4 (SH
50),3.29
×
10−4 (Gore)
(for ∆T ≈
100 C, Tavg =
650 C)
Flux depends
on hydrophobicity of the
DM

Cold to hot

Hot to cold

Experiments
performed with
the membrane
only
Experiments
performed with
the membrane
only
Details of MEA
and DM not
available
Details of MEA
are not available
(Carbon
cloth
DM)
Experiments
performed in a
fuel cell with
SGL 10 BB
diffusion media

Explicit experiments
were
performed
to
characterize the
thermo-osmosis
in
membrane
and
heat-pipe
effect in DM
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Table 4.2. Properties and parameters for the model simulation

Symbol
tDM
tCL
tm
kp,DM
kp,CL
kDM
kCL
km
ρDM
ρm
Cp,DM
Cp,m
²DM
²CL
sirr
Dλ
DT
Mw
EW
Hgl

Parameter (Unit)
DM thickness (µm)
CL thickness (µm)
Membrane thickness (µm)
DM permeability (m2 )
CL permeability (m2 )
DM thermal conductivity (W/mK)
CL thermal conductivity (W/mK)
Membrane thermal conductivity (W/mK)
DM density (kg/m3 )
Membrane density (kg/m3 )
DM specific heat (J/kgK)
Membrane specific heat (J/kgK)
DM porosity
CL porosity
Irreducible saturation
Membrane water diffusion coefficient
(m2 /s)
Membrane thermo-osmotic diffusion coefficient (mol/msK)
Molecular weight of water vapor (kg/mol)
Membrane equivalent weight (kg/mol)
Latent heat of vaporization (J/kg)

Value [ref ]
400
10
20
3 × 10−12 [13, 139]
3 × 10−14 [135]
0.4 [119]
0.2 [119]
0.2 [119]
450 [126]
1980 [86]
710 [118]
1170 [118]
0.8
0.3
0.35
2 × 10−10 [143]
1.04 × 10−3 e−2297.3/T
[129]
0.018
1.1
2260 × 103 [118]
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(a)

(b)

Figure 4.1. Schematic of thermal-driven water transport mode in PEFC component
(a) thermo-osmosis in electrolyte membrane [129, 134] (b) temperature gradient phasechange induced flow in the porous media. Water is evaporated at the catalyst layer and
condensed near the gas channel, adapted from [127]
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Figure 4.2. Schematic and control volume for the computational model. Computational
domain with both land and channel boundary condition are shown.

Chapter 5
Results and Discussion
The direction of water flow after shutdown strongly depends on the temperature gradient
inside the fuel cell [10, 11]. After shutdown, water transport is governed by capillary
and phase change mechanisms in DM and CL, and diffusion and thermo-osmosis in the
membrane. Each water transport mechanism was investigated with a different computational domain in the following section. The first sub-section presents investigation of
water transport in the DM only, and additional simulations described later in this article
are presented on a full membrane electrode assembly (MEA).

5.1

Phase-change Related Flow in Diffusion Media

To investigate the characteristics of phase change and temperature gradient on water
and thermal transport in DM, the computational domain was changed to a 4 layer
sandwiched diffusion media as shown in Figure 5.1. All simulations are presented with
constant temperature and land boundary condition with TL = Tavg + ∆T /2, TR =
Tavg − ∆T /2, where ∆T is the temperature across the DM. Initial temperature and
saturation is specified as value of TL and 0.2, unless otherwise specified.

5.1.1

Comparison of Water Transport due to Capillary and
Phase-change Flux

To numerically investigate the relative contributions of capillary and phase-change related flux of water in the DM, simulations were performed with initial saturation of
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0.5 (> sirr = 0.35), Tavg = 75 o C, and ∆T = 10 o C with varying DM permeability.
Specifying saturation higher than the irreducible saturation with a land boundary condition provides an opportunity to investigate both modes of water transport. It should
be noted that capillary pressure (Eq. 4.11) reduces to zero for liquid saturation below
the irreducible saturation [101], implying as expected that capillary transport ceases as
soon as saturation falls below the irreducible value. Figure 5.2 shows the steady state
saturation profile and temperature distribution in the domain, for DM permeability values matching the range found in various literature. The liquid water will evaporate at
higher temperature (on left) and will diffuse and condense on the lower temperature
(right side) due to a concentration gradient (resulting from a saturation pressure gradient) in the vapor phase. Due to the saturation difference, a backward capillary flow will
also be developed. At steady state (as simulated and shown in Figure 5.2), a balance
is achieved between forward PCI flux and opposing capillary flux. It should be noted
that the maximum variation in saturation is less than 0.001 for all permeability values, implying that the change in saturation due to phase-change in presence of capillary
transport is negligible. Thus, in the presence of capillary transport, the water flux due
to PCI flux can be neglected. This observation is very consistent with the scale analysis
performed by Wang and Wang [144] and Cho [145] during normal PEFC operation and
its shutdown. In this simulation with land boundary, capillary transport was initiated by
the saturation gradient formed due to phase-change flux. For the same initial condition
with a channel boundary, water will drain from the DM into the channel due to capillary
transport to the irreducible saturation value, and be followed by subsequent drainage by
phase-change flux into the colder channel. This drainage rate strongly depends on the
DM property, relative permeability relation and initial saturation, as discussed by He et
al. [135].
Based on this observation, water drainage in porous diffusion media can be divided
into two regimes [132, 146]: The first is dominated by capillary transport (funicular
regime [146] and the second by vapor diffusion (pendular regime [132]), as shown in
Figure 5.3. Extensive work has been done to observe both regimes in soil science literature [103, 132, 146, 147, 148]. However, to the authors’ knowledge, no specific study
has been performed in the fuel cell literature in context of water transport in porous
DM. After PEFC shutdown, water transport will initially be dominated by capillary
transport (Figure 5.3(a)) and saturation in DM will decrease to the irreducible saturation, except where blocked by lands or channel level droplets on the DM surface. The
remaining residual water can only be removed by purge of residual channel droplets to
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allow further drainage to the irreducible value, or evaporation [132, 145] (Figure 5.3(b)).
This evaporation can be achieved either by phase-change effect driven by temperature
gradient or passing purge gases in the gas channel a temperature gradient [147, 148].
The time required to change regimes from capillary dominated to phase-change dominated (i.e. funicular to pendular), tcr , is important for fuel cell engineers and designers.
Numerous studies to estimate tcr have been done in the soil science or drying of porous
media literature [146]. Computationally, the key controlling parameter is the relative
permeability, krw , which is modeled as a power-law function of the liquid saturation.
Depending on the power chosen, the capillary drainage time can vary by a large degree
(few seconds to tens 10-15 minutes [135]). It should be noted that the tcr is also a
strong function of initial saturation and DM properties. To estimate the critical time,
two-dimensional simulation with both land and channel boundary are required but is
beyond the scope of the current work.

5.1.2

Thermal Transport due to PCI Effect

It has been already shown in the model formulation that the heat absorbed and released
due to the water evaporation/condensation can be combined with the conduction heat
transfer term (Ref Eq. 4.22), significantly enhancing the heat transfer from the hot
catalyst layer to the generally colder bipolar plate surface. The equivalent thermal
conductivity due to the heat-pipe effect can be written as:
kequ

Mw ∂
= DgT Hgl = D
R ∂T

µ

Psat
T

¶
Hgl

(5.1)

where all the symbols are defined in the Nomenclature. The variation of the equivalent
thermal conductivity with the temperature is shown in Figure 5.4. It is evident from the
plot that the equivalent conductivity changes from 0.1 to 0.9 W/mK with change in the
cell temperature from room temperature (300 K) to a typical operating temperature of
353 K. The typical thermal conductivity of SGL series DM and catalyst layer are 0.2 0.5 W/mK [119]. Therefore, the effective conduction heat transfer across the DM and
CL can be increased up to 100-200% when phase-change flow is considered. Neglecting
this mode of heat transfer in fuel cell shut down or normal operation may result in poor
prediction of the cell component temperatures.
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5.1.3

Effect of Land/Channel BC

Figure 5.5 shows a transient profile of saturation distribution in the 4 layered stack
diffusion media with land boundary condition, for two different temperature difference
(∆T = 10 o C and 2 o C). These two temperature difference provide two extreme cases
(∆T = 0.5 o C and 2.5 o C across each DM) to investigate the PCI effect in the DM.
Initial saturation of 0.2 was specified and average temperature was maintained at 75 o C
in both scenarios. With a land boundary condition, liquid water will evaporate on the left
side and will diffuse towards the right (due to lower temperature/concentration), and can
condense anywhere inside the DM or on the right wall of channel. A schematic to explain
the vapor diffusion and evaporation/condensation with land boundary is shown in Figure
5.7(a). As the configuration marches forward in time, saturation on left side decreases
to zero and a dry front moves toward the right. On the other hand, condensed water on
right side will increase the saturation and eventually increase to a value greater than the
irreducible saturation. As saturation value reaches the irreducible saturation value, a
dominating backward capillary flow is developed, and eventually, a steady state condition
can be achieved when evaporation and vapor diffusion towards right will be balanced by
the backward capillary flux. It has been already shown that a small saturation difference
above irreducible is sufficient to create sufficient capillary pressure to balance the vapor
diffusion flux due to PCI flux (Figure 5.2). In Figure 5.5, a small saturation difference
exists in the plateau region on the right hand side in the DM. Comparing Figure 5.5(a)
and Figure 5.5(b), it can also be observed that with change of temperature gradient across
DM, only the time scale of diffusion process (phase-change flux) changes. At steady state,
the saturation profile will be same for both cases. But the time to reach steady state
condition can be dramatically different depending on the temperature gradient.
Figure 5.6 shows the same simulations as above (Tavg = 75 o C, ∆T = 10 o C and
2 o C), only with a channel boundary condition that allows drainage of the DM. Zero
capillary pressure is specified at the channel boundary, simulating a channel DM surface
free of droplets. Similar to the observation of the previous simulation of land boundary,
water evaporates on left side of DM and will diffuse towards right side. Diffused vapor
can condense in the DM or can escape the domain from the right side (channel). It
should be noted that vapor does not diffuse from the left channel due to the elevated
temperature specified at the left boundary. On the right boundary, vapor can diffuse due
to saturation gradient and evaporation due to the heat flux (because of constant temperature gradient). A schematic to explain the vapor diffusion, evaporation/condensation
with channel boundary is shown in Figure 5.7(b). For the channel boundary, a dry front
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can move from either direction and the rate of movement will depend on the specified
channel boundary. In the current simulation, no convective evaporation (gas purge etc.)
on the channel boundary condition is considered: i.e. liquid water can evaporate only
because of temperature gradient imposed on the computational domain. So, the drying
front from the warmer side moves faster compared to the colder right side. If convective
drying is used in the same scenario, the dry front from the right can also move faster,
depending on the temperature, RH and flow of gas [149]. For further details about convective drying of porous media, the reader can refer to refs [146, 147, 148]. Comparing
Figure 5.6(a) and Figure 5.6(b), it can be observed that the rate of drying directly depends on the applied temperature gradient. The same observation was also made for
simulation with land boundary condition. Based on results shown in Figure 5.5 and
Figure 5.6 it can also be inferred that specifying land or channel boundary for identical
temperature condition in one-dimensional simulation, results have a similar qualitative
trend. For the channel, water vapor can escape the control volume. So there will be a
continual decrease in the average liquid saturation value. On the other hand, for a land
boundary water vapor will condense and a backward capillary flow is developed. In a
two-dimensional simulation or actual fuel cell, lateral capillary flow in the plane of the
DM can flow as well.
Another key aspect of the phase-change induced flux phenomenon is the increase
in the thermal transport due to the phase-change term. In the above simulations, a
temperature profile at t = 10 second only has been shown (Figure 5.5 and Figure 5.6).
The temperature field is fully developed in the MEA and DM in less than 2-3 seconds
due to the low thermal mass of fuel cell component. As we march in time, the slope of
temperature profile will change in the dry domain (sw = 0) compared to rest of the DM
domain (where sw > 0), due to the absence of a phase-change term in the drier region.
The change in the slope will affect the rate of vapor diffusion.
Results shown so far for land and channel cases have identical temperature boundary conditions. In an actual fuel cell, the DM underneath the land is typically colder
compared to the DM near the channel boundary. So, there should be a preferential location for condensation of diffused water vapors underneath the land as compared to the
vapor diffusion in the channel. To validate these observations and qualitatively validate
the model results, neutron-radiography (NR) imaging was used. In this study, the NR
images are used as a qualitative comparison to validate the model trend. The NR imaging experiments were performed at the National Institute of Standards and Technology
(NIST) test facility, where a small field-of-view (2.5 cm2 ) high resolution (∼ 10 µm)

106
neutron imaging system exists. Details of the text fixture and experimental methodology are presented elsewhere [133]. To observe the PCI effect as simulated, 4 layers of
commercial diffusion media (SGLr series 10BB/10BA/10BA/10BB) were used for the
experimentation. In a non-operating condition, anode side gas channels were filled with
liquid water and a temperature gradient was applied by two coolant recirculation baths
[133]. Anode bipolar plate (left side in the Figure 5.8) was maintained at 70 o C and
the cathode bipolar plate (right side) was at 60 o C. Microporous layers were turned to
be facing both channel sides to prevent liquid water penetration into the DM, but allow
vapor diffusion. Figure 5.8 shows the NR images at 1, 5 and 16 minutes after the start of
the experiment. After 1 minute of experimentation (Figure 5.8(a)), it can be clearly seen
that lot of water has condensed from the channel, and moved underneath the cathode
land or began to drain inside the channel (top/bottom wall of cathode gas channel).
This observation is quite similar to the predicted from the one-dimensional model. At
t = 5 minute, more water has condensed underneath the land and drained inside the
cathode gas channel (Figure 5.8(b)). From Figure 5.8(c), it can be seen that the cathode
gas channel is almost filled with liquid water after 16 minutes of the experiment. It
should be noted that in the NR imaging experiments, the anode gas channel was always
filled with liquid water i.e. it has an infinite source of water to evaporate. On the other
hand, in the numerical simulation, the amount of water is limited by the specified initial
condition. Thus, no dry front movement can be observed from the NR imaging.

5.1.4

Effect of Average Temperature

Figure 5.9 shows the simulated liquid saturation profile in 4 layered sandwiched diffusion
media for different average temperatures (with ∆T = 10 o C) at t=60 seconds and 180 seconds. In these simulations constant temperature (TL = Tavg + ∆T /2, TR = Tavg − ∆T /2)
and land boundary conditions were specified. It can be observed that, as the average
temperature decreases, vapor diffusion decreases drastically. For example, at the end
of 180 seconds, a dry front has not started at an average temperature of 15 o C. On
the other hand, it almost reaches a steady state condition (balance of phase-change
and capillary flux) for 75 o C. In the PCI phenomenon, vapor diffusion is governed by
saturated concentration (saturation pressure) gradient. Due to the high saturation pressure gradient at around 70-80 o C as compared to room temperature [4], vapor diffusion
(and phase-change flux) is greater, for the same temperature gradient at high average
temperatures.
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5.1.5

Effect of DM Thermal Mass

Figure 5.10 shows the liquid saturation profile in the 4 layered stacked diffusion media
for different thermal mass after 10 seconds for Tavg = 75 o C and ∆T = 10 o C. It
can be observed from the plot that there is negligible change in the saturation profile
with an increase in the DM thermal mass, due to the fact that the temperature profile
in the domain is fully developed in all three simulations within 2-3 seconds. Water
transport here is governed by the temperature distribution, so no significant effect can
be observed on the saturation profiles. Therefore, in practical applications, water motion
by temperature driven flux is controlled by coolant and bipolar plate temperature during
shutdown.

5.2

Impact of Thermo-osmotic Flux

To investigate the effect of thermo-osmosis on water transport, one-dimensional simulations were performed on full cell geometry. Simulation dimensions and other parameters are shown in Table 4.2.
oC

and two different ∆T : 10

oC

The average temperature was maintained at 75
and 2 o C across the fuel cell were used. All sim-

ulations are presented with constant temperature and land boundary condition with
TL = Tavg + ∆T /2, TR = Tavg − ∆T /2. It has been already shown that the trend for water transport with land and channel boundary condition are similar. Moreover, with land
boundary condition it is relatively easy to monitor the water transport, as no vapor or
liquid can escape the system. Initial temperature, saturation in DM/CL and membrane
water content is specified as value of TL , 0.15, and 15.2, unless otherwise specified. Three
different scenarios: positive thermo-osmotic diffusion coefficient (water will move from
hot to cold side), zero thermo-osmotic diffusion coefficient and negative thermo-osmotic
diffusion coefficient (water will move from cold to hot side, as is the normal case for fuel
cell membranes [133]) are used to investigate the water transport in fuel cell subjected to
constant temperature gradient. A typical range of thermo-osmotic diffusion coefficient
is 10−6 to 10−7 mol/msK [129], depending on the membrane average temperature. The
expression shown in Table 4.2 is for a W. L. Gorer membrane [129].

5.2.1

Positive Thermo-osmotic Diffusion Coefficient

Transient liquid saturation/water content distribution, and temperature profile for a
positive thermo-osmotic diffusion coefficient (flow from hot to cold) is shown in Fig-
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ure 5.11(a) and Figure 5.11(b), respectively. For this simulation, the value of diffusion
coefficient shown in Table 4.2 with positive sign is used. On anode side, due to the phasechange induced flux, water will evaporate and condense near the anode CL/Membrane
interface, increasing the liquid saturation at anode catalyst layer. However, on the cathode side, water will evaporate from the cathode catalyst layer and condense near the
right land walls. So, the liquid saturation in the cathode catalyst layer will decrease
with time. Now, a concentration difference across the membrane is formed due to the
phase-change induced water flux on the anode/cathode side. A positive diffusion flux will
transport water from the anode to cathode side. At the same time, due to the positive
thermo-osmotic diffusion coefficient, the membrane will also transport water from anode catalyst layer to cathode catalyst layer. In summary, the direction of phase-change
induced water flux in DM/CL, and net water flux in membrane due to diffusion and
thermo-osmosis are both in the positive direction. So, net water transported in PEFC
would also be in positive direction (or from hot to cold) and eventually all the water
will be drained from anode to cathode side (or from hot to cold). Numerical simulation
indicates that water from anode side was drained in almost 50 seconds under the simulated conditions. It should be also noted that the PCI flux on the cathode side is less
than the net membrane water flux (both diffusion and thermo-osmotic flux). So, in this
scenario i.e. with thermo-osmotic flux running counter to that experimentally observed,
the cathode catalyst layer will be dried after the other fuel cell components. From Figure
5.11(b), it can also be seen that the decrease in the net thermal conductivity in the dry
region (due to the absence of phase-change term) increases the temperature gradient in
dry zone. This may slightly increase the vapor diffusion in other fuel cell components
(sw > 0).

5.2.2

Zero Thermo-osmotic Diffusion Coefficient

Figure 5.12(a) and Figure 5.12(b) shows the transient liquid saturation/water content
profile and temperature distribution in a fuel cell without any thermo-osmotic diffusion
coefficient. Similar to the previous simulation, saturation on the anode catalyst layer
increases, and saturation decreases on the cathode catalyst layer, both due to phasechange induced flux. However, the water transport from anode to cathode is now limited
only by diffusion across the membrane. In this scenario, diffusion flux is lower than the
phase-change induced water flux on either side. So the membrane will limit the rate of
water transport from anode to cathode. This may lead to drying of cathode catalyst
layer, and transported water by membrane diffusion may evaporate instantaneously,
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keeping the cathode catalyst layer dry. As the net flux is still positive, all the water
from anode will eventually be drained to the cathode under these conditions. The trend
of transient temperature profile without thermo-osmosis is shown in Figure 5.12(b), and
is very similar to the case with positive thermo-osmotic coefficient (shown in Figure
5.11(b)). The temperature gradient is increased in the dry zone due to the decrease in
thermal conductivity.

5.2.3

Negative Thermo-osmotic Diffusion Coefficient

Figure 5.13(a) and Figure 5.13(b) show the transient liquid saturation/water content
profile in a fuel cell with a negative thermo-osmotic diffusion coefficient for ∆T = 10
oC

and 2 o C respectively. Negative thermo-osmotic diffusion coefficients exist in PEFC

membranes, as detailed by Kim and Mench [129]. In both cases, Tavg is maintained
at 75 o C. With negative thermo-osmotic diffusion coefficient, the direction of thermoosmotic flux in membrane will be from the cold to hot side i.e. from cathode catalyst
layer to anode catalyst layer as simulated here. However, diffusion flux will be from
the anode to cathode side. So, direction of net water flux in membrane will depend
on the relative magnitude of diffusion flux (positive direction) and thermo-osmotic flux
(negative direction). For a given membrane, the magnitude of these fluxes will depend
solely on a coupled balance between the concentration and temperature gradient effects,
respectively. As the temperature field is developed in the domain, thermo-osmotic flux
will remove water at a constant rate from the cathode to anode side of the membrane.
However, due to phase-change induced flux in DM/CL, liquid saturation on the anode catalyst layer is increasing. On the cathode catalyst layer, the liquid saturation
is decreasing with time. The magnitude of the diffusion flux will be increasing as the
concentration gradient increases across the membrane. Figure 5.13(a) shows a scenario
(∆T = 10 o C), when the diffusion flux can’t overcome the opposing thermo-osmotic
flux due to high temperature gradient. In this case, as soon as cathode catalyst layer is
dried, no water can be transported from anode to cathode or vice-versa. Thus, in this
scenario the membrane becomes a barrier for water drainage and both anode and cathode
DM/CL will behave as two disjoint porous media domains. It should be noted that the
thermo-osmotic fluxes deducted by Kim and Mench [129] were for fully liquid saturated
membranes, and it is likely that for partially dry membranes, thermo-osmotic flux is
reduced somewhat. Figure 5.13(b) shows another scenario (∆T = 2 o C) when diffusion
flux is able to overcome the opposing thermo-osmotic flux. It has been already shown
the in the porous media (DM/CL), decreasing the average temperature will only slow
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rate of water vapor diffusion. Thus, implying that diffusion flux in membrane can reach
the same order as previous scenario ∆T = 10 o C. However, thermo-osmotic flux in membrane will be drastically reduced due to the decrease in the temperature gradient across
membrane. As we can see from the plot, initially liquid saturation near the anode catalyst layer increases and then it start decreasing as water diffuses from anode to cathode
side. At the same time, the liquid saturation at cathode catalyst layer reduces to zero, as
liquid water was transported to anode catalyst layer by thermo-osmotic flux along with
the water movement towards the land by phase-change induced flux. Also, the net rate
of water transport across membrane (from anode CL to cathode CL) is lower than the
amount of water which can be removed from PCI effect at cathode CL. Thus, the cathode catalyst layer will remain dry. Another important aspect is that all the water from
the anode can’t be transported to cathode side. At steady state, a balance of diffusion
flux and thermo-osmotic flux in the membrane will be achieved and no more water can
be transported. So, in this scenario, the cathode CL can achieve the dry condition and
anode CL will always have some residual water. The amount of residual water can be
estimated by the flux balance. For example in the ∆T = 2 o C scenario, thermo-osmotic
flux is ∼ −2.65 × 10−4 kg/m2 s (∆Tmembrane ∼ 0.2 o C). From the diffusion flux relation
ρm
Dλ Mw EW
∇λw and with sw = 0 (λw = 14) on the cathode catalyst layer side, it can be

found that residual liquid saturation on the anode side should be around 0.102.

5.3

A Note on Freeze/thaw Damage Mitigation

Depending on the location of a particular fuel cell in a stack, the anode or cathode side
may be the colder location during shutdown, and this scenario can exist. The goal is
to fully drain the electrode at shutdown before a frozen condition is reached. Based
on the competing mechanisms of water removal from the electrode, either a thermal or
mass transport solution can be achieved. If a temperature gradient is kept so that the
electrode will fully drain before cold conditions (a high enough gradient to move water,
but not enough for thermo-osmotic flux to overcome diffusive drainage), or so that the
electrode will not fill in the first place (zero temperature gradient), proper shutdown can
be achieved. As a mass transport solution, the flow to the cold electrode can be restricted
so that this fillage and drainage process does not occur in the first place. These solutions
are believed to be those achieved by Ballard and UTC patents and publication [10, 11],
which described ways to eliminate freeze/thaw damage at anode end cells in stacks, but
did not explain the fundamental processes involved.
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With development of new stack design and/or shutdown protocol, a modest temperature gradient can be maintained across fuel cells particularly in a stack. A key to
minimize the residual water at the cathode catalyst layer is to maintain the relative
balance of phase-change induced flux in DM, and net balance of thermo-osmotic flux
and diffusion flux in membrane. Figure 5.14 shows the mass flux for all three mode of
water transport for varying water content and temperature difference at average temperature of 75 o C. Other properties used are shown in Table 4.2. Before shutdown, typical
∆TDM ∼ 3 − 5 o C, ∆Tmembrane ∼ 0.5 o C and ∆λmembrane ∼ 2 − 4 exist. By maintaining
the temperature gradient across the fuel cell component, one can drastically enhance the
water removal and minimize the residual water at the cathode catalyst layer.

5.4

Summary and Conclusions

In this chapter, simulation results in 1-D were presented to investigate the effect of phasechange water flux in DM and thermo-osmosis in membrane on the water redistribution
in PEFC. Based on the model results, the following conclusions can be made:
1. Phase-change water flux is negligible compared to the water flux due to the capillary transport as long as the saturation is above the irreducible level. In the
porous diffusion media, liquid water flow is first dominated by capillary flux (funicular regime) until the irreducible saturation is achieved, and then dominated
by vapor diffusion or phase-change flux (pendular regime).
2. Phase-change related flux can enhance the heat removal by 100-200% in the porous
diffusion media/catalyst layer.
3. Phase-change water flux increases significantly with increase in average temperature and temperature gradient. However, the effect of DM/CL thermal mass is
negligible on the phase-change water flux.
4. Depending on the type of membrane (hydrophobic/hydrophilic), thermo-osmotic
flux can assist or oppose the diffusion flux in the polymeric membrane (i.e. positive
or negative thermo-osmotic diffusion coefficient). The membranes used in the
PEFC have negative thermo-osmotic diffusion coefficient, thus water moves from
cold to hot side due to thermo-osmosis. At certain conditions, especially at higher
average temperature and gradient, thermo-osmotic flux can be significant and can
form a barrier for water transport from anode to cathode side or vice-versa.
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Figure 5.1. Computational domain to investigate the PCI effect in diffusion media (4
layer sandwiched structured with land boundary condition)

Figure 5.2. Steady state liquid saturation distribution in 4 layer sandwiched DM for
different DM permeability (showing balance of capillary and PCI flux), Tavg = 75 o C,
∆T = 10 o C, initial liquid saturation swi = 0.5
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(a)

(b)

Figure 5.3. Schematic showing the two different regimes of water transport in fuel cell
diffusion media (a) funicular regime: flow dominated by capillary transport (b) pendular
regime: water can be removed only be evaporation or convective flow
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Figure 5.4. Variation of equivalent thermal conductivity due to the phase-change
induced flux (PCI effect) with the temperature in the porous diffusion media. Thermal
conductivity of various commercially available DM is also shown
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(a)

(b)

Figure 5.5. Transient liquid saturation distribution in 4 layer sandwiched diffusion
media at different times Tavg = 75 o C, land boundary condition (a) ∆T = 10 o C (b) ∆T
= 2 oC
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(a)

(b)

Figure 5.6. Transient liquid saturation distribution in 4 layer sandwiched diffusion
media at different times Tavg = 75 o C, channel boundary condition (a) ∆T = 10 o C (b)
∆T = 2 o C
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(a)

(b)

Figure 5.7. Schematic showing the evaporation/condensation, vapor diffusion in various
nodes in the porous diffusion media (a) land boundary (b) channel boundary
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Figure 5.8. Neutron radiography images showing the PCI effect across a 4 layer sandwiched diffusion media SGLr series 10BB/10BA/10BA/10BB, Tavg = 65 o C, ∆T = 10
o C (a) t = 1 min (b) t = 5 min (c) t = 16 min
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(a)

(b)

Figure 5.9. Liquid saturation distribution in 4 layer sandwiched diffusion media with
varying average temperature ∆T = 10 o C, land boundary condition (a) after 60 seconds
(b) after 180 seconds
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Figure 5.10. Liquid saturation distribution in the 4 layer sandwiched diffusion media
after 10 seconds with different thermal mass of diffusion media
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(a)

(b)

Figure 5.11. (a) Transient liquid saturation and water content distribution (b) Transient temperature distribution in the 1-D fuel cell simulation with positive thermoosmotic diffusion coefficient, Tavg = 75 o C, ∆T = 10 o C, land boundary condition
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(a)

(b)

Figure 5.12. (a) Transient liquid saturation and water content distribution (b) Transient temperature distribution in the 1-D fuel cell simulation with zero thermo-osmotic
diffusion coefficient, Tavg = 75 o C, ∆T = 10 o C, land boundary condition
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(a)

(b)

Figure 5.13. (a) Transient liquid saturation and water content distribution in the 1-D
fuel cell simulation with negative thermo-osmotic diffusion coefficient, Tavg = 75 o C, land
boundary condition (a) ∆T = 10 o C (b) ∆T = 2 o C
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Figure 5.14. Mass flux across fuel cell component for different temperature difference
and water content difference (Membrane thickness = 20 µm, DM thickness = 400 µm)

Chapter 6
Impact of PEFC Stack Design on
End Cell Water Transport after
Shutdown
6.1

Introduction

One of the key challenges for the PEFC stack designer is to obtain uniform performance
from all cells in the stack at all operating conditions. The transient performance during
startup strongly depends on the residual water in PEFC components. Freezing of residual
water significantly aggravates the startup performance under sub-zero operation (also
known as cold start). In a stack, depending on its design, a considerable temperature
gradient may exist across several of the individual cells. Depending on the direction of
the cell temperature gradient, water can move in either direction.
Poor cold start performance of the anode-side end cell in stack can be attributed to
the freezing of residual water at the cathode catalyst layer. At the anode side end cell,
the cathode bipolar plate has higher temperature as compared to the anode bipolar plate.
So, on the cathode side, water moves from DM to catalyst layer due to the temperature
gradient (phase-change induced flux in porous media). However, on the anode side,
water moves from catalyst layer to the gas-channel/land. PEFC membranes generally
have a negative thermo-osmotic diffusion coefficient [129]. Depending on the direction
of temperature gradient, this may result in some residual water at the cathode catalyst
layer. Such analysis and scenarios for single cell has already been shown in the previous
chapter. To address this issue in the stack design, two different methodologies have been
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proposed in the existing publication and patent literature.
1. Mass Transfer Based Solution: In this approach, stack materials (esp. for anode
end cells) are changed to enhance the liquid water drainage and prevents the heatpipe by mass transport limitation. One of the advantages of this approach is that
it can be done on a single cell level without changing the stack design. This approach was proposed and apparently adopted by United Technologies Corporation
(UTC) Power fuel cell stack [11]. In the UTC stack design, the stack is thermally
insulated and uses a patented micro-porous bipolar plate. These porous bipolar
plates allow water movement in the plate, thus provide both humidification at
higher temperature and water removal. To improve the anode end cell cold start
performance, the end cell performance was tested with various DM having different water permeability. They have found that use of a hydrophilic diffusion media
with lower permeability drastically improves the anode end cell cold start performance, as shown in Figure 6.1. This design is suitable for porous bipolar plate
as water can be drained easily towards the porous bipolar plate (lower permeable
DM). However, its applicability with the metallic bipolar plate still needs to be
verified.
2. Temperature Gradient Based Solution: In this method, stack designed is changed
such that a favorable temperature gradient is setup in the stack i.e. the anode
bipolar plate temperature is higher than the cathode bipolar plate temperature
for all cells. With this configuration, it has already been shown in the previous
chapter that the cathode catalyst layer will be drained first and residual water
will remain at the anode catalyst layer. This approach is proposed and apparently
adopted in the Ballard fuel cell stack design [10]. In their design, PEFC stack is
insulated from all sides except the cathode end plate, as shown in Figure 6.2(a).
However, with this design, the anode end cell performance was not comparable to
the cathode end cell, but it was better than the conventional design. A further
design improvement was made by attaching a heat reservoir between the end plate
and insulation at the anode side, as shown in Figure 6.2(b). With the new design, a
significant amount of water migrated in the gas channel and cold startup capability
was increased when a short purge was used to remove the water from the plate
channel just before the freezing.
Both approaches have been experimentally verified to enhance the cold start capability by minimizing the residual water at the cathode catalyst layer in the anode end cell.
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However, fundamental understanding for water transport is still not well understood.
The results in the previous chapter are presented for the constant temperature condition, implying an infinite heat source exists for thermal driven water transport. In this
chapter, water movement in the end cell is investigated during PEFC stack shutdown.
Stack design is taken from ref [10] (i.e. Ballard stack design (Figure 6.2)). With the
current model, its not possible to investigate the water transport for UTC stack design
due to the porous plate design.

6.2

Method of Approach

To estimate the residual water in the anode/cathode end cell, an integrated approach
combining the stack thermal model and two-phase single cell model was adopted. The
single cell model was used to estimate the local water distribution with land/channel
boundary condition, and the stack thermal model provides the temperature boundary
condition to simulate the end cells. It should be noted that the temperature boundary
condition obtained from the stack model is transient in nature. During shutdown, the
stack temperature will decrease from normal operating condition to room temperature.
The time to reach the steady state condition (temperature only) will depend on the stack
design and material properties. To simulate the shutdown scenario, heat generation and
melting of ice was not included in the previously developed stack thermal model. Details of governing equation, boundary condition and details of numerical implementation
have been already presented in the previous chapter. Stack dimensional parameters and
material properties are listed in Table 6.1 and Table 6.2, respectively.

6.3

Results and Discussion

The direction of water transport after shutdown strongly depends on the temperature
gradient in the fuel cell components. To investigate the water transport during shutdown, the stack was cooled from 65 o C to room temperature by natural cooling (h = 10
W/m2 K). It should be noted that anode/cathode or center cell may have different initial
temperature distribution at shutdown. However, due to lower thermal mass of DM, the
time constant for the thermal wave to propagate in the DM (400 µm) is less than 0.1
second. To further verify this scale analysis, simulations were performed with different
initial conditions (analogues to anode/cathode end cells and constant temperature) on
the single cell model. Model results are shown in Figure 6.3. Figure 6.3(a) shows the
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initial temperature profile and temperature distribution after 10 minutes of shutdown
for the anode/cathode end cell. For simplicity, the boundary temperature was decreased
linearly from 65 o C to 27 o C with ∆T = 0.5 o C over 3 hour after shutdown. Figure
6.3(b) shows transient saturation distribution in the cell for all three different initial
temperature conditions (initial saturation =0.15). The difference in the temperature
and saturation was less than 0.1%. From this plot it can be shown that initial temperature profile (for anode/cathode cell) has negligible effect on saturation distribution.
This analysis also shows that after shutdown the temperature/saturation field in the
fuel cell component (especially DM) is governed by the applied temperature boundary
condition (bipolar/coolant plate temperature). Also, to observe experimentally temperature driven phase-change flux in single cell shutdown experiments may be futile due
to identical temperature on both bipolar plates. However, this phenomenon can be observed either by applying an artificial temperature gradient (11, 129, 133), or in a full
size stack where a natural temperature gradient will be formed [10]. The first part of the
next sub-section presents the results from the stack thermal model. Results for water
distribution using two-phase single cell model are presented later.

6.3.1

Temperature Distribution in the Stack

Figures 6.4(a)and 6.4(b) shows the transient stack temperature profile for both stack
designs. Design 1 correspond the stack with all side insulated except cathode end plate
(Figure 6.2(a)). In Design 2, a heat reservoir is attached between the end plate and insulation on the anode side of Design 1 (Figure 6.2(b)). Stack simulations were performed
to simulate 12 hours after shutdown, but temperature profiles are shown only for first 3
hour for brevity. It can be easily seen from the plot that net temperature gradient across
cells in stack Design 2 is almost two times higher as compared to the Design 1. After
30 minutes of shutdown, average temperature difference across the cells in the stack was
∼6 o C for Design 1 and ∼10 o C for Design 2. The two key parameters for temperature
driven phase-change water transport are average temperature and temperature gradient.
It is quite evident from the plot that cells in Design 2 have higher average temperature
as well as gradient as compared to Design 1. But still, detailed investigation is needed
for the end cell temperature distribution and is presented in the following subsection.
To investigate further the impact of stack design on end cell temperature, temperature distribution for anode/cathode end cells at various time steps are shown in Figure
6.5. Figure 6.5(a) clearly shows that for Design 2, both anode end cell (cell 1) and
cathode end cell (cell 20) have high average temperature as compared to the Design 1.
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Moreover, moving forward in simulated time after shutdown (Figure 6.5(b) (1hr), 6.5(c)
(2 hr), 6.5(d) (3hr)), the difference in average end cell temperature among both designs
keep increasing. For example, after 30 minutes of shutdown, Design 2 anode end cell
is almost 2 o C higher than Design 1 (Figure 6.5(a)). However, this gap increases to 14
oC

after 3 hr of shutdown (Figure 6.5(d)). Another important aspect of design change

is the temperature difference across the end cell. From Figure 6.5, it may look that
temperature across end cell is almost uniform, and it is due to the temperature scale on
y-axis. To investigate the temperature gradient, the variation of temperature difference
across anode/cathode end cell with time for both stack designs is shown in Figure 6.6.
For the anode end cell (cell 1), the maximum temperature difference (∆T ) for Design
2 (∼ 0.3 o C) is almost 3 times more than Design 1 (∼ 0.1 o C). On the other hand, for
the cathode end cell (cell 20), the maximum ∆T is almost same (∼ 0.55 o C) for both
stack designs. However, after achieving the maximum ∆T , the rate of decrease of ∆T
for cathode end cell in Design 2 is substantially lower than Design 1. Thus, Design 2
not only amplifies the temperature gradient for anode end cell, but it also increases the
cell average temperature for both anode/cathode end cell. Both effects enhance water
motion via phase-change induced flow effects.

6.3.2

Water Transport in the End Cell

To investigate the water transport in the end cell during shutdown, the temperature
boundary condition was derived from the stack model results. Single cell simulations
were performed with constant initial temperature of 65 o C, liquid saturation of 0.15 in
DM/CL and membrane water content of 15.2. For detailed comparison, end cell results
are presented for both land and channel boundary condition with identical temperature
boundary condition. It should be noted that in real scenario land and channel may
have different temperature boundary and may affect the water transport. Effect of
land/channel boundary has been already discussed in the Chapter 5.
Figure 6.7 shows the rate of decrease of average saturation in anode/cathode end
cell for both stack designs. For cathode end cell, water drainage rate is almost same for
both stack designs for first 45 minutes after shutdown. Afterwards, water drainage rate
decreases slightly for Design 1 end cell due to lower temperature gradient as compared
to Design 2 end cell (Figure 6.6). On the other hand, Design 2 anode end cell perform
substantially better than Design 1. Water drainage rate increases almost 3-4 times from
Design 1. The improvement in the drainage rate for Design 2 anode end cell is a combined
effect of high average temperature and gradient. This observation is very consistent
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with experimental observation by Bradean et al. [10], and also qualitatively validates
the integrated modeling approach. It should be noted that exact quantitative match is
very difficult to obtain due to the unavailability of stack design and dimensions as well as
limitation of the two-phase model (discussed in Chapter 5). In this shutdown experiment,
negative membrane thermo-osmotic diffusion was also considered. This implies that there
will be always some residual amount of water at anode catalyst layer, resulting from the
balance of thermo-osmosis and diffusion flux in membrane. As temperature decreases,
thermo-osmotic flux also decreases. Thus, the residual water at anode catalyst layer
decreases. After 3 hour of shutdown, liquid saturation was reduced to less than 0.01 for
all cases except Design 1 anode end, as shown in Figures 6.8 and 6.9.
Figures 6.8 and 6.9 show the detailed liquid saturation distribution in end cell with
land and channel boundary condition respectively. For the land boundary condition, water evaporates at higher temperature and diffuses towards the right side (lower temperature) and condenses underneath the land. Eventually, a balance of backward capillary
flux and forward diffusion flux is achieved. On the other hand, for the channel boundary
condition, water vapor escapes from the right side, thus drains liquid water from the
fuel cell. The water drainage rate presented in Figure 6.6 was derived from the simulations with channel boundary (Figure 6.9). Similar results were observed for numerical
simulations on fuel cell geometry with the constant temperature boundary condition, as
shown in Chapter 5. The key difference is the time scale of vapor diffusion (or water
drainage). It is due to the fact that constant temperature simulations were performed
at Tavg = 75 o C, ∆T = 10 o C and 2 o C. However, in the shutdown scenario, average
temperature keep decreasing from 65 o C to room temperature and ∆Tmax was 0.5 o C.
Further improvement in the stack design and shutdown protocol can also enhance the
stack temperature gradient and increase the water removal rate.

6.3.3

Effect of Cooling Rate

All the above simulations were presented with the natural cooling on the right end plate
for stack. Figure 6.10 shows the improvement in the dry-out time for Design 2 anode end
cell with an increase in the cooling rate (convective heat transfer coefficient on right end
plate: h). Here, the dry-out time is defined as: when the average saturation in the fuel
cell diffusion media is less than 0.01. This condition is chosen because, due to the negative
membrane thermo-osmotic diffusion coefficient, it is not possible to fully drain the liquid
water using temperature gradient method. Figure 6.10(a) shows the drainage rate for
varying cooling rate, h varying from 10 to 10000 W/m2 K. Drainage rate increases with
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increase in h from 10 to 50 W/m2 K. At h = 10 W/m2 K, the average liquid saturation
was reduced to its minimum value in 130 minutes. However, for h = 50 W/m2 K, it took
only 60 minutes to drain the same amount of liquid water. Afterwards, rate in increase
of water removal is significantly decreased and reaches almost an asymptotic value for h
greater than 100 W/m2 K, and is shown in Figure 6.10(b). Increase in cooling rate (h)
is directly proportional to the parasitic losses in the fuel cell system. The sole purpose
of use of thermal driven phase-flux is to drain the liquid water from the fuel cell with
minimum parasitic loss. Thus, with a forced cooling stack design, a careful analysis must
be done in enhancement of drainage (saving in parasitic losses) and additional energy
required for forced cooling.

6.4

Summary and Conclusions

This chapter presents an integrated approach to numerically investigate the water transport during PEFC stack shutdown. The previously developed stack thermal model and
single cell two-phase model were used to evaluate the improvement in the end cell water
transport in a PEFC stack. Based on the model results, the following conclusions can
be made:
1. After shutdown, the temperature distribution in the fuel cell components is governed by the bipolar/coolant plate temperature. So, to perform the experiment
for thermal driven flow, either it should be done by applying artificial temperature gradient or in a full size stack where a natural temperature gradient will be
formed.
2. With change in the stack design, a favorable temperature gradient can be formed
in the stack. Also, water removal rate in anode end cell can also be increased
significantly, thus enhancing the cold start performance.
3. Water drainage rate reaches an asymptotic value for cooling rate higher than h =
100 W/m2 K. Thus stack design with forced cooling with h > 100 W/m2 K is not
recommended for the stack design.
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Table 6.1. Stack parameters for the numerical simulation

Symbol
l
b
N
tep
tcp
tbp
tDM
tCL
tm
Tamb

Parameter
Width of the stack (m)
Height of the stack (m)
Number of cells
End-plate thickness (m)
Coolant plate thickness (m)
Bi-polar plate thickness (m)
Anode/Cathode DM thickness (µm)
Anode/Cathode CL thickness (µm)
Membrane thickness (µm)
Ambient temperature (K)

Value
0.1 [74]
0.25 [74]
20
0.005, 0.05
0.0008
0.0008
400
10
20
298

Table 6.2. Thermal/material properties of the stack components

End-plate
Coolant Plate
Anode Bi-polar
plate
Diffusion Media
Catalyst Layer
Membrane

Thermal
ductivity
(W/mK)
10 [118]
10 [118]
10 [118]
0.4 [119]
0.2 [119]
0.2 [119]

con-

Density
(kg/m3 )

Specific
(J/kgK)

1740 [118]
1400 [118]
1400 [118]

1460 [118]
935 [118]
935 [118]

450 [126]
450
1980 [16]

710 [118]
710 [118]
1170

heat
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Figure 6.1. Performance improvement for anode side end cell by using low permeable
DM (UTC stack design) [11]
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(a)

(b)

Figure 6.2. Schematic of Ballard stack design to use temperature gradient to drain
water [10] (a) Design 1: fuel cell stack insulated on all side except one stack end (b)
Design 2: new fuel cell stack design with heat reservoir between anode insulation and
end plate
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(a)

(b)

Figure 6.3. Effect of initial temperature distribution (cathode/anode end cell and
constant initial temperature) on the temperature and saturation profile during PEFC
shutdown (a) Temperature profile at t = 0 and t =10 min (b) Liquid saturation profile
at t = 0 and t =10 min
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(a)

(b)

Figure 6.4. Transient temperature distribution in the Ballard stack during shutdown
(natural cooling) (a) Design 1 (b) Design 2
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(a)

(b)

(c)

(d)

Figure 6.5. Transient temperature distribution at anode end cell (cell 1) and cathode
end cell (cell 20) for both stack designs (a) t = 30 minutes (b) 60 minutes (c) 120 minutes
(d) 180 minutes
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Figure 6.6. Transient temperature difference across anode end cell (cell 1) and cathode
end cell (cell 20) for both stack designs
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Figure 6.7. Rate of water removal in porous diffusion media in anode end cell (cell 1)
and cathode end cell (cell 20) for both stack designs
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(a)

(b)

(c)

(d)

Figure 6.8. Transient liquid saturation distribution in the end cell for both stack design
with land boundary condition (a) Design 1: Anode end cell (b) Design 1: Cathode end
cell (c) Design 2: Anode end cell (d) Design 2: Cathode end cell
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(a)

(b)

(c)

(d)

Figure 6.9. Transient liquid saturation distribution in the end cell for both stack design
with channel boundary condition (a) Design 1: Anode end cell (b) Design 1: Cathode
end cell (c) Design 2: Anode end cell (d) Design 2: Cathode end cell
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(a)

(b)

Figure 6.10. (a) Rate of water removal in porous media in anode end cell (cell 1) for
Design 2 with different cooling rate on right end plate (b) Variation of porous media
drying time with cooling rate

Chapter 7
Ice-Lens Disruption Model
7.1

Introduction

Among the severe automotive operating conditions, freezing has been shown to cause
physical damage of materials as well as electrochemical performance loss [9, 41, 53,
150, 151, 152]. He and Mench [45, 135, 153] predicted interfacial delamination damage
modes at the polymer electrolyte membrane (PEM)|catalyst layer (CL) and CL|diffusion
media (DM). Kim and Mench [9, 150, 151] validated these interfacial delamination modes
via extensive experimental work. Figure 7.1 (a) and (b) shows PEM|CL and CL|DM
interfacial delamination caused by repeated freeze/thaw cycling without proper water
management at shutdown [9, 150, 151]. As shown in Figure 7.1 (c), Kim et al. [9] also
observed that the permanent gap between the CL and DM caused by freeze/thaw cycles
caused a significant increase in high frequency resistance (HFR), and is consistent with
existing literature [7]. They also observed that in a frozen state, cell subjected to 100
freeze/thaw cycles had almost twice the ohmic resistance compared to a non-freeze/thaw
cycled cell. However, the HFR gap was recovered at elevated temperature (65o C), as
shown in Figure 7.1(d) [150], indicating that some delamination might be reversible if
caused by ice formation.
In addition to interfacial delamination resulting from freeze/thaw cycling, interfacial
delamination between membrane and catalyst layers was observed in the MEA with nonperfluorinated sulphonic acid (PFSA) membrane, where Nafionr ionomer is used in the
catalyst layers. This interfacial delamination comes from different swelling/contraction
of different ionomers between membrane and catalyst layers [154, 155]. To compare the
performance of non-PFSA membranes, generally well-established Nafionr -ionomer elec-
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trode has been used. Recently non-PFSA ionomer electrode has also been studied to
overcome interfacial delamination issue, However it has not been explored in the existing
literature [154]. To evaluate compatibility between electrode and non-PFSA membrane,
measurement of interfacial resistance is very important. Piovar and Kim [154] determined interfacial resistance by subtracting electronic contributions from non-membrane
HFR. Non-membrane HFR was determined by extrapolating HFR of MEA with different
membrane thickness to zero thickness of membrane. This method can be a powerful tool
to optimize non-PFSA ionomer electrode and interface. However, this method may not
be suitable in testing MEA durability, because this methodology required MEA with
varying membrane thickness. And MEA durability is strongly affected by membrane
thickness.
To improve the durability and performance of PEFCs, a robust interface should
be developed, and diagnostic tools for investigating interfacial phenomena are required.
Diagnostic tools such as HFR have been used to verify proper cell assembly, as well as
to quantify the overall degradation of the fuel cell during durability testing. Interfacial
delaminations of fuel cell components increase ohmic resistance and may also decrease
the effective electrochemical catalytic surface sites. HFR can be used to conduct nondestructive in-situ measurements of overall ohmic resistance, including the bulk ohmic
resistance of fuel cell components as well as any interfacial contact resistance. Even
though HFR increase does not represent a direct increase in interfacial delamination, but
along with an interfacial model, it can be used as a potential diagnostic to investigate
the effect of interfacial delamination on fuel cell performance. Moreover, quantitative
analysis of interfacial delamination on increase in HFR is also useful to understand
underlying physics as well as to guide postmortem analysis of degraded test cells.
Increase in HFR due to interfacial delamination, which comes from freeze/thaw cycling [150, 151] or different swelling/contraction of different ionomers in the electrode
and non-PFSA membrane [154, 155] was observed. However, the quantitative effects
of delamination location, width, density, DM thickness and anisotropic properties on
fuel cell HFR increase have not been explored. In the current work, a two-dimensional
anisotropic model is developed to diagnose the effect of interfacial delamination and determine the key controlling parameters for the performance loss. The developed model
was validated experimentally. A detailed parametric study is also presented to investigate the effect of delamination location, width, density, DM thickness and anisotropic
properties on fuel cell performance. The developed model can also give insights into
how to improve materials and design fuel cell components with an enhanced lifetime and
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better performance.

7.2

Method of Approach

Modeling and experimental work were simultaneously explored to utilize HFR as a diagnostic tool to identify the interfacial delamination. A test cell was designed to simulate
the interfacial delamination resulting from freeze/thaw cycling, and HFR measurements
were performed to validate the diagnostic model.

7.2.1

Computational Voltage Disruption Model Development

The schematic of the test cell, components, and computational model domain is shown
in Figure 7.2(a). A charge conservation law was applied to a differential control volume
to estimate the voltage distribution in the computational domain. Equivalent electrical
circuits are shown in Figure 7.2 (b) and (c).
The key assumptions in the model formulation are:
1. The protonic or electronic transport in the fuel cell is considered to be twodimensional and has reached a steady state.
2. All material properties are homogeneous, but can be anisotropic.
3. Electrical contact resistance is neglected except for within the simulated delamination region. In Figure 7.2 (c), Re,i/j = 0 or RH + ,i/j = 0 where i and j are adjacent
components, respectively; Re,AF P/ADM indicates interfacial resistance between anode flow-field plate and anode diffusion media.
4. Delamination is modeled as an infinite contact resistance with zero thickness.
5. Physical deformation of fuel cell components due to interfacial delaminations is
not considered.
6. Catalyst layer is approximated by transmission line model and protonic resistance
is significantly larger than electronic resistance in the catalyst layers. HFR in the
catalyst layers can be approximated by electronic resistance due to parallel circuit
theory [156, 157].
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7. Proton transfer from the catalyst surfaces is assumed. It is because interfacial
area between catalyst layer and membrane is negligible compared to interfacial
area between ionomers and catalyst in the catalyst layers. Thus charge transfer
reaction occurs inside the catalyst layers. All interfaces in the equivalent electrical
circuit can be approximated by interface resistance.
From the equivalent circuit at high frequency (Figure 7.2(c)), HFR represents the
proton resistance in membrane, electronic resistance in CL, DM and flow-field plate, as
well as interfacial contact resistances, as expressed by:
HF R = ΣRe,i/i + ΣRe,i/j + ΣRH + ,i/i + ΣRH + ,i/j

(7.1)

where Re,i/i and RH + ,i/i are bulk resistances of electronic conductor(flow-field plate,
DM and CL) and protonic conductor (membrane), respectively.
The governing equation in each component derived from a charge conservation law
can be written as Laplace equation [4]:
σx

∂2V
∂2V
+
σ
=0
y
∂x2
∂y 2

(7.2)

Where σx and σx are the ionic/electronic conductivity in the x and y-direction, respectively.
The model is developed to estimate the increase in cell resistance due to the delamination. So either a constant voltage boundary condition on both sides, or a constant
voltage on one side and current specification on the other side can be used. In the
following description, a constant voltage boundary condition is used:
V |x=0 = V0

(7.3)

V |x=l = 0(reference)

(7.4)

where V0 is the arbitrary constant voltage. For this study, 0.2V is chosen because typical
ohmic voltage loss at the maximum current (1.5 ∼ 2A/cm2 ) is between 0.1V and 0.2V.
For the top and bottom boundary, a symmetrical boundary condition is used. At all
interfaces, voltage and current continuity is imposed.
Electrical properties of the materials for the base case simulation are summarized in
Table 7.1. It should be noted that these electrical properties reported in the literature
have significant variation [126, 158, 159, 160]. These variations depend on the manufacturer, material composition, as well as the micro-structures of CL and DM. For example,
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the thru-plane and in-plane conductivity of Toray Carbon Fiber Paper (TGP-H) are reported to be 1,250 S/m and 17,857 S/m, respectively [126]. However, for SGL 10 series
carbon paper type diffusion media, the thru-plane conductivity lies between 250 and 350
S/m [159] while in-plane conductivity is not reported to the authors’ knowledge. As
baseline properties, thru-plane conductivity of the DM is chosen to be 300 S/m since the
SGL 10 series diffusion media were used for the experimental validation. The in-plane
conductivity is assumed to be 10 times higher than the thru-plane conductivity, which
is consistent with that reported in the manufacturers data sheet [126]. The electronic
conductivity of the catalyst layer depends on its composition, and is reported to be
about 100 S/m for 30% ionomer volume fraction [158], and 300 S/m elsewhere [160]. In
this study, CL electronic conductivity of 200 S/m is used. Based upon average values of
conductivity under the typical fuel cell operating conditions, a value of 10 S/m is used
for the membrane ionic conductivity [12, 161, 162].
In case of interfacial delamination, the effective area for current flow reduces and
effective current flow passage increases in the adjacent components, resulting in resistance
increase (in Eq. 7.1, increase of Re,i/i and RH + ,i/i ). Calculation of localized resistance
and effective contact resistance is complicated, but averaged total resistance can be easily
calculated from Ohms law, where current is calculated from 2-D numerical computation
of governing equation. Thus, the change in overall resistance resulting from interfacial
delamination was compared to baseline resistance for this analysis.

7.2.2

Experimental Setup

A model test cell was developed to simulate the delamination scenario and a schematic of
the experimental setup is shown in Figure 7.3. HFR measurements were used to validate
the developed model. To simulate the permanent gap between the CL and DM observed
in ex-situ freeze/thaw cycling tests, the DM was masked with a thin (20 µm) PTFE film.
As shown in Figure 7.3(b), three PTFE films (5 mm × 35 mm) were inserted between the
cathode catalyst layer and diffusion media to mimic a delamination between the cathode
CL and DM. SGL 10BB (thickness 0.42 mm) with 35 mm width and 35 mm height were
used for both the anode and cathode diffusion media. A Gore 5710-series three-layer
membrane electrode assembly (MEA) was used. The MEAs were soaked in de-ionized
water for over 12 hours at ambient temperature to ensure the MEA was fully saturated
prior to measurement. The test sample was assembled using a 5 cm2 fuel cell test fixture
(Fuel Cell Technologies, Inc., USA) and two graphite plates (60 mm × 60 mm × 10 mm).
Four PTFE-coated fiberglass gaskets (thickness of 0.152 mm each) were inserted along
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the outer edges between the graphite plates to prevent localized over-compression (edge
bending), which enabled a uniform compression strain (25 ∼ 30 %) on the DM, identical
to a common fuel cell stack assembly. HFR was measured at ambient temperature with
an Agilent 4338B Milliohmmeter (1 kHz). An additional test fuel cell with an active area
of 22 cm2 and SGL 10AA DM was assembled to investigate the effects of temperature
and electrochemical activation on HFR.

7.2.3

Experimental Validation

The measured and predicted HFR of non-masked (base) and masked (simulated delamination) cases is shown in Figure 7.4. HFR of non-masked and masked cases was measured
to be 88 and 148 mΩ-cm2 , respectively. The results of the model are highly dependent
on material electrical properties, especially so for the membrane. Even though the HFR
values depend on the chosen properties, the resistance ratio of an interfacial delamination to non-interfacial delamination (R/Rb ) does not depend on membrane properties.
Therefore, the resistance ratio (R/Rb ) is used as the primary measure for the effects of
delamination.
It should be noted that HFR measurements were conducted at ambient temperature
(∼ 20o C) and test samples were not electrochemically activated, e.g. no current was
ever drawn in the membrane. In this model, contact resistance besides the local delamination was also considered negligible. The electron conductivity of the CL and DM is
relatively constant over various temperature ranges and operating conditions, but the
proton conductivity is highly dependent on temperature, relative humidity, and electrochemical activation. For example, the base conductivity of 10 S/m is appropriate for an
activated membrane at 65o C, but not an inactivated membrane at 20 o C. It was observed
that the HFR of the fuel cell increased significantly with decreasing temperature; HFR
at 20o C was measured to be 80.4 mΩ-cm2 , 40% higher than at 65o C. It was also observed
that electrochemical activation slightly decreased cell HFR by around 10%. The other
important factor is contact resistance, which is a result of imperfectly matched material
interfaces in the fuel cells, specifically DM|CL and DM|BP interfaces [121, 163]. The
contact resistance is strongly dependent on cell assembly compression pressure and can
be treated as constant for the same compression pressure and assembly. It should be
noted that the model assumes perfect contact except for delamination.
In order to make comparisons more generally applicable despite variations in hydration or contact resistance, it is useful to develop dimensionless parameters. Selection of
different property values will result in different absolute resistance; however increase in

149
resistance due to delamination or resistance ratio (R/Rb ) was identical and is shown in
Figure 7.4. Therefore, this developed model is able to investigate the effect of interfacial delamination compared to non-interfacial delamination by quantifying the resistance
ratio (R/Rb ).

7.3

Results and Discussion

The effect of delamination width, location, density, DM thickness, as well as anisotropic
electrical properties of DM and membrane on HFR was investigated. Detailed test cases
are summarized in Table 7.2. Three non-dimensional parameters: delamination width,
W/δ (W is the delamination width and δ is the membrane thickness), delamination
area, A/Ab (A is the delamination area and Ab is the total area), and resistance ratio,
R/Rb (R is the overall ohmic resistance, Rb is the base resistance (non-delamination))
are used to present the detailed parametric study in the subsequent sections. The size
and the number of interfacial delamination for a given dimension are major parameters
to determine resistance increase ratio. The size parameter, W/δ, is defined because
the membrane resistance is a key parameter for overall cell ohmic resistance and the
increase in the resistance due to delamination. The density parameter, A/Ab , is used to
characterize effect of the number of interfacial delamination on the resistance increase.
The resistance ratio, R/Rb , is introduced since this accounts for a resistance increase
which is independent of the specific conductivity of the membrane.

7.3.1

Effects of Delamination Width and Location

Ohmic resistance was calculated for a single local delamination of various widths (W )
at different locations: 1) PEM|CL, 2) CL|DM, and 3) DM|BP. A 3 mm control volume
height (H ≈ 167δ) is chosen to investigate the effect of delamination area fraction. The
delamination is located at the center of the height with varying width. From Figure 7.5,
as the delamination width increases, the delamination area fraction increases linearly,
but the resistance ratio, R/Rb , increases sharply in a non-linear fashion. A delamination
at the PEM|CL and CL|DM interfaces caused a more significant resistance increase than
one present at the DM|BP interface. The maximum limit of the resistance ratio can
be predicted by neglecting any in-plane current flow that results from the delamination,
which is equivalent to removing all conducting materials adjacent to the delamination.
Thus maximum limit of R/Rb can be calculated by Ab /(Ab − A), denoted as the dotted
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line in Figure 7.5.
The overall resistance increase is attributed to an electrical insulation barrier due
to the local delamination, which causes voltage and current distortion. Voltage and
current density distortion plots for a delamination at three different locations with W/δ =
50 (here W = 0.9 mm, equivalent to a typical channel width) are shown in Figure
7.6. It is apparent that a significant distortion of the voltage contour occurs near the
delamination, resulting in significant in-plane current flow as well as the existence of
a zone of little current flow (dead zone). For a delamination located at the PEM|CL
and CL|DM interfaces, the voltage contour and current density vector plots seem almost
identical, but the magnified view of current vector plots in Figure 7.6(c) shows that there
is a larger dead zone for a delamination at PEM|CL interface than one at the CL|DM
interface. On the contrary, voltage contour and current density vectors across the MEA
were not significantly affected by a delamination located at the DM|BP interface. The
size of current dead zone by delamination at DM|BP is significantly lower than those
of PEM|CL and CL|DM delamination cases. This is because the DM and BP have
significantly lower in-plane resistance as well an in-plane-to-thru-plane resistance ratio
of near unity. The slight ohmic resistance increase due to a delamination at the DM|BP
was attributed to an increased effective mesan current flow path. The effect of an inplane-to-thru-plane resistance ratio is discussed in detail in a subsequent section of this
chpater.
Based on these simulation results, the key controlling parameters influencing voltage
and current distribution near a local delamination are the in-plane resistance and inplane-to-thru-plane resistance ratio of the components adjacent to the delamination. Inplane, thru-plane resistance, and the ratio of these two for each component are expressed
as:
0

Ry,i =
0

1 ti
σx,i W
µ ¶
σx,i W 2
=
σy,i ti

Rx,i =
0

Ry,i
0

Rx,i

1 W
σy,i ti

(7.5)
(7.6)

(7.7)
0

where W is delamination width, ti is the cross-sectional thickness of component i, R is
the resistance per unit depth (shown in the Z direction of Figure 7.2), and y and x are
in-plane and thru-plane direction, respectively. W/ti is referred to as a geometry factor.
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It is challenging to characterize the size, density, shape, and distribution of interfacial
delamination in fuel cell because interfacial delamination shape may be 3-dimensional
and non-uniform. The approximate maximum size can be estimated by considering
compression force distribution in the MEA. The interfacial delamination can be determined by the balance of: 1) source force: mechanical stress (dry/wet cycles, mismatched
ionomer in the electrode and membrane, and freeze/thaw cycles) and thermal stress
(startup and shutdown), 2) resisting force: compression force and material strength. In
the resisting compression force, uniformity of compression force between under the land
and under the channel is an important factor to mitigate interfacial damage. However,
compression force under the channel is significantly lower than that under the land, depending on materials and flow-field design. Thus the possible maximum size of interfacial
delamination can be channel width, which was verified in the ex-situ freeze/thaw cycling
testing [150]. In this study, the worst scenario (interfacial delamination width ∼ typical
channel width) was considered.
In Table 7.3, the calculated in-plane, thru-plane resistance, and resistance ratio for
each fuel cell component are shown. The delamination width, 0.9 mm, was chosen
because the width is comparable to typical channel width and the interfacial delamination
due to ice lens formation typically occurs under the channel [9, 150, 151, 135, 153]. In
the case of perfect contact where the thru-plane resistance determines ohmic resistance,
the membrane and diffusion media are the dominant factors determining the total ohmic
resistance, as shown in the overall resistance fraction of Table 7.3, with negligible CL and
BP resistances. However, in the case of a local delamination, in-plane resistance and the
in-plane-to-thru-plane resistance ratio become important and the voltage contour and
current flow distributions are significantly altered.
In-plane current flow near a delamination is obviously affected by in-plane resistance.
From Eq. 7.5, in-plane resistance strongly depends on geometry, specifically the cross
sectional area in the in-plane direction. The membrane has an order of magnitude higher
in-plane resistance than the catalyst layer, and is 5,000 and 100,000 times greater than
the diffusion media and bipolar plate, respectively, for a delamination of 0.9 mm width
(Refer to Table 7.3). The in-plane-to-thru-plane resistance ratio affects the shape of the
current dead zone near the delamination. The in-plane-to-thru-plane resistance ratio of
the CL and membrane was three orders of magnitude higher than the DM and BP. From
Eq. 7.5 and 7.7, for constant component thicknesses, as the delamination width (W )
increases, in-plane resistance increases linearly and the in-plane-to-thru-plane resistance
ratio increases by the geometry factor squared. Therefore, as the delamination width
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increases, the current dead zone increases, causing a sharp increase. The interfacial
delamination width due to freezing was dependent on channel width, so smaller channel
designs may prove beneficial to decrease delamination widths.
Among the fuel cell components, the membrane is the critical component controlling
an ohmic resistance increase caused by delamination. This is because the thru-plane
resistance of the membrane is 46% of the overall cell ohmic resistance and the membrane
has the highest in-plane resistance as well as a large in-plane-to-thru-plane resistance
ratio. Ohmic resistance increases due to delamination was mainly determined by the extent of the dead zone generated in the membrane. Therefore, in the following parametric
case studies, a delamination located at the PEM|CL interface with delamination width
50δ (0.9 mm) and 25δ (0.45 mm) is chosen. These two widths are based on the fact that
interfacial delamination occurs under the channel (two different channel widths chosen)
[45, 135, 153].

7.3.2

Effect of Delamination Density

To investigate the effect of the number of delaminations (delamination density) on ohmic
resistance, a large cell height (H = 2000δ) is chosen to include sufficient number of delamination sites. The delamination location was distributed symmetrically to simulate a
parallel channel pattern. Two delamination widths, 25δ and 50δ, were chosen to investigate the coupled effects of density and width. As mentioned earlier, the delamination
located at the PEM|CL interface is considered since it causes the most severe resistance
increase. Figure 7.7 shows the effect of area fraction on the resistance ratio (R/Rb ) for
various delamination density and widths. As the delamination area fraction increases,
resistance tends to increase sharply, similar to the single delamination case. Even if the
delamination area fraction is identical, the larger delamination results in higher ohmic
resistance due to a higher in-plane resistance and in-plane-to-thru-plane resistance ratio resulting from the geometry factor. The single delamination with variable width is
overlaid in Figure 7.7, which shows the same trend: for the same area fraction (50%), a
larger delamination (83δ) has higher resistance increase. This further reinforces the fact
that smaller channel widths result in lower resistance increases due to delaminations.

7.3.3

Effect of Membrane Conductivity

From the previous section, the in-plane resistance of the membrane was observed to be a
critical parameter for resistance increases caused by delamination at the PEM|CL inter-
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face. The in-plane resistance is inversely proportional to conductivity of membrane. The
effect of membrane conductivity on ohmic resistance was investigated with delamination
width (W = 50δ) and varying number of delaminations at the PEM|CL interface, and
the results are plotted in Figure 7.8. Figure 7.8(a) shows that the lower membrane conductivity results in much steeper resistance increase with increasing area fraction. Figure
7.8(b) shows that the resistance ratio asymptotically approaches to a maximum limiting
value when membrane conductivity is lower than 1.0 S/m. The asymptotic approach
is attributed to the fact that the total ohmic resistance is overwhelmed by membrane
resistance in the lower membrane conductivities (less than 1.0 S/m). As membrane conductivity decreases to 1.0 S/m, the membrane accounts for 90% of the overall cell ohmic
resistance.
Mukundan et al. [7] reported that the conductivity of Nafionr 117 membrane was
sensitive to water content and temperature, and ranged between 0.02 and 1 S/m under
subzero conditions. This indicates that a small interfacial delamination at PEM|CL
under frozen condition can result in a greater ohmic resistance loss. Kim et al. [150]
reported that the frozen state (-36o C) HFR of a fuel cell subjected to 100 freeze/thaw
cycles was two times higher than a non-cycled cell. The channel-to-land ratio of the
freeze/thaw cycled cell is 1:1, giving a 50% channel area fraction. Assuming all channels
have a very thin delamination at the PEM|CL or CL|DM interface, the experimental
increase ratio of 1.99 in HFR observed at a frozen state corresponds to that of 1.98
predicted by the model.
It should be also noted that membrane conductivity is assumed as homogeneous in
this analysis. However, when HFR is measured under real operation, membrane water
content near interfacial delamination may be lower because of concentrated localized
current, resulting in lowering membrane conductivity and increasing HFR. Thus this
model may underestimate resistance increase resulting from delamination.

7.3.4

Anisotropic Effect of Diffusion Media

Diffusion media generally have an anisotropic structure, leading to anisotropic thermal and electrical properties. Typically, the in-plane electrical conductivity is ten times
higher than the thru-plane electrical conductivity. Figure 7.9 shows the effect of property
changes in the in-plane and thru-plane conductivity on ohmic resistance. Here a delamination of width (50δ) and the number (n = 20, A/Ab = 50%) located at the PEM|CL interface is used for the parametric study. To investigate the effect of anisotropic properties
on HFR, another non-dimensional parameter, overall resistance to isotropic resistance
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ratio (R/Riso ) was introduced. Riso represents overall resistance when σx,thru−plane is
equal to σy,in−plane . From Figure 7.9, an ohmic resistance increase due to delamination
depends on both the thru-plane and in-plane conductivity. As the thru-plane conductivity increases, the overall resistance tends to reduce asymptotically and the anisotropic
effect is negligible (within 5% of R/Riso ) when thru-plane conductivity is greater than
1,250 S/m. However, the anisotropic effect was significant when the thru-plane conductivity is less than 500 S/m.
Anisotropic effects are negligible at higher thru-plane conductivities because the contribution of the DM to the total ohmic resistance is reduced with increasing thru-plane
conductivity. For example, each diffusion media in the anode and cathode accounts for
25% of the overall ohmic resistance when σx,thru−plane is 300 S/m, but only 10% when
σx,thru−plane is 1,250 S/m. Therefore, anisotropic effects should be considered for SGL
DM, which has a typical thru-plane conductivity of 300 S/m. However, these effects
can be neglected for Toray carbon paper diffusion media, which has a typical thru-plane
conductivity of 1,250 S/m [126].

7.3.5

Effect of Diffusion Media Thickness

Typical thickness of diffusion media used for fuel cell applications ranges between 0.2
mm and 0.42 mm. The effects of diffusion media thickness on ohmic resistance were
investigated with delamination of width (50δ) and number (n = 20, A/Ab = 50%), and
are shown in Figure 7.10. It should be noted that the compressed (25 ∼ 30%) DM
thickness was used for this modeling. From Figure 7.11, the overall ohmic resistances
of both the non-delamination and delamination cases increase with increasing thickness.
However, the resistance ratio (R/Rb ) due to interfacial delamination decreases because
of the reduced in-plane resistance.
If interfacial delamination can be prevented, thinner (for example, 0.2 mm) diffusion
media have several benefits compared to thicker DM (0.42 mm). These benefits include:
reduced ohmic loss by approximately 10 mΩ-cm2 , volume reduction by approximately
10% for an 80kW stack, enhanced power density, and lower absolute water retention.
However, thinner diffusion media may suffer from interfacial delamination due to ice
lens formation in a fuel cell with a wide channel design since those DM give a lower
compressive force under the channel compared to that of thicker diffusion media. For the
wide channel design, thicker diffusion media have higher stiffness, theoretically leading
to better transmission of compressive force from under-the-land to under-the-channel,
thereby reducing the chances of ice lens formation and delamination [151]. For thinner
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diffusion media, a narrow channel width should be considered to prevent delamination
and limit deleterious performance effects if delamination does occur.

7.3.6

Design Recommendation to Minimize Ohmic Loss

The in-plane resistance and the in-plane-to-thru-plane resistance ratio of components
adjacent to the interfacial delamination are found to be key controlling parameters for
ohmic resistance increase. The membrane is also found to be a key component determining ohmic losses due to interfacial delamination. To investigate the effect of the
in-plane-to-thru-plane resistance ratio of adjacent components (membrane and cathode
catalyst layer) at the PEM|CL interfacial delamination, theoretical case studies for a
single delamination with widths of 25δ and 50δ were conducted. Extreme range of
anisotropic properties of the membrane and CL were chosen for these simulations. It
should be noted that such properties may be difficult to obtain using current state-ofart fuel cell technologies, but simulation of them greatly helps to elucidate the limiting
effects of in-plane-to-thru-plane resistance ratio on fuel cell performance. Figure 7.11
shows that the membrane in-plane-to-thru-plane resistance ratio significantly affects the
ohmic resistance ratio (R/Rb ), but its effect is negligible below 0.1. The resistance ratio
effect of the cathode catalyst layer (CCL) is less significant compared to the membrane’s
resistance ratio effect. In Figure 7.12, solid lines represent the overall cell resistance
ratio, while the CCL’s in-plane-to-thru-plane resistance ratio is that of the base case
(8,100 for 50δ and 2,025 for 25δ). The dotted lines show the overall cell resistance ratio
variations when the CCL’s in-plane-to-thru-plane resistance ratio is reduced to one. It
should be noted that the in-plane conductivity of membrane and CCL is 25,000 S/m and
1,620,000 S/m, respectively for 50δ interfacial delamination, which can not be achieved
with todays materials.
The effect of the membranes and CCL’s in-plane-to-thru-plane resistance ratio on
voltage contours is shown in Figure 7.12.
In Figure 7.12(b), for

Ry,P EM
Rx,P EM

= 2, 500 and

Ry,CCL
Rx,CCL

= 1, the voltage distortion in the

CCL almost disappears in comparison to Figure 7.12(a). Similarly, Figure 7.12(c) shows
a voltage contour for

Ry,P EM
Rx,P EM

= 1 and

Ry,CCL
Rx,CCL

= 2, 500, and the voltage distortion in the

membrane is significantly reduced. From the voltage contour plots of Figure 7.12 (a) (d) , as

Ry
Rx

of the components near the delamination reduces to less than unity, the volt-

age distortion in that component almost disappears, reducing the current dead zone, and
therefore reducing ohmic resistance increase. Again, the membrane plays a much more
significant role in determining the overall cell resistance in comparison to the cathode
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catalyst layer. Even if the in-plane-to-thru-plane resistance of the components adjacent
to the interfacial delamination is reduced to less than one, the overall ohmic resistance
is not as low as the non-interfacial delamination case. This is because an interfacial
delamination causes an increase of the mean effective current flow path compared to a
non-delamination case. Similarly, voltage contour plots for smaller interfacial delamination widths (25δ) are shown in Figure 7.12 (d), (e), and (f). Voltage distortions are
smaller than those of the 50δ cases, and the mean effective current flow path decreases,
which results in a lower overall ohmic resistance increase.
The in-plane-to-thru-plane resistance ratio is also found to be a key parameter to
determine the current flow shape near the interfacial delamination. If the in-plane resistance is of the same order or lower than the thru-plane resistance, current dead zones
can be significantly reduced, thereby lowering the ohmic resistance due to delamination.
However, an increased mean effective current flow path increases overall ohmic resistance.
This mean effective path increases with increasing delamination width.
Based on the modeling results, the following recommendations are suggested to reduce the overall ohmic resistance increase due to interfacial delamination:
1. The in-plane-to-thru-plane resistance ratio of components adjacent to the delamination should range from 1 to 0.1.
2. Stiff materials (diffusion media) and flow field designs with small channel widths
and large channel-land ratios are required to minimize the delamination width.
It should be noted that the membrane is a key component and the first criterion,
Ry
Rx

= 1 ∼ 0.1 , can not be achieved in reality because of the very thin geometry of

the membrane.
Interface design in fuel cell materials as well as diagnostic tool for interface resistance
is important to achieve durable fuel cell performance. HFR can be used as a potential
diagnostic tool for fuel cell durability testing or extreme operating conditions. In this
study, with the use of an analytical model, HFR was used to investigate the effect
interfacial delamination. However, HFR does not measure directly resistance resulting
from interfacial delamination, but measures overall resistance. Therefore it must be
complemented with other work like impedance spectroscopy, morphology analysis, or
modeling to separate the interface contribution from overall HFR.
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7.4

Summary and Conclusions

In this chapter, a two-dimensional anisotropic electrical model was developed to investigate the quantitative effects of interfacial delamination on fuel cell performance. The
in-plane and inplane-to-thru-plane resistance ratio of components adjacent to the interfacial delamination were shown to be key parameters influencing the ohmic resistance
increase. Among the components, the membrane is the critical component due to its
relatively low conductivity and thickness. Interfacial delamination at the PEM|CL and
CL|DM interfaces can significantly increase the ohmic resistance. As the interfacial
delamination width and area increases, the ohmic resistance sharply increases. A delamination results in a greater ohmic resistance increase under frozen conditions due to
deceased membrane conductivity.
The following are suggested to reduce the overall ohmic resistance increase due to
interfacial delamination: 1) the in-plane-to-thru-plane resistance ratio of components
adjacent to the delamination should range from 1 to 0.1. 2) Stiff materials (diffusion
media) and flow field designs with small channel widths and large channel-land ratios
are required to minimize the delamination width and impact of delaminations when
they do occur. It should be noted that the membrane is a key component and the
first criterion,

Ry
Rx

= 1 ∼ 0.1, can not be achieved in reality because of the very thin

geometry of the membrane. To minimize ohmic losses due to interfacial delamination,
material selection and flow field design are important criteria to consider in order to
obtain uniform compressive force under the channels and lands.
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Table 7.1. Material properties for base case simulation

Component
Graphite plate
Diffusion Media
Catalyst layer
Membrane

Compressed thickness (µm)
1000
291
10
18

σx,thru−plane
(S/m)
20,000 [126]
300
200
10

σy,in−plane
(S/m)
20,000 [126]
3000
200
10

Table 7.2. Summary of test cases for the parametric study

Parameter
Delamination location
Delamination width
Delamination density
DM thickness(µm)
Membrane conductivity (S/m)
DM
conductivity
(σx,thru−plane ) (S/m)
DM anisotropy ratio
σ
( σx,thru−plane
)
x,thru−plane

Test case variation
PEM|CL, CL|DM, DM|BP
0.5 ≤ W/δ ≤ 83
1 ≤ n ≤ 50
291, 210, 140
10, 1, 0.1, 0.01, 0.001

Comment
0.5 ≤ W/δ ≤ 83, n
=1
n=1
W/δ = 25, 50
n = 20, W/δ = 50
n = 20, W/δ = 50

300, 600, 1200, 2400

n = 20, W/δ = 50

1, 4, 8, 16

n = 20, W/δ = 50
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Table 7.3. In-plane, thru-plane, and resistance ratio of fuel cell components for delamination width of 0.9 mm and unit depth

Component

In-plane
conductivity
(S/m)

Conductivity
ratio

Thickness
(µm)

Inplane
resistance
(Ωm)

Thruplane
resistance
(Ωm)

Resistance
ratio

Anode
BP
Anode
DM
Anode
CL
PEM

20000

1

1000

0.81

10

291

×

0.96

24.6

200

1

10

×

8100

1.3

10

1

18

5.00

×

2500

45.7

Cathode
CL
Cathode
DM
Cathode
BP

200

1

10

0.45

×

8100

1.3

300

10

291

×

0.96

24.6

20000

1

1000

1.03 ×
10−3
4.5 ×
10−5

5.56
10−5
1.08
10−3
5.56
10−5
2.00
10−3
5.56
10−5
1.08
10−3
5.56
10−5

×

300

4.5 ×
10−5
1.03 ×
10−3
0.45

Overall
resistance
fraction
(%)
1.3

×

0.81

1.3
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(a)

(c)

(b)

(d)

Figure 7.1. Interfacial delamination caused by freeze/thaw cycling ( - 40o C/ 70o C ): (a)
PEM|CL interface [9], (b) CL|DM interface [151], (c) high frequency resistance (HFR)
at 20o C of ex-situ freeze/thaw cycled samples with SGL 10BB DM [151], (d) HFR of
in-cell freeze/thaw cycled cell with reversible frozen delamination [150]
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Figure 7.2. Schematic of two-dimensional voltage disruption model and equivalent
electrical circuit: (a) model cell and components, (b) equivalent electrical circuit, (c)
equivalent electrical circuit at high frequency (current model)
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Figure 7.3. (a) Schematic of experimental setup for measuring high frequency resistance, (b) surface view of masked diffusion media denoted by dotted box in (a) (not to
scale)
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Figure 7.4. Overall cell HFR comparison between experiment and modeling with varying membrane conductivity. Rb = HFR of unmasked, non-delaminated base case. R =
HFR of masked, delaminated case
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Figure 7.5. Effect of delamination width and location on resistance ratio; A = delaminated area, Ab = total area (base area), R = overall cell HFR, and Rb = overall cell
HFR without delamination

165

Figure 7.6. Comparison of (a) voltage contour, (b) current density vector, and (c)
magnified current density vector of box in (b) for interfacial delamination location at
PEM|CL, CL|DM, and DM|BP with W/δ = 50 and base properties
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Figure 7.7. Effects of delamination width (W/δ = 25 and 50) on the resistance ratio
as a function of the number of delamination, n and area fraction, A/Ab . Delamination
is located at the PEM|CL interface (green triangle represents single delamination and
variable width)
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(a)

(b)

Figure 7.8. Effect of membrane conductivity on resistance ratio with multiple delaminations (W/δ = 50) at the PEM|CL interface
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Figure 7.9. Anisotropic effect of diffusion media on resistance ratio with delamination
width W/δ = 50 and number n = 20 (A/Ab = 0.5), located at PEM|CL interface; Riso is
the overall resistance with isotropic properties. The solid circle and square in the x-axis
indicate typical thru-plane conductivity for SGL and Toray DM, respectively

169

Figure 7.10. Effect of DM thickness on resistance ratio for delamination width W/δ =
50, number, n = 20 (A/Ab = 0.5) and base case properties. The delamination is located
at the PEM|CL interface
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Figure 7.11. Effects of in-plane-to-thru-plane resistance ratio of membrane and cathode
catalyst layer for PEM|CCL interfacial delamination with n = 1 and W/δ = 50 and 25
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Figure 7.12. Effect of delamination widths, and ratio of in-plane and thru-plane resistance of components (membrane and cathode catalyst layer) near interfacial delamination
on voltage contour (RRM and RRCCL are in-plane and thru-plane resistance ratio of
membrane and cathode catalyst layer respectively)

Chapter 8
Conclusions and Future Work
In the last decade, the fuel cells have developed into a potential energy supplier for
the next generation automobile and the stationary applications. One of the challenging
issues for its commercialization in the automobile application is the potential inability to
start in the sub-zero environment and long term durability. In cold-weather conditions,
the start-up of fuel cell stack is impeded by the residual water ice formation, and water
generated by electro-chemical reaction. Various purging methods are being utilized to
minimize the residual water in the fuel cell. In practice, purge is traditionally restricted
to a short duration due to the high parasitic energy requirement. In this work, an
integrated approach has been presented to investigate the non-parasitic modes of water
transport in the fuel cell components, and then identify the key controlling parameters
to maximize water drainage during shutdown.

8.1

Conclusions

A stack thermal model and a two-phase unit cell model were presented to investigate the
water and thermal transport during the PEFC shutdown. The stack thermal model was
developed to predict the temperature distribution, start-up time and energy requirement,
and the cold start ability of a PEFC stack. This model was also used to estimate the end
cell temperature distribution during PEFC shutdown for various stack design. The stack
thermal model was validated using cold start data for a 20 cell stack. A parametric study
was conducted to determine the governing parameters, relative impact of the thermal
mass of each stack component and ice, and anticipated temperature distribution in the
stack at start-up for various operating conditions. Results indicate that twenty cells were
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sufficient to accurately experimentally and computationally simulate the full size stack
behavior. It was observed that an optimum range of operating current density exists
for a chosen stack design, in which rapid start-up of the stack from sub-zero condition
can be achieved. Thermal isolation of the stack at the end plates is recommended to
reduce the start-up time. Additionally, an end plate thickness exceeding a threshold
value has no added effect on the stack cold start ability. Effect of various internal and
external heating mechanisms on the stack start-up were also investigated, and flow of
heated coolant above 0 o C was found to be the most effective way to achieve the rapid
start-up.
The unit cell model was developed to investigate the non-parasitic modes of water
transport after PEFC shutdown, which first time includes thermo-osmotic flow in the
membrane. The model accounts for capillary and phase-change induced flow in the
porous media, and thermo-osmotic and diffusive flow in the polymer membrane. A
qualitative comparison with the results of neutron-imaging was also presented. It was
found that in the porous media, liquid water flow is dominated by capillary transport
until the irreducible saturation is achieved, after which water removal is dominated by
phase-change induced flow. In the membrane, thermo-osmotic flow can significantly
help or hinder water drainage from the catalyst layer, depending on the situation. It
was found that by controlling the phase-change induced water flux in diffusion media,
and net balance of thermo-osmotic and diffusion flux in membrane, the liquid water on
cathode catalyst layer can be minimized to enhance the fuel cell freeze performance and
durability.
Both the models were also integrated to investigate the impact of stack design on
end cell water transport. The single cell model was used to estimate the local water distribution with land/channel boundary condition, and the stack thermal model provided
the temperature boundary condition to simulate the end cells. It was found that after
shutdown, the temperature distribution in the fuel cell stack components is governed
by the bipolar/coolant plate temperature. Two different stack designs were evaluated
for improvement in the end cell water drainage. It was found that with change in the
stack design, a natural favorable temperature gradient (higher temperature on anode
side) can be formed to minimize the residual water, thus enhancing the stack cold start
performance. Water drainage in the anode end cell can be increased up to 400% with
the change in the stack design. Moreover, forced cooling also improves water removal
rate but involves additional energy. Thus, for stack designs with forced cooling need a
trade-off between reduction in residual water and additional energy needed for the forced
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cooling.
A two-dimensional anisotropic model was also developed to investigate the impact
of local delamination on PEFC performance. Localized interfacial delamination of the
membrane|catalyst layer and catalyst layer|diffusion media were found to increase ohmic
resistance significantly. As interfacial delamination width and area fraction increases, the
ohmic resistance sharply increases in a non-linear manner. The in-plane resistance and
in-plane-to-thruplane resistance ratio of PEFC components adjacent to the delamination
were determined to be the key controlling parameters for increase in ohmic resistance.
The membrane is a critical component because of its relatively low conductivity and
very thin cross-section. Finally, it is shown that under frozen conditions, small interfacial delaminations can result in a greater ohmic loss due to significantly low membrane
conductivity compared to normal operating conditions.

8.2

Future Work

As a continuation of the present research work, the following recommendations are proposed in this section based on present results:
1. In the stack thermal cold start model, cell freeze-out due to the blockage of catalyst
layer is not considered. This model can be further improved by incorporation of
water transport (lumped or in one-dimension) to predict the cold startup time.
2. In two-phase temperature driven water transport model, temperature gradient
related phase-change transport is modeled using pure thermodynamics with no
consideration of surface property effects. Effect of diffusion media surface properties e.g. mixed wettability, roughness etc. on the phase-change phenomenon
should be explored.
3. Experimental validation is an essential part of all modeling work. In the temperature driven water transport model, qualitative validation with neutron radiography
is presented. Detailed quantitative model validation is not carried out primarily
due to the limitation of model to account for surface and multi-dimensional effects, and also due to the unavailability of experimental data for spatial saturation/temperature distribution in the fuel cell.
4. The two-phase temperature driven water transport model can be extended to
include the multi-dimensional effects. This will help in the elucidating the effect
of land and channel together, as shown in the NR images.
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5. Water drainage from the channel can form liquid droplets at interface or can clog
the channel. Both these phenomenon drastically reduce the water drainage rate,
thus increasing the dry-out time. Incorporation of these phenomenons by modifying the boundary condition or extending the computational domain to include
the gas-channel in the model will provide more realistic results and improve the
understanding of water transport during PEFC shutdown.

Appendix A
Numerical Implementation of the
Stack Model
This chapter describe the details of the numerical implementation of the stack thermal
model. First section summarizes the details of the use of the single domain approach
for the model implementation. Second section describes briefly the equivalent numerical
equations, followed by the code verification, grid and time sensitivity study and the
model validation.

A.1

Single Domain Approach

The governing equation for each stack component can be written in single equation as
shown:
µ
¶ 2
000
Σmk C̄pk ∂T
∂T
k
∂ T
Q
=
−
+
∂t
ρCp ∂x2
AρCp ∂x
ρCp
µ
¶
µ ¶
1
1
[2hc (T − Tc (t)) nc + 2h2 (T − Tamb )]
ρCp
Ap
(A.1)
where each symbol has its usual meaning and is discussed in Chapter 3. To obtain the
equation for each component, parameters value are summarized in the Table A.1.
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Table A.1. Parameters values in generalized governing equation

000

Component

hc

h2

mi

Heat Source (Q )

End plate

hc = 0

h2 = 0

mi = 0

Q =0

Coolant plate

hc = hcp ,
Tc (t)
=
Tcoolant (t)

Estimated
from correlations

mi = 0

Q =0

Anode/ Cathode gas channel

hc = hg ,
Tc (t)
=
Tg (t)

Estimated
from correlations

mi = 0

Q =0

Anode/ Cathode DM

hc = 0

h2 = 0

mi =given

Q =0

Anode/ Cathode CL

hc = 0

h2 = 0

mi =given

Q =

Membrane

hc = 0

h2 = 0

mi = 0

Q =

A.2

000

000

000

000

000

000

i
tCL

¡T

0 ∆S

nF

+η

¢

i2
σm

Numerical Equations

The discretized domain and control volume is shown in Figure A.1. In the figure, the
dot shows the control volume center. With single domain approach, it will have three
different type of control volume: first having a control volume on its left/right face,
second case has left face with specified boundary condition for the domain and right face
with another control volume, third case has right face with specified boundary condition
for the domain and left face with another control volume. Different equation will be
needed for each case and is shown below. The domain boundary conditions have been
already discussed in Section 3.2.3.
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As previously mentioned that the numerical implementation is based on the control
volume method, so we need to write the interface temperature and flux in terms of the
control volume center temperature. The generalized expression for the temperature and
flux for any CV can be written as
Ti−1/2 = A1 Ti + B1 Ti−1 + P1
¯
¯
qx ¯

i−1/2

= −ki

∂T ¯¯
= C1 (Ti−1 − Ti ) + Q1
¯
∂x i−1/2

Ti+1/2 = A2 Ti + B2 Ti+1 + P2
¯
¯
qx ¯

i+1/2

= −ki

∂T ¯¯
= C1 (Ti − Ti+1 ) + Q2
¯
∂x i+1/2

(A.2)

(A.3)

(A.4)

(A.5)

The constants A1 , B1 , P1 , C1 , Q1 , A2 , B2 , P2 , C2 and Q2 can be derived by applying
temperature and flux continuity at each control volume boundary.
The discretized numerical equation for a control volume can be derived by integrating
the generalized governing Eq. A.1. Using Eq. A.2-A.5, following equations for all three
different contol volume can be derived.
For Case 1 (Center CV):
·
¸
∆x
n+1
n+1
Ti+1
[C2 − D2 ] + Tin+1 − (C1 + C2 ) − D1 − D3 −
(ρCp )i + Ti−1
[C1 − D4 ] =
∆t
(P2 − P1 ) Σmk C̄pk
∆x
000
−Tin
(ρCp )i + R1n+1 − Q ∆x − (Q1 − Q2 ) +
∆t
A
(A.6)
For Case 2 (Left CV):
·
¸
∆x
n+1
(ρCp )i =
Ti+1
[C2 − D2 ] + Tin+1 − (C1 + C2 ) − D1 − D3 −
∆t
(P2 − P1 ) Σmk C̄pk
∆x
000
(ρCp )i + R1n+1 − Q ∆x − (Q1 − Q2 ) +
−Tin
∆t
A
(A.7)
For Case 3 (Right CV):
·
¸
∆x
n+1
Tin+1 − (C1 + C2 ) − D1 − D3 −
(ρCp )i + Ti−1
[C1 − D4 ] =
∆t
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−Tin

(P2 − P1 ) Σmk C̄pk
∆x
000
(ρCp )i + R1n+1 − Q ∆x − (Q1 − Q2 ) +
∆t
A
(A.8)

where

¡
¢
2 (nc hc + h2 ) l∆x n+1 −2 nc hc Tcn+1 + h2 Tamb l∆x
D1 =
; E1 =
Ap
Ap

Using Eq. A.6 - A.8, the coefficient matrix can be developed and tri-diagonal solver is
used to solve the temperature matrix.
Note: The inclusion of heat source due to the phase change of ice to water is done as
mentioned in Section 3.2.4.

A.3

Verification

Verification of the model includes verification of the numerical equation and solution
technique adopted for the mathematical model. Model validation will ensure that various
approximation/assumptions are giving physical and meaningful result. This section will
cover the various test cases to verifying the numerical equation and solution technique.
To verify the model, a simple test case geometry was designed with two different domain
as shown in Figure A.2.
Details of test cases for each term in the governing equation (Eq. A.1) is shown
below. Subscript 1 and 2 represent the properties of domain 1 and 2, respectively. In
all the test cases, analytical and numerical solution were compared and percentage error
was found to be less than 0.2 %.

A.3.1

Verification of Transient Terms

To verify the implementation of the transient terms, heat source was specified in each
domain. Other domain properties were specified as k1 = k2 = 0; hc1 = hc2 = 0; h21 =
h22 = 0; mi =0; so the governing equation reduced to
000

∂T
Q
=
⇒T =
∂t
ρCp
000

where Q

Ã

000

Q
ρCp

!
+ Ti ⇒ 250t + 600

(A.9)

= 8000 kg/m3 , Cp = 500 J/kgK and Ti = 600 K and adiabatic boundary

condition was specified on both side. Numerical and analytical result are in complete
agreement and is shown in Figure A.3.
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A.3.2

Verification of Convective Terms

To verify the convective terms, transient simulations were performed. In this case, the
properties in both the domains were specified as as k1 = k2 = 0; hc1 = hc2 = h; h21 =
000

h22 = h; mi =0; Q = 0. So, the governing equation is reduced to
∂T
=
∂t

µ

l
Ap ρCp

¶
[4h (T − Tamb )] ⇒ 300 + 300exp (−0.05t)

(A.10)

where Ap = 0.5, l = 1 m, h = 25000 W/mK ρ = 8000 kg/m3 , Cp = 500 J/kgK and Ti =
600 K and Tamb = 300 K and with adiabatic boundary condition specified on both side.
Numerical and analytical result are in an excellent agreement and is shown in Figure
A.4.

A.3.3

Verification of Diffusion Terms

The diffusion term was verified with the steady state solution. Numerically, the steady
state was achieved by specifying very large time step and then the resulting solution is
compared with the analytical solution. The properties of both domains were specified as
000

k1 = k2 = k; hc1 = hc2 = 0; h21 = h22 = 0; mi =0; Q = 0. So, the governing equation
is reduced to
∂2T
TR − TL
x + TL ⇒ T = 15000x + 300
=0⇒T =
∂x2
l1 + l2

(A.11)

where, l1 = l2 =0.01 m, k1 = 40 W/mK and k2 = 80 W/mK and TL = 300 K and TR
= 600 K (constant temperature boundary condition is used). Numerical and analytical
result are in an excellent agreement and is shown in Figure A.5.

A.3.4

Verification of Advection Terms

Advection term were also verified for steady state solution with diffusion terms. For this
case the properties in both domains were specified as k1 = k2 = k; hc1 = hc2 = 0; h21 =
000

h22 = 0; Q = 0; mi =1; Cp,avg = 1000 J/kgK. So the governing equation is reduced to

Σmk C̄p,k ∂T
mi C̄p,avg ∂T
C0
13203
∂2T
=
=
⇒T =
exp (A0 x)+C1 =
exp (12.5x)−756
2
∂x
A
∂x
A
∂x
A0
12.5
(A.12)
where, l1 = l2 =0.01 m, A = 1 m2 , k = 80 W/mK and TL = 300 K and TR = 600 K.
Numerical and analytical result are in an excellent agreement and is shown in Figure
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A.6

A.4

Sensitivity Study

A detailed grid sensitivity and time sensitivity analysis was done to ensure that the results
are independent of the grid size and time step chosen for the transient simulations. The
grid sensitivity study was done for the base case (140 grid points per cell), and, 3 and
9 times finer grid as compared to the base case. As the numerical implementation is
done using control volume method, so, by refining grid 3 and 9 times, we will have the
temperature for each control volume center corresponding to the base grid. From the
grid sensitivity study, it was concluded that base case with 140 grid points per cell is
sufficient to ensure the spatial error to be less than 0.04 %. The grid sensitivity study is
shown in Figure A.7
Similarly, from the time step sensitivity analysis, time step of 0.1 sec was chosen for
the simulations without ice and 0.01 sec for the simulations with ice. Figure A.8 shows
the plot of spatial distribution of percentage error for different time step sizes.

A.5

Model Validation

The developed stack thermal model was validated with the experimental cold start-up
data of the sponsors. Figure A.9 shows the validation result for the end cell bipolar
plates in a 20 cell stack. Due to the propriety nature of the stack design and dimensions,
details are not provided in the dissertation. Startup time is also normalized in the Figure
A.9 to maintain the confidentiality of the experimental data. It is evident from the plot
that model is in an excellent agreement with the experimental data. The maximum
difference in the predicted temperature with experimental data was less than 3 o C.
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Figure A.1. Different type of control volume in the discretized domain

Figure A.2. Test case geometry for verification of the mathematical/numerical equations
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Figure A.3. Verification of the transient term with heat source
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Figure A.4. Verification of the convective term (transient simulation)
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Figure A.5. Verification of the diffusion term along with the interfacial temperature
and flux
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Figure A.6. Verification of the advection term
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Figure A.7. Percentage error for temperature distribution at the start-up using two
different grid sizes for 5 cell stack , Tamb = -20 o C, without ice and no coolant flow(Grid
sensitivity analysis)
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Figure A.8. Percentage error for temperature distribution at the start-up using various
time step sizes for 5 cell stack , Tamb = -20 o C, without ice and no coolant flow(Time
sensitivity analysis)
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(a)

(b)

Figure A.9. Validation of stack model with 20 cell experimental stack temperature
data (a) Plate 21 (cathode side bipolar plate of cell 20) (b) Plate 1 (anode side bipolar
plate of cell 1)

Appendix B
Numerical Implementation of
Temperature Driven Water
Transport Model
B.1

Solution Algorithm and Implementations

Control volume method was used to derive the numerical equation in the computational
domain. Numerical equations were derived in terms of interface temperature/pressure,
and were obtained by integrating the governing equation over the control volume. For
the time marching, implicit method along with the Newton Raphson method was used
to solve the developed numerical equation. Figure B.1 shows flow chart for the solution
algorithm.

B.2

Verification

Verification of the model includes verification of the numerical equation and solution
technique adopted for the mathematical model. This section will cover the various test
cases to verify the numerical equation for energy and water conservation in the porous
media and membrane. Various test case geometry were designed to verify the each term
in the model and are presented in the following section.
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B.2.1

Verification of Energy Equation

Energy equation was verified for the transient term, diffusion term and the advection
term in one and two-dimension. Analytical solutions were obtained for each test case.
An excellent agreement was found with the numerical result. Interfacial temperature
and flux were also verified. For the brevity result of only one test case is presented.
Three domain (PM1/Mem/PM2) test geometry with constant temperature boundary
condition (TL = 600 K, TR = 300 K) was chosen for the verification. The component
properties: Density = 8000 kg/m3 , Specific heat = 500 J/kgK and thermal conductivity
of PM was 40 W/mK (tP M 1 = 0.1 and tP M 1 = 0.3 m) and membrane was 80 W/mK
(tm = 0.2 m). The result to verify the diffusion term is shown in the Figure B.2.

B.2.2

Verification of Water Transport in Porous Media

Numerous test cases were also developed to verify the transient term, capillary transport
in x and y-dimension, and water and thermal flux due to the phase-change induced (PCI)
flux. Specific test cases were also designed to verify the land and channel boundaries
also.
To verify the pressure distribution in the porous media, Pw = sw was specified using
the subroutine for capillary pressure vs. saturation. This enables to eliminate the nonlinearity from the water transport and both equation (Eq. 4.10 and Eq. 4.11) can be
reduced to single governing equation. The sole purpose here is to verify the developed
numerical code.
Two domain (PM1/PM2) test geometry with constant water pressure condition (PwL =
400 Pa, PwR = 300 Pa) and constant value of permeability was chosen for the verification.
The component properties are:
PM1: kx1 = 30 m2 , tP M 1 = 1 m, krw = 1
PM2: kx2 = 60 m2 , tP M 2 = 1 m, krw = 1
For the brevity, verification results are presented only for one dimensional case with
channel boundary. With the above parameters and boundary conditions, the water
transport equation will yield similar result as energy equation. The result is shown in
the Figure B.3.

B.2.3

Verification of Water Transport in Membrane

In membrane water transport, various test cases were designed to verify the transient
term, diffusion term and thermo-osmotic flux term in x and y-dimension. Numerical

192
results were compared with the analytical result and an excellent agreement was found
as shown in Figure B.4.
Verification results are presented only for one test case. Test geometry consists of only
membrane (tm = 1.5 m, D = 40 m2 /s, EW = 1.1 kg/mol) with constant water content
boundary conditions (λwL = 14, λwR = 22).

B.3

Sensitivity Study

A detailed grid sensitivity and time sensitivity analysis was done on a four layer sandwiched diffusion media to ensure that the results are independent of the grid size and
time step chosen for the transient simulations. The grid sensitivity study was done for
the base case (20 grid points in DM), and, 3 and 9 times finer grid as compared to the
base case. As the numerical implementation is done using control volume method, so, by
refining grid 3 and 9 times, we will have the temperature and saturation for each control
volume center corresponding to the base grid. From the grid sensitivity study, it was
concluded that base case with 20 grid points in DM is sufficient to ensure the spatial
error to be less than 0.04 %. The grid sensitivity study is shown in Figure B.5. For a full
cell geometry simulations, CL and membrane has one and five grid points, respectively.
Similarly, from the time step sensitivity analysis, time step of 0.1 sec was chosen for
all simulations. Figure B.6 shows the plot of spatial distribution of percentage error for
different time step sizes.
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Figure B.1. Flow chart for the numerical solution algorithm
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Figure B.2. Verification of diffusion term in energy equation
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Figure B.3. Verification of capillary transport term in the porous media
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Figure B.4. Verification of diffusion term in membrane water transport

197

Figure B.5. Grid sensitivity study in a 4 layered sandwiched DM, ∆T = 2 o C

198

Figure B.6. Time step sensitivity study in a 4 layered sandwiched DM, ∆T = 2 o C

References
[1] M. L. Perry, and T. F. Fuller, ”A Historical Perspective of Fuel Cell Technology
in the 20th Century,” Journal of the Electrochemical Society, 149(7), S59-S67
(2002).
[2] S. E. Wright, ”Comparison of the Theoretical Performance Potential of Fuel Cells
and Heat Engines,” Renewable Energy, 29, 179-195 (2004).
[3] A. E. Lutz, R. S. Larson, and J. O. Keller, ”Thermodynamic Comparison of Fuel
Cells to the Carnot Cycle,” International Journal of Hydrogen Energy, 27, 1103-1111
(2002).
[4] M. M. Mench, Fuel Cell Engines, Wiley & Sons Ltd., New York, 2008.
[5] J. Larminie, and A. Dicks, Fuel Cell Systems Explained, Wiley & Sons Ltd., West
Sussex, England, 2000.
[6] R. Mukundan, Y. S. Kim, F. Garzon, and B. Pivovar, ”Freeze/Thaw Effects in PEM
Fuel Cells,” ECS Transactions, 1(8), 403-413 (2006).
[7] F. Garzon, Y. S. Kim, M. Rangachary, and B. Pivovar, ”Sub Freezing Fuel Cell
Effects,” 2006 DOE Hydrogen Program Review, Crystal City, VA, May 16-19, 2006,
http://www1.eere.energy.gov/hydrogenandfuelcells/ .
[8] Y. Wang, ”Analysis of the Key Parameters in the Cold Start of Polymer Electrolyte
Fuel Cells,” Journal of the Electrochemical Society, 154 (10) B1041-B1048 (2007).
[9] S. Kim, and M. M. Mench, ”Physical Degradation of Membrane Electrode Assemblies Undergoing Freeze/Thaw Cycling: Micro-structure Effects,” Journal of Power
Sources, 174, 206-220 (2007).

200
[10] R. Bradean, H. Haas, K. Eggen, C. Richards, and T. Vrba, ”Stack Models and
Designs for Improving Fuel Cell Startup from Freezing Temperatures,” ECS Transactions, 3 (1), 1159-1168 (2006).
[11] M. L. Perry, T. Patterson, and J. O’Neil, ”Start and Operation of PEMFC Stacks
under Sub-freezing Conditions,” 5th ASME International Fuel Cell Science, Engineering and Technology Conference, New York, June 18-20, 2007.
[12] T. E. Springer, T. A. Zawodzinski, and S. Gottesfeld, ”Polymer Electrolyte Fuel
Cell Model,” Journal of the Electrochemical Society, 138 (8), 2334-2342 (1991).
[13] D. M. Bernardi, and W. Verbrugge, ”A Mathematical Model of the Solid Polymer
Electrolyte Fuel Cell,” Journal of the Electrochemical Society, 139 (9), 2477-2491
(1992).
[14] D. M. Bernardi, ”Water-Balance Calculations for Solid-Polymer-Electrolyte Fuel
Cells,” Journal of the Electrochemical Society, 137, 3344-3350 (1990).
[15] E. A. Ticianelli, C. R. Derouin, and S. Srinivasan, ”Localization of Platinum in Low
Catalyst Loading Electrodes to Attain High Power Densities in SPE Fuel Cells,”
Journal of Electroanalaytical Chemistry and Interfacial Electochemistry, 251 (2),
275-295 (1988).
[16] T. V. Nguyen, and R. E. White, ”A Water and Heat Management Model for Proton
Exchange Membrane Fuel Cells,” Journal of the Electrochemical Society, 140 (8),
2178-2186 (1993).
[17] S. Um, C. Y. Wang, and K. S. Chen, ”Computational Fluid Dynamics Modeling
of Proton Exchange Membrane Fuel Cells,” Journal of the Electrochemical Society,
147 (12), 4485-4493 (2000).
[18] S. Um, and C. Y. Wang, ”Three-dimensional Analysis of Transport and Electrochemical Reactions in Polymer Electrolyte Fuel Cells,” Journal of Power Sources,
125, 40-51 (2004).
[19] U. Pasaogullari, and C. Y. Wang, ”Liquid Water Transport in Gas Diffusion Layer
of Polymer Electrolyte Fuel Cells,” Journal of the Electrochemical Society, 151 (3),
A399-A406 (2004).

201
[20] U. Pasaogullari, and C. Y. Wang, ”Two-Phase Modeling and Flooding Prediction
of Polymer Electrolyte Fuel cells,” Journal of the Electrochemical Society, 152 (2),
A380-A390 (2005).
[21] H. Ju, H. Meng, and C. Y. Wang, ”A Single-phase, Non-isothermal Model for
PEM Fuel Cells,” International Journal of Heat and Mass Transfer, 48, 1303 - 1315
(2005).
[22] Y. Wang, and C. Y. Wang, ”Transient Analysis of Polymer Electrolyte Fuel Cells,”
Electrochimica Acta, 50, 1307-1315 (2005).
[23] H. Meng, and C. Y. Wang, ”Model of Two-phase Flow and Flooding Dynamics in
Polymer Electrolyte Fuel Cells,” Journal of the Electrochemical Society, 152 (9),
A1733-A1741 (2005).
[24] C. Y Wang, and P. Cheung, ”A Multiphase Mixture Model for Multiphase, Multi
Component Transport in Capillary Porous Media : I Model Development,” International Journal of Heat and Mass Transfer, 39 (17), 3607 - 3618 (1996).
[25] C. Y Wang, and P. Cheung, ”A Multiphase Mixture Model for Multiphase, Multi
Component Transport in Capillary Porous Media : II Numerical Simulation of the
Transport of Organic Compounds in the Sub-surface,” International Journal of Heat
and Mass Transfer, 39 (17), 3619 - 3632 (1996).
[26] U. Pasaogullari, and C. Y. Wang, ”Computational Fluid Dynamics Modeling of
Proton Exchange Membrane Fuel Cells using Fluent,” Proceedings in Fluent User
Meeting, Manchaster, NH (2002).
[27] T. Berning, D. M. Lu, and N. Djilali, ”Three-dimensional Computational Analysis
of Transport Phenomena in PEM Fuel Cell,” Journal of Power Sources, 106, 284-294
(2002).
[28] T. Berning, and N. Djilali, ”Three-dimensional Computational Analysis of Transport Phenomena in PEM Fuel cell : A Parametric Study,” Journal of Power Sources,
124, 440-452 (2003).
[29] T. Berning, and N. Djilali, ”A 3D Multiphase Multi-component Model of the Cathode and Anode of a PEM Fuel Cell,” Journal of the Electrochemical Society, 150
(12), A1589-A1598 (2003).

202
[30] A. Turhan, K. Heller, J. S. Brenizer, and M. M. Mench, ”Quantification of Liquid
Water Accumulation and Distribution in a Polymer Electrolyte Fuel Cell Using
Neutron Imaging,” Journal of Power Sources, 160, 1195-1203 (2006).
[31] A. Z. Weber, and J. Newman, ”Transport in Polymer Electrolyte Membranes II
Mathematical Model,” Journal of the Electrochemical Society, 151 (2), A311-A325
(2004).
[32] A. Z. Weber, and J. Newman, ”Transport in Polymer Electrolyte Membranes III
Model Validation in a Simple Fuel Cell Model,” Journal of the Electrochemical
Society, 151 (2), A326-A339 (2004).
[33] A. Z. Weber, and J. Newman, ”Transport in Polymer Electrolyte Membranes I
Physical Model,” Journal of the Electrochemical Society, 150 (7), A1008-A1015
(2003).
[34] J. H. Nam, and M. Kaviany, ”Effective Diffusivity and Water-saturation Distribution in Single and Two-layer PEMFC Diffusion Medium,” International Journal of
Heat and Mass Transfer, 46, 4595-4611 (2003).
[35] E. Birgersson, M. Noponen, and M. Vynnycky, ”Analysis of a Two-Phase NonIsothermal Model for a PEFC,” Journal of the Electrochemical Society, 152 (5),
A1021-A1034 (2005).
[36] A. A. Kulikovsky, ”Quasi-3D Modeling of Water Transport in Polymer Electrolyte
Fuel Cells,” Journal of the Electrochemical Society, 150 (11), A1432-A1439 (2003).
[37] A. A. Kulikovsky, ”Heat Balance in the Catalyst Layer and the Boundary Condition
for Heat Transport in a Low-Temperature Fuel Cell,” Journal of Power Sources, 162,
1236-1240 (2006).
[38] C. Y. Wang, ”Fundamental Models for Fuel Cell Engine,” Chemical Reviews, 104,
4727-4766 (2004).
[39] A. Z. Weber, and J. Newman, ”Modeling Transport in Polymer-Electrolyte Fuel
Cells,” Chemical Review, 104, 4679-4726 (2004).
[40] Y. Hishinuma, T. Chikahisa, F. Kagami, and T. Ogawa, ”The Design and Performance of a PEFC at a Temperature below Freezing,” JSME International Journal,
Series B, 47 (2), 235-241 (2004).

203
[41] E. Cho, J. Ko, H. Y. Ha, S. Hong, K. Lee, T. Lim, and I. Oh, ”Characteristics
of the PEMFC Repetitively Brought to Temperature below 0 o C,” Journal of the
Electrochemical Society, 150 (12), A1667-A1670 (2003).
[42] E. Cho, J. Ko, H. Y. Ha, S. Hong, K. Lee, T. Lim, and I. Oh, ”Effect of Water
Removal on the Performance Degradation of PEMFCs Repetitively Brought to Temperature below 0 o C,” Journal of the Electrochemical Society, 151 (5), A661-A665
(2004).
[43] R. C. McDonald, C. K. Mittelsteadt, and E. L. Thompson, ”Effects of Deep Temperature Cycling on Nafion 112 Membranes and Membrane Electrode Assemblies,”
Fuel Cells, 4 (3), 208-213 (2004).
[44] S. Kim, PhD Thesis Proposal, The Pennsylvania State University, 2007.
[45] S. He, and M. M. Mench, ”One-Dimensional Transient Model for Frost Heave in
Polymer Electrolyte Fuel Cells,” Journal of the Electrochemical Society, 153 (9),
A1724-A1731 (2006).
[46] R. L. Harlan, ”Analysis of Coupled Heat-fluid Transport in Partially Frozen Soil,”
Water Resources Research, 9 (5), 1314-1323 (1973).
[47] K. O’Neill, and R. D. Miller, ”Exploration of Rigid Ice Model of Frost Heave,”
Water Resources Research, 21 (3), 281-296 (1985).
[48] P B. Black, ”Rigid-ice Model of Secondary Frost Heave,” CRREL Special Report
95-12, (1995).
[49] S. Ge, and C. Y. Wang, ”Characteristics of Subzero Startup and Water/Ice Formation on the Catalyst Layer in a Polymer Electrolyte Fuel Cell,” Electrochimica
Acta, 52, 3965-3975 (2007).
[50] S. Ge, and C. Y. Wang, ”In Situ Imaging of Liquid Water and Ice Formation in
an Operating PEFC during Cold Start,” Electrochemical and Solid-State Letters,
9 (11), A499-A503 (2006).
[51] Y. Ishikawa, T. Morita, K. Nakata, K. Yoshida, and M. Shiozawa, ”Behavior of
Water below the Freezing Point in PEFCs,” Journal of Power Sources, 163, 708-712
(2007).

204
[52] Q. G. Yan, and H. Toghiani, ”Effects of Sub-Freezing Temperature on PEM Fuel
Cell,” Proceeding of Fuel Cell 2006-97162, The 4th International Conference on the
Fuel Cell Science, Engineering and Technology, June 19-21, 2006, Irvine, CA.
[53] Q. Yan, H. Toghiani, Y. W. Lee, K. Liang, and H. Causey, ”Effect of Sub-freezing
Temperature on a PEM Fuel Cell Performance, Start-up and Fuel Cell Components,” Journal of Power Sources, 160, 1242-1250 (2006).
[54] K. Tajiri, Y. Tabuchi, and C. Y. Wang, ”Isothermal Cold Start of Polymer Electrolyte Fuel Cells,” Journal of the Electrochemical Society, 154 (2), B147-B152
(2007).
[55] K. Tajiri, Y. Tabuchi, F. Kagami, S. Takahasahi, K. Yoshizawa, and C. Y. Wang,
”Effects of Operating and Design Parameters on PEFC Cold Start,” Journal of
Power Sources, 165, 279-286 (2007).
[56] L. Mao, and C. Y. Wang, ”Analysis of Cold Start in Polymer Electrolyte Fuel Cells,”
Journal of the Electrochemical Society, 154 (2), B139-B146 (2007).
[57] L. Mao, C. Y. Wang, and Y. Tabuchi, ”A Multiphase Model for Cold Start of
Polymer Electrolyte Fuel Cells,” Journal of the Electrochemical Society, 154 (3),
B341-B351 (2007).
[58] H. Wang, J. Hou, H. Yu, and S. Sun, ”Effect of Reverse Voltage and Subzero Startup
on the Membrane Electrode Assembly of a PEMFC,” Journal of Power Sources, 165,
287-292 (2007).
[59] X. Yu, B. Zhou, and A. Sobiesiak, ”Water and Thermal Management for Ballard
PEM Fuel Cell Stack,” Journal of Power Sources, 147, 184-195 (2005).
[60] J. Park, and X. Li, ”Effect of Flow and Temperature Distribution on the Performance of a PEM Fuel Cell Stack,” Journal of Power Sources, 162, 444 - 459
(2006).
[61] G. Karimi, J. J. Baschuk, and X. Li, ”Performance Analysis and Optimization of
PEM Fuel Cell Stacks using Flow Network Approach,” Journal of Power Sources,
147, 162-167 (2005).
[62] G. Maggio, V. Recupero, and C. Mantegazza, ”Modeling of Temperature Distribution in Solid Polymer Electrolyte Fuel Cell Stack,” Journal of Power Sources, 62,
167-174 (1996).

205
[63] Y. Zong, B. Zhou, and A. Sobiesiak, ”Water and Thermal Management in a Single
PEM Fuel Cell with Non-uniform Stack Temperature,” Journal of Power Sources,
161, 143-159 (2006).
[64] T. F. Fuller, and D. J. Wheeler, ”Start up of Frozen Fuel Cell,” US Patent No:
6103410, August 2000.
[65] J. A. Rock, and L. B. Plant, ”Cold Start-up of a PEM Fuel Cell,” US Patent No:
6358638, March 2002.
[66] C. A. Reiser, ”Battery-boosted Rapid Startup of Frozen Fuel Cell,” US Patent No:
6777115, August 2004.
[67] N. Matsuoka, ”Warm up of Fuel Cell Power Plant,” US Patent No: 7108928, September 2006.
[68] H. T. Couch, and F. Sribnik, ”Configuration Enabling Rapid Fuel Cell Power from
Sub-freezing Initial Condition,” US Patent No: 6773840, August 2004.
[69] G. S. Saloka, and J. A. Adams, ”System and Method for Rapid Preheating of an
Automotive Fuel Cell,” US Patent No: 6916566, July 2005.
[70] W. Birk, ”Fuel Cell System and Method for Starting a Fuel Cell System,” US Patent
No: 6756143, June 2004.
[71] Y. Shan, and S. Y. Choe, ”A High Dynamic PEM Fuel Cell Model with Temperature
Effects,” Journal of Power Sources, 145, 30-39 (2005).
[72] Y. Shan, and S. Y. Choe, ”Modeling and Simulation of a PEM Fuel Cell Stack
Considering Temperature Effects,” Journal of Power Sources, 158, 274-286 (2006).
[73] Y. Shan, S. Y. Choe, and S. H. Choi, ”Unsteady 2D PEM Fuel Cell Modeling
for a Stack Emphasizing Thermal Effects,” Journal of Power Sources, 165, 196-209
(2007).
[74] M. Sundaresan, and R. M. Moore, ”Polymer Electrolyte Fuel-Cell Stack Thermal
Model to evaluate Sub-freezing Temperature,” Journal of Power Sources, 145, 534545 (2005).
[75] M. Sundaresan, and R. M. Moore, ”PEM Fuel Cell Stack Cold Start Thermal
Model,” Fuel Cells 05, 4, 476-485 (2005).

206
[76] R. K. Ahluwalia, and X. Wang, ”Rapid Self-start of Polymer Electrolyte Fuel Cell
Stacks from Subfreezing Temperature,” Journal of Power Sources, 162, 502-512
(2006).
[77] R. K. Ahluwalia, X. Wang, and R. Kumar, ”Fuel Cell Systems Analysis,”
2006 DOE Hydrogen Program Review, Crystal City, VA, May 16-19, 2006,
http://www1.eere.energy.gov/hydrogenandfuelcells/.
[78] J. C. Amphlett, R. M. Baumert, R. F. Mann, B. A. Peppley, P. R. Roberge, and A.
Rodrigues, ”Parametric Modeling of the Performance of a 5-kW Proton Exchange
Membrane Fuel Cell Stack,” Journal of Power Sources, 49, 349-356 (1994).
[79] J. C. Amphlett, R. F. Mann, B. A. Peppley, P. R. Roberge, and A. Rodrigues, ”A
Model Predicting Transient Response of Proton Exchange Membrane Fuel Cells,”
Journal of Power Sources, 61, 183-188 (1996).
[80] K. A. Mauritz, and R. B. Moore, ”State of Understanding of Nafion,” Chemical
Review, 104, 4535-4585 (2004).
[81] M. A. Hickner, H. Ghassemi, Y. S. Kim, B. R. Einsla, and J. E. McGrath, ”Alternative Polymer Systems for Proton Exchange Membranes (PEMs),” Chemical
Review, 104, 4587-4612 (2004).
[82] P. Schroeder, ”Uber Erstarrungs und Quellungserscheinungen von Gelatine,” Z.
Phys. Chem. 45, p 75 (1903).
[83] T. A. Zawodzinski, C. Derouin, S. Radzinski, R. J. Sherman, V. T. Smith, T. E.
Springer, and S. Gottesfeld, ”Water Uptake by and Transport Through Nafionr
117 Membranes,” Journal of the Electrochemical Society, 140, 1041-1047 (1993).
[84] J. T. Hinatsu, M. Mizuhata, and H. Takenaka, ”Water Uptake of Perfluorosulfonic
Acid Membranes from Liquid Water and Water Vapor,” Journal of the Electrochemical Society, 141 (6), 1493-1498 (1994).
[85] T. F. Fuller, and J. Newman, ”Water and Thermal Management in Solid Polymer
Electrolyte Fuel Cells,” Journal of the Electrochemical Society, 140 (5), 1218-1225
(1993).
[86] G. J. M. Janssen, ”A Phenomenological Model of Water Transport in a Proton
Exchange Membrane Fuel Cell,” Journal of the Electrochemical Society, 148 (12),
A1313-A1323 (2001).

207
[87] E. L. Cussler, Diffusion Mass Transfer in Fluid Systems, Cambridge University
Press, Cambridge, 1984.
[88] S. Ge, X. Li, B. Yi, and I. Hsing, ”Absorption, Desorption and Transport of Water
in Polymer Electrolyte Membranes for Fuel Cells,” Journal of the Electrochemical
Society, 152 (6), A1149-A1157 (2005).
[89] M. Eikerling, Y. I. Kharkats, A. A. Kornyshev, and Y. M. Volfkovich, ”Phenomological Theory of Electro-osmotic Effect and Water Management in Polymer Electrolyte Proton-conducting Membranes,” Journal of the Electrochemical Society, 145
(8), 2684-2699 (1998).
[90] G. J. Janssen, and M. L. Overvelde, ”Water Transport in the Proton Exchange
Membrane Fuel Cell: Measurement of the Effective Drag Coefficient,” Journal of
Power Sources, 101, 117-125 (2001).
[91] X.

Ren,

and

S.

Gottesfeld,

”Electro-osmotic

Drag

of

Water

in

Poly(perfluorosulphonic acid) Membranes,” Journal of the Electrochemical
Society, 148(1), A87-A93 (2001).
[92] M. Tasaka, T. Suzuki, R. Kiyono, M. Hamada, and K. Yoshie, ”Thermoosmosis and
Transported Entropy of Water across Poly(4-vinylpyridine/styrene) and Poly(Nvinyl-2-methylimidazole/styrene) Type Membranes in Electrolyte Solutions,” Journal of Physical Chemistry, 100, 16361-16364 (1996).
[93] J. P. G. Villaluenga, B. Seoane, V. M. Barragan, and C. Ruiz-Bauza, ”Thermoosmosis of Mixtures of Water and Methanol through a Nafion Membrane,” Journal
of Membrane Science, 274, 116-122 (2006).
[94] M. Tasaka, T. Mizuta, and O. Sekiguchi, ”Mass Transfer through Polymer Membranes due to a Temperature Gradient,” Journal of Membrane Science, 54, 191-204
(1990).
[95] M. Tasaka, T. Hirai, R. Kiyono, and Y. Aki, ”Solvent Transport across Cationexchange Membranes under a Temperature Difference and under an Osmoticpressure Difference,” Journal of Membrane Science, 71, 151-159 (1992).
[96] R. Zaffou, J. S. Yi, H. R. Kunz, and J. M. Fenton, ”Temperature-Driven Water
Transport through Membrane Electrode Assembly of Proton Exchange Membrane
Fuel Cells,” Elctrochemical and Solid-State Letters, 9 (9), A418-A422 (2006).

208
[97] A. Siu, J. Schmeisser, and S. Holdcroft, ”Effect of Water on the Low Temperature
Conductivity of Polymer Electrolytes,” Journal of Physical Chemistry B, 110, 60726080 (2006).
[98] W. Y. Hsu, and T. D. Gierke, ”Ion Transport and Clustering in Nafion Perflorinated
Membranes,” Journal of Membrane Science, 13 (3), 307-326 (1983).
[99] S. J. Paddison, ”Proton Conduction Mechanisms at Low Degree of Hydration in
Sulfonic Acid-based Polymer Electrolyte Membranes,” Annual Review of Material
Research, 33, 289-319 (2003).
[100] S. He, PhD Thesis Dissertation, ”Modeling of Frost Heave during Freezing in
Polymer Electrolyte Fuel Cells,” The Pennsylvania State University, 2006.
[101] J. Bear, Dynamics of Fluids in

Porous Media, American Elsevier, New York,

1972.
[102] M. C. Leverett, ”Capillary Behavior in Porous Media,” Transaction of ASME, 142,
341-358 (1941).
[103] K. S. Udell, ”Heat Transfer in Porous Media Considering Phase Change and
Capillarity-the Heat Pipe Effect,” International Journal of Heat and Mass Transfer,
28 (2), 485-495 (1985).
[104] E. C. Kumbur, K. V. Sharp, and M. M. Mench, ”On the Effectiveness of Leverett
Approach for Describing the Water Transport in Fuel Cell Diffusion Media,” Journal
of Power Sources, 168 (2), 356-368 (2007).
[105] E. C. Kumbur, K. V. Sharp, and M. M. Mench, ”A Modified Leverett Approach
to Multiphase Flow in PEFC Media: Part 1: PTFE Effect,” Journal of the Electrochemical Society, (2007) (in press).
[106] E. C. Kumbur, K. V. Sharp, and M. M. Mench, ”A Modified Leverett Approach
to Multiphase Flow in PEFC Media: Part 2: Compression Effect,” Journal of the
Electrochemical Society, (2007) (in press).
[107] E. C. Kumbur, K. V. Sharp, and M. M. Mench, ”A Modified Leverett Approach
to Multiphase Flow in PEFC Media: Part 3: Temperature Effect and Unified Approach,” Journal of the Electrochemical Society, (2007) (in press).

209
[108] P. C. Carman, ”Fluid Flow through a Granular Bed,” Transactions of the Institution of Chemical Engineers, 15, 150-167 (1937).
[109] M. N. Panda, and L. W. Lake, ”Estimation of Single-phase Permeability from
the Parameters of a Particle-size Distribution,” AAPG Bulletin, 78(7), 1028-1039
(1994).
[110] B. Na, and R. L. Webb, ”A Fundamental Understanding of Factors Affecting
Frost Nucleation,” International Journal of Heat and Mass Transfer, 46, 3797-3808
(2003).
[111] N. H. Fletcher, The Chemical Physics of Ice, Cambridge University Press, Cambridge, 1970.
[112] A. Z. Sahin, ”An Experimental Study on the Initiation and Growth of Frost
Formation on a Horizontal Plate,” Experimental Heat Transfer, 7 (2), 101 - 119
(1994).
[113] K. S. Lee, W. S. Kim, and T. H. Lee, ”A One-Dimensional Model for Frost Formation on a Cold Flat Surface,” International Journal of Heat and Mass Transfer,
40(18), 4359-4365 (1997).
[114] C. H. Cheng, and C. C. Shiu, ”Frost Formation and Frost Crystal Growth on
a Cold Plate in Atmospheric Air Flow,” International Journal of Heat and Mass
Transfer, 45, 4289-4303 (2002).
[115] C. T. Sanders, ”Influence of Frost Formation and Defrosting on the Performance
of Air Coolers,” PhD Thesis, Delft Technical University, 1974.
[116] A. W. Adamson, and A. P. Gast, Physical Chemistry of Surfaces, 6th Editions,
John Wiley & Sons, New York, 1997.
[117] M. Lu, and W. J. Likos, Unsaturated Soil Mechanics, John Wiley & Sons, Hoboken,
New Jersy, 2004.
[118] F. P. Incropera, and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 4th
Edition, John Wiley & Sons, 1996.
[119] M. Khandelwal, and M. M. Mench, ”Direct Measurement of Through-plane Thermal Conductivity and Contact Resistance in Fuel Cell Materials,” Journal of Power
Sources, 161, 1106-1115 (2006).

210
[120] M. J. Lampinen, and M. Fomino, ”Analysis of Free Energy and Entropy Changes
for Half Cell Reactions,” Journal of the Electrochemical Society, 140 (12), 3537-3546
(1993).
[121] A. J. Bard, L. R. Faulkner, Electrochemical Methods: Fundamentals and Applications, 2nd Editions, John Wiley & Sons Inc., New York, 1980.
[122] S. V. Patankar, Numerical Heat Transfer and Fluid Flow, McGraw-Hill, New York,
1980.
[123] V. R. Voller, and C. R.

Swaminathan, ”General

Source based Method for

Solidification Phase Change,” Numerical Heat Transfer: Part B, 19, 175 - 189
(1991).
[124] M. Khandelwal, and M. M. Mench, ”Design Study of a Polymer Electrolyte Fuel
Cell Stack Start-up from Freezing,” Proceedings of 4th College of Engineering Research Symposium - 2007, The Pennsylvania State University, University Park,
February 8, 2007.
[125] P. Argyropoulos, K. Scott, and W. M. Taama, ”One-dimensional Thermal Model
for Direct Methanol Fuel Cell Stacks Part I. Model Development,” Journal of Power
Sources, 79, 169-183 (1999).
[126] http://www.torayca.com/index2.html
[127] A. Z. Weber, and J. Newman, ”Coupled Thermal and Water Management in Polymer Electrolyte Fuel Cells,” Journal of the Electrochemical Society, 153 (12), A2205A2214 (2006).
[128] A. Z. Weber, ”Phase-change Induced Flow in Polymer Electrolyte Fuel cell Gas
Diffusion Layer,” 214th ECS meeting, Honolulu, HI, October 12-17, 2008.
[129] S. Kim, and M. M. Mench, ”Investigation of Temperature-Driven Water Transport in Polymer Electrolyte Fuel Cell: Thermo-osmosis in Membranes,” Journal of
Membrane Science (in press), 2008.
[130] E. R. G. Eckert, and M. Faghri, ”A General Analysis of Moisture Migration caused
by Temperature Difference in an Unsaturated Porous Media,” International Journal
of Heat and Mass Transfer, 23, 1613-1623 (1980).

211
[131] Y. Ogniewicz, and C. L. Tien, ”Analysis of Condensation in Porous Media,” International Journal of Heat and Mass Transfer, 24, 421-429 (1981).
[132] J. A. Rogers, and M. Kaviany, ”Funicular and Evaporative from Regimes in Convective Drying of Granular Beds,” International Journal of Heat and Mass Transfer,
35 (2), 469-480 (1992).
[133] S. Kim, A. K. Heller, M. C. Hatzell, D.S. Hussey, D.L. Jacobson, and M.M. Mench,
”High Resolution Neutron Imaging of Temperature-Driven Flow in Polymer Electrolyte Fuel Cells,” Journal of the Electrochemical Society, 2008 (mauscript under
preparation).
[134] M. Khandelwal, S. H. Lee, Y. J. Son, and M. M. Mench, ”Model for Water Transport in a Polymer Electrolyte Fuel Cell After Shutdown,” ECS Transaction (in
press) (2008).
[135] S. He, S. H. Kim, and M. M. Mench, ”1D Transient Model for Frost Heave in Polymer Electrolyte Fuel Cells, II. Parametric Study,” Journal of the Electrochemical
Society, 154(10), B1024-B1033 (2007).
[136] B. R. Sivertsen, and N. Djilali, ”CFD-based Modeling of Proton Exchange Membrane Fuel Cells,” Journal of Power Sources, 141, 65-78 (2005).
[137] U. Pasaogullari, and C. Y. Wang, ”Two-phase Transport and the Role of Microporous Layer in Polymer Electrolyte Fuel Cells,” Elctrochimica Acta, 4359-4369
(2004).
[138] A. Z. Weber, and J. Newman, ”Effects of Microporous Layers in Polymer Electrolyte Fuel Cells,” Journal of the Electrochemical Society, 152 (4), A677-A688
(2005).
[139] A. Z. Weber, R. M. Darling, and J. Newman, ”Modeling Two-Phase Behavior in
PEFCs,” Journal of the Electrochemical Society, 151 (10), A1715-A1727 (2004).
[140] U. Pasaogullari, P. P. Mukherjee, C. Y. Wang, and K. S. Chen, ”Anisotropic Heat
and Water Transport in a PEFC Cathode Gad Diffusion Layer,” Journal of the
Electrochemical Society, 154 (8) B823-B834 (2007).
[141] M. Khandelwal, and M. M. Mench, FCDDL Internal Report, June 2008.

212
[142] R. Zaffou, H. R. Kunz, J. M. Fenton, ”Temperature-Driven Water Transport in
Polymer Electrolyte Fuel Cells,” ECS Transactions, 3(1) 909-913 (2006).
[143] S. C. Yeo, and A. Eisenberg, ”Physical Properties and Supermolecular Structure
of Perfluorinated Ion-containing (Nafion) Polymers,” Journal of Applied Polymer
Science, 21 (4), 875-898 (1977).
[144] Y. Wang, and C. Y. Wang, ”A Nonisothermal, Two-Phase Model for Polymer
Electrolyte Fuel Cells,” Journal of the Electrochemical Society, 153 (6) A1193-A1200
(2006).
[145] K. Cho, PhD Thesis Proposal, The Pennsylvania State University, Sept 2008.
[146] M. Kaviany, and M. Mittal, ”Funicular State in Drying of a Porous Slab,” International Journal of Heat and Mass Transfer, 30 (7), 1407-1418 (1987).
[147] S. B. Nasrallah, and P. Perre, ”Detailed Study of a Model of Heat and Mass
Transfer during Convective Drying of Porous Media,” International Journal of Heat
and Mass Transfer, 31 (5), 957-967 (1988).
[148] M. Ilic, ”Convective Drying of a Consolidate Slab of Wet Porous Material,” International Journal of Heat and Mass Transfer, 32 (12), 2351-2362 (1989).
[149] P. K. Sinha, and C. Y. Wang, ”Gas Purge in a Polymer Electrolyte Fuel Cell,”
Journal of the Electrochemical Society, 154 (11) B1158-B1166 (2007).
[150] S. Kim, C. Chacko, R. Ramasamy, and M.M. Mench, ”Freeze-Induced Damage
and Purge Based Mitigation in Polymer Electrolyte Fuel Cells,” ECS Transactions,
11 (1), 577-586 (2007).
[151] S. Kim, B. K. Ahn, and M. M. Mench, ”Physical Degradation of Membrane Electrode Assemblies undergoing Freeze/Thaw Cycling: Diffusion Media Effects,” Journal of Power Sources, 179, 140-146 (2008).
[152] Q. Guo, and Z. Qi, ”Effect of Freeze-thaw Cycles on the Properties and Performance of Membrane-Electrode Assemblies,” Journal of Power Sources, 160, 12691274 (2006).
[153] S. He, J. H. Lee, and M. M. Mench, ”1D Transient Model for Frost Heaven in
PEFCs,” Journal of the Electrochemical Society, 154 (12) B1227-B1236 (2007).

213
[154] B. S. Pivovar, and Y. S. Kim, ”The Membrane-Electrode Interface in PEFCs,”
Journal of the Electrochemical Society, 154 (8), B739-B744 (2007).
[155] E. B. Easton, T. D. Astill, and S. Holdcroft, ”Properties of Gas Diffusion Electrodes
Containing Sulfonated Poly(ether ether ketone),” Journal of the Electrochemical
Society, 152 (4), A752-A758 (2005).
[156] M. C. Lefebvre, R. B. Martin, and P. G. Pickup, ”Characterization of Ionic Conductivity Profiles within Proton Exchange Membrane Fuel Cell Gas Diffusion Electrodes by Impedance Spectroscopy,” Electrochemical and Solid-State Letters, 2,
259-261 (1999).
[157] M. Eikerling and A. A. Kornyshev, ”Electrochemical Impedance of the Cathode
Catalyst Layer in Polymer Electrolyte Fuel Cells,” Journal of Electroanalytical
Chemistry, 475, 107-123 (1999).
[158] C.Y. Du, P.F. Shi, X.Q. Cheng, and G.P. Yin, ”Effective Protonic and Electronic
Conductivity of the Catalyst Layers in Proton Exchange Membrane Fuel Cells,”
Electrochemistry Communications, 6, 435-440 (2004).
[159] http://www.sglcarbon.com/sgl t/fuelcell/index.html
[160] F. Jiang, W. Fang, and C. Y. Wang, ”Non-isothermal Cold Start of Polymer
Electrolyte Fuel Cells,” Electrochimica Acta, in press (2007).
[161] U. Beuscher, S. J. C. Cleghorn, and W. B. Johnson, ”Challenges for PEM Fuel
Cell Membranes,” International Journal of Energy Research, 29, 1103-1112 (2005).
[162] S. Cleghorn, J. Kolde, and W. Liu, in Handbook of Fuel Cells - Fundamentals,
Technology and Applications, Vol. 3, W. Vielstich, A. Lamm, and H. A. Gasteiger,
Eds., p. 566, Wiley, New York(2003).
[163] I. Nitta, O. Himanen, and M. Mikkola, ”Contact Resistance between Gas Diffusion
Layer and Catalyst Layer of PEM Fuel Cell,” Electrochemistry Communications,
10, 47-51 (2008).

Vita
Manish Khandelwal
EDUCATION
The Pennsylvania State University
PhD in Mechanical Engineering
PhD Minor in Computational Science

May 2009

The Pennsylvania State University
Master of Science (M.S.) in Mechanical Engineering

Aug 2004 - Aug 2006

Indian Institute of Technology (IIT), Guwahati
July 1998 - May 2002
Bachelor of Technology (B. Tech.) in Mechanical Engineering
JOURNAL PUBLICATIONS
1. M. Khandelwal, and M. M. Mench, ”Impact of Stack Design on Water Transport
in End Cell during PEFC Shutdown,” Journal of Power Sources, 2008. (under
prepration)
2. M. Khandelwal, and M. M. Mench, ”Model for Temperature Gradient and Capillary Driven Water Transport in a Polymer Electrolyte Fuel Cell after Shutdown,”
Journal of the Electrochemical Society, 2008. (pending review)
3. S. Kim, M. Khandelwal, C. Chacko, and M. M. Mench, ”Investigation of the Impact of Interfacial Delamination on Polymer Electrolyte Fuel Cell Performance,”
Journal of the Electrochemical Society, 2008. (in press)
4. C. Chacko, R. Ramasamy, S. Kim, M. Khandelwal, and M. M. Mench, ”Characteristic Behavior of Polymer Electrolyte Fuel Cell Resistance during Cold Start,”
Journal of the Electrochemical Society, 155 (11) B1145-B1154 (2008).
5. M. Khandelwal, S. H. Lee, and M. M. Mench, ”One-dimensional Thermal Model
of Cold-start in a Polymer Electrolyte Fuel Cell Stack,” Journal of Power Sources,
172, 816-830 (2007).
6. M. Khandelwal, and M. M. Mench, ”Direct Measurement of Through-plane Thermal Conductivity and Contact Resistance in Fuel Cell Material,” Journal of Power
Sources, 161, 1106-1115 (2006).

