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ABSTRACT
Dynamic characteristics of polymer electrolyte fuel cells (PEFC) are of
paramount importance for the automotive applications, given the rapid variation of loads.
First, a three-dimensional single-phase transient model is developed, based on the
constant-flow assumption, to study the transient dynamics of PEFC operations.

To

justify the validity of the constant-flow assumption, a complete single-phase model, fully
coupling the flow, species transport and electrochemical kinetics, is presented to explore
flow physics in a PEFC. Comparison of the numerical results demonstrates that the
constant-flow assumption is valid with the maximum error of 14%.
In addition, various time constants are estimated for important transient
phenomena of electrochemical double-layer discharging, gas transport through the gas
diffusion layer (GDL) and membrane hydration/dehydration. It is found that membrane
hydration/dehydration occurs over a period of 10 seconds, the gas transport of 0.01-0.1
second, while the double-layer discharging is negligibly fast. The numerical results show
that the time for fuel cells to reach the steady state is on the order of 10 seconds due to
the membrane hydration/dehydration. In addition, a step increase in the current density
leads to anode dryout due to electroosmotic drag during transients, while it takes several
seconds for water back-diffusion and anode humidified gas to re-wet the anode side of
the polymer membrane. The anode dryout results in a substantial drop in cell voltage and
hence temporary power loss. Under extreme situations such as dry anode feed, large stepincrease in the current density and/or lower temperatures, the cell voltage may even
reverse, resulting in not only power loss but also cell degradation.

iv
To extend the work to two-phase transients where liquid water appears and
drastically alters the dynamic behaviors of a PEFC, a steady-state model fully coupling
the two-phase flow, species transport, heat transfer, and electrochemical processes was
first developed to predict the liquid water distribution and flooding under non-isothermal
conditions. Water condensation or evaporation and its impact on the PEFC operation are
fully accounted for. A theoretical analysis is presented to show that in the two-phase
zone water transport via vapor-phase diffusion under the temperature gradient is not
negligible and comparable to the water production rate in PEFCs. The ensuing heat pipe
effect increases about 15% thermal conductivity in the GDL.
Finally, based on the non-isothermal two-phase analysis at steady state, a transient
model further considering various transient terms is developed to study the dynamics of
GDL de-wetting and its impact on PEFC performance. It is found that the de-wetting of
fuel cells by dry gas is characterized by several regimes of different time constants.
These regimes can be defined fundamentally by through-plane drying versus in-plane
drying as well as the differing water diffusivity between the anode and the cathode. The
differing time constants of various de-wetting regimes also impact the evolution of cell
voltage due to the Ohmic loss in the membrane.
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Chapter 1
Introduction
Fuel cells, realizing the direct energy conversion from chemical energy of a fuel
to electricity, have become the focus of new energy development. Their noteworthy
features, high energy-conversion efficiency and zero emission, meet the critical demands
of a modern and rapidly growing society. Among all types of fuel cells, the polymer
electrolyte fuel cell (PEFC), also named by polymer electrolyte membrane (PEM) fuel
cell, has reached “center stage”, particularly for mobile applications. Besides providing
high power capability and a clean energy source, PEFCs work at low temperatures and
can be compactly assembled, making them one of the premiere power source candidates
for vehicles and portable electronics.

1.1 Background
The fuel cell prototype was first developed in 1839 by Sir William Grove, who set
up a simple experiment to indicate the electricity produced by the reverse process of
water electrolysis. However, due to cheap competitors in coal and oil and limitation in
technological development, fuel cell research lagged until the middle of the last century,
when adoption of the PEFC in the NASA Gemini spacecraft provided a milestone for fuel
cell applications.
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PEFC technology was developed at General Electric in the early 1960s through
the work of T. Grubb and L. Niedrach (Http, 2006). Early versions of the PEFC, as used
in the Gemini flight, encountered many problems during operation. First, because a
polystyrene sulfonic acid membrane was utilized as the electrolyte, fuel cell lifetime was
only several hundred hours due to oxidative degradation of the C-H bond backbone of the
electrolyte. Secondly, proton conductivity of these membranes was not sufficiently high
to reach a power density even as low as 100 mW cm-2. In addition, high loading of
platinum in the catalyst rendered the PEFC extremely expensive.
Fortunately, these early problems did not inhibit ongoing research on PEFCs, due
to their perceived potential as an energy source, including inherently high energyconversion efficiency, high power-density, zero-emission, quietness, and easy scale-up.
Indeed, with the growing concerns of energy crises and environmental issues, the amount
of interest in fuel cells, especially PEFCs, expanded exponentially in recent decades.
However, there are still significant barriers, to be elaborated below, which prevent
commercialization of fuel cells.

Overcoming these barriers is the current focus of

research in this field.
Cost — The most expensive component of a PEFC is the membrane electrode
assembly (MEA). First, the catalyst of the electrochemical reaction is still the costly
platinum and its alloys. Even though decreased by a factor of over 100 during the past
decades, the loading of this noble metal still makes PEFC non-competitive with other
energy sources. New dispersion methods are still under study to minimize the usage of
noble metal catalysts. An alternative is use of non-precious materials. Unfortunately, to
date, platinum remains the best catalyst candidate in PEFCs. Secondly, the Nafion
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membrane, used as the electrolyte, is also an expensive material. Even though it still
plays a unique role in PEFCs at the present time, other cheap materials, such as Raipore
and the polystyrene sulfonic acid (PSSA) membrane may provide substitutes for Nafion
once their properties are further enhanced.
Performance — Even though development over recent years has brought current
densities beyond 1 A/cm2, there is still great potential for further increase. The approach
includes electrochemically enhancing the electrodes to decrease the activation
polarization. In addition, use of thinner membranes results in lower ionic resistance, thus
enhancing PEFC performance.

At the same time, in order to simplify auxiliary

equipment, there is a trend toward adoption of low-humidity operations, which may
contribute to membrane dryness. Therefore, proper water management is necessary to
decrease the ohmic loss and avoid flooding. Furthermore, proper distributor designs can
aid water management and enhance the species transport, thus decreasing mass transport
loss.
Durability — The present PEFC lifetime of several hundred to a thousand hours
is not acceptable for commercialization.

For example, automotive applications as

propulsion engines require a fuel cell lifetime ranging from 3000 to 5000 operating hours.
Durability is highly related to the degradation of materials in PEFCs, such as the
dissolution of the membrane, catalyst passivation, and ionic contaminants. Due to its
thermal and chemical stability, use of Nafion as the electrolyte significantly improves the
lifetime of the membrane. However, inexpensive substitutes, as mentioned above, still
require improved chemical properties to meet lifetime requirements.

In addition, a

decrease in the effective platinum surface area with time reduces CO tolerance of fuel
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cells. Furthermore, new materials are needed to enhance the corrosion resistance of the
bipolar plates to decrease the potential contact resistance for electronic transport. Finally,
the durability can be significantly enhanced by proper cell design and suitable operation
conditions.
The three areas outlined above are the primary challenges for PEFC
commercialization, and are also interrelated to a certain degree.

For example, the

approach of reducing catalyst loading is under the criterion of maintaining cell
performance and durability. Durability is related to the change in cell performance over
time. In addition, study on these fields includes the aspects of both steady-state and
transient operations of PEFCs. In the open literature, while the research on steady-state
operations is extensive, the dynamic behavior is of paramount importance to PEFCs,
given the rapid variation of loads in the applications, such as automobile fuel cells.
However, the dynamics of PEFCs have rarely been studied in the aspects of fundamental
modeling and numerical simulations. The overriding objective of this thesis research is
to explore the characteristics of dynamic responses and develop fundamental transient
models for PEFCs.

To accomplish this, a brief introduction of fundamental PEFC

principles is given below.

1.2 Fundamentals of a Polymer Electrolyte Fuel Cell

1.2.1 Structure of a PEFC
As shown in Figure 1-1, a PEFC usually consists of the following components.
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Bipolar plates, which form the outside, play two important roles: electronically
connecting the adjacent cells and distributing the reactant gases over the anode and
cathode. Graphite and metal are common materials used for the bipolar plates, which
provide both highly electronic conductivity and corrosion resistance (as coatings on
metals).
Gas diffusion layers (GDLs), attached to the MEA, perform multiple functions.
The diffusion layer is either carbon cloth or carbon paper, with thickness ranging from
100 to 300 µm. These high porosity media allow species transport between the gas
channel and MEA. In addition, the carbon matrix is the electronic connection between
the bipolar plate and the electrode.

Furthermore, GDLs are made hydrophobic by

impregnation of PTFE in order to facilitate liquid water removal.
Catalyst layers, where the electrochemical reactions occur, are the thinnest parts
of a PEFC, with the thickness of around 10 µm. Three phases exist in this component,
the C/Pt or Pt alloy catalyst, the ionomer, and the gas phase, as shown in Figure 1-2.
Carbon functions as the support for Pt particles and as substrate for electronic transport
and the electrolyte allows conductivity of protons. The species transport in the catalyst
layer takes place mainly in the gas phase.
The proton-conducting membrane, normally made of Nafion, plays dual roles
as gas separator and electrolyte, dividing the anode and cathode flows, and acts as the
media for the protons to pass through. A micro-view of the membrane structure is shown
in Figure 1-2.

In the molecular structure, Nafion is characterized by hydrophobic,

fluorinated long main chains with hydrophilic sulfonic acid side chains (Yeager and
Steck, 1981; Jinnouchi and Okazaki, 2003).

Since there is a strong bond between
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fluorine and carbon, the main chain, PTFE, is chemically stable. In addition, water is
strongly associated with the sulfonic acid group. The protons are relatively weakly
attracted to the SO3- group, and are able to travel in the hydrated region. The larger the
hydrated regions, the easier the proton movement. Thus, proton conductivity of the
membrane is strongly correlated with the water content, defined as the number of water
molecules per sulfonic acid group.

1.2.2 Operating Principles of a PEFC
As shown in Figure 1-1, the humidified or partly humidified fuel, such as
hydrogen, and air are fed into the anode and cathode inlets, respectively. The reactant
species pass through the GDLs and reach the catalyst layers, where the following
electrochemical reactions occur on the Pt surface.
Hydrogen oxidation reaction (HOR) in the anode:

H2→2H++2e-

(1.1)

Oxygen reduction reaction (ORR) in the cathode:
O2+4e- +4H+→ 4H2O

(1.2)

The protons produced in the anode catalyst layer pass through the electrolyte to
reach the cathode, which gets the electrons produced in the anode through the external
circuit. Water is produced on the cathode side, where the electro osmotic drag through
the membrane also brings some amount of water from the anode side. Water produced
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from the electrochemical reactions is removed from the fuel cell by both the anode and
cathode streams.
The above process briefly describes the electrochemical kinetics and transport
phenomena in a PEFC. There are three primary aspects impacting the performance of
PEFCs. First, how fast do the reactions proceed? Second, what resistance do the protons
experience when passing through the membrane? Third, how fast are the reactants
supplied to the reactions and the products removed from the reaction sites? These three
aspects can also be illustrated through a voltage vs. current density polarization curve of
the fuel cell, and correspond to the well-known three polarizations as shown in Figure 1-3
the activation polarization, the ohmic polarization, and the mass transport polarization.
The activation polarization dominates the region of low current densities, since
voltage losses due to the species and proton transport are negligibly small. The activation
loss is mainly controlled by the electrochemical kinetics, such as the reaction
temperature, catalyst surface area, reaction Tafel slope, and exchange current density.
With increase in current density, the ohmic loss becomes the major factor
accounting for performance loss in the fuel cell. Assuming sufficiently high electronic
conductivity, the ohmic loss is ascribed to the ionic resistance of the electrolyte, which is
mainly determined by its hydration level. Since water is also a production of the PEFC,
proper water management, e.g. making full use of product water to humidify the
membrane, will alleviate the ohmic loss without requiring external humidification. In
addition, use of thinner membranes also decreases the ohmic polarization.
If the current density is further increased so that the reaction rate of the reactants
exceeds the transport rate, the mass transport limitation will dominate the performance of
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the fuel cell. This loss is mostly determined by factors such as the diffusivity in the
GDLs and catalyst layers, and the composition and pressure of the oxidant gas. In
addition, proper design of the flow field will enhance the mass transport. In addition,
under high current density, due to the large amount of water produced in the cathode,
flooding may occur and liquid water will block the open pores of GDLs, thus
exacerbating the mass transport limitation.

1.3 Literature Review on PEFC Modeling
The following section only gives a general overview on mathematical modeling
approach in the past decade, while detailed reviews on specific aspects will be distributed
in the following chapters corresponding to the specific topic.
A comprehensive review of fuel cell modeling has been provided by Wang
(2004).

The work of Costamagna and Srinivasan (2001, 2001) introduced the

fundamental aspects and applications in PEFC science and technology up to 2001.
The pioneering works in PEFC modeling can be considered to begin with those of
Bernardi and Verbugge (1992) and Springer et al. (1991, 1993) which made a jump from
empirical studies to a more phenomenological approach.

Their models were one-

dimensional with focus upon the diffusion layers and membrane-electrode assembly
(MEA). Early two-dimensional works were carried out by Fuller and Newman (1993),
Nguyen and White (1993). Fuller and Newman (1993), based on their former works
(Fuller and Newman, 1989, 1992; Fuller, 1992), considered two-dimensional MEA in
depth and axial directions operating on reformed methanol. Nguyen and White (1993),
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based on their work (Nguyen and White, 1989), presented a model accounting for the
regions of gas channels, GDLs, and the MEA.
One three-dimensional model was developed by Dutta et al. (2000).

Their

following work (Dutta et al., 2001) applied this model to predict mass exchange between
the two sides in a fuel cell with twenty serpentine channels. Another three-dimensional
model based on a single-domain approach was proposed by Um et al. (2000) and Um and
Wang (2000). This model included a detailed description of mechanisms in the MEA,
such as electrolyte potential behavior and species transport, especially water, through the
membrane in single phase. It was later further extended to study large-scale simulations
using parallel computing (Meng and Wang, 2004). The above models are mostly under a
single-phase assumption.

In the two-phase modeling, Mazumder and Cole (2003)

extended their single-phase approach (Mazumder and Cole, 2003) to a two-phase model
to study the two-phase flow in hydrophilic GDLs. Birgersson et al. (2005) recently
present a non-isothermal separate flow model, consisting of separate equations to
describe water transport in liquid and gas phases, respectively. Most recently, Wang and
Wang (2006) developed a 3D non-isothermal two-phase model for PEFCs and introduced
two mechanisms for heat and water transport, i.e. water vapor-phase diffusion and heat
pipe effect, for the first time.
The above-mentioned models were mostly for steady-state performance, while
dynamic behaviors are also critical to PEFCs, given the rapid variation of operation loads
in the applications. Transient issues have been studied by several researchers. Amphlett
et al. (1996) presented a simple system-level model to study the dynamic responses of a
PEFC stack. Their subsequent work (Amphlett et al., 1997) experimentally studied the

10
coupled system of a fuel cell stack and a lead-acid battery.

Ceraolo et al. (2003)

proposed a one-dimensional model which only considered the cathode side. Xue et al.
(2004) and Pathapati et al. (2005) developed a system-level dynamic model using
lumped-parameters in each sub-system. The work of Um et al. (2000) performed a
transient analysis of gas transport, while it does not address complex transients of
membrane water uptake and GDL water accumulation. Similar studies following the
approach of Um et al. (2000) were carried out by Yan et al. (2005) and Shimpalee et al.
(2006).

1.4 Objectives of the Present Study
The foregoing literature review indicates that the fundamental understanding in
PEFC transients is largely absent, and there is an urgent need to understand various
dynamic responses, explore important dynamic mechanisms, and develop a rigorous
multi-dimensional, transient model. To meet this need, the objective of this study is to:
(1). explore the physicochemical processes occurring in PEFCs during transients, such as
gas transport, water transport in the electrolyte, water accumulation in the membrane,
catalyst layer and GDL, electrochemical double-layer discharging/charging, heat transfer,
and phase change; (2). differentiate them by their individual time constants through
theoretical analysis; (3). mathematically describe these dynamic processes and investigate
them in numerical simulations to guide the future work in PEFCs, such as experiments
and fuel cell designs. In particular, the modeling efforts are made for the following three
categories PEFC transients:
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1. Single-phase transients: dynamic response to cell voltage change;
2. Single-phase transients: dynamic response to current density change;
3. Two-phase transients.
To this aim, a single-phase transient model was first developed based on time
constant analysis of the various dynamic responses. In order to study the dynamics under
the current change, an effort is made to incorporate the electron transport into the model.
In addition, due to the computational intensiveness of transient simulations, a
comprehensive single-phase model, i.e. the variable-flow formula, is developed to verify
the validity of the constant-flow assumption. The assumption renders the numerical
simulations fast and robust therefore is suitable for the study of fuel cell transients.
Following the single-phase approach, a two-phase transient model is developed to
understand the dynamics of liquid water transport in fuel cells. The transient modeling
requires the fundamental understanding of multi-phase transport in fuel cells at steady
states, which is still under study and has not been fully understood to date. Therefore, a
great effort has also been made to develop a non-isothermal two-phase model and explore
the mechanisms governing water and heat transport. Thereafter, it is extended to study
two-phase transients of PEFCs.
In the following, Chapter 2 develops a comprehensive single-phase model, i.e. the
variable-flow model.

The variable-flow model is then implemented to numerical

simulations to study the flow physics in a fuel cell and verify the constant-flow
assumption. Chapter 3 develops a single-phase transient model and provides a theoretical
analysis on the time constants of various processes. Discussion on the dynamic response
to cell voltage change is presented. Chapter 4 further expands the single-phase transient
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model by incorporating the electron transport, making it possible to study the dynamic
response to current density change. Focus is placed on exploring the dynamics of water
transport through the membrane. Chapter 5 develops a steady-state, non-isothermal, twophase model and explores the physics of the interaction between the heat and two-phase
transport. Chapter 6 further expands the non-isothermal two-phase model by including
the transient terms to study the dynamics of two-phase transport in a PEFC. Finally,
Chapter 7 provides a summary and discusses future work.
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Figure 1-1: The schematic structure of a PEFC.
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Figure 1-2: The schematic structure of MEA.
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Figure 1-3: A polarization curve of a PEFC.

Chapter 2
Single-Phase, Steady-State Characteristics

2.1 Introduction
Mathematical modeling of polymer electrolyte fuel cells (PEFCs) has been a
rapidly growing field of research. Previous models can be categorized into three main
groups. The first group (Bernardi and Verbrugge, 1992; Springer et al., 1991, 1993;
Fuller and Newman, 1993; Nguyen and White, 1993), mostly earlier work, focuses on
electrochemical modeling in one or pseudo-two dimensions. Gas flow and density along
anode and cathode channels are either ignored or assumed to remain constant and
uniform throughout a PEFC.
The second group is based primarily on the computational fluid dynamics (CFD)
approach, where two-or three-dimensional solutions were obtained by solving transport
equations governing conservation of mass, momentum, species, energy and charge. The
multi-dimensional flow fields in anode and cathode gas channels are solved
independently and provided as input to the species and energy equations. This group of
models recognized the fact that under normal operating conditions, flow and density
fields in gas channels remain approximately invariable. Thus, a simplification was made
to neglect the mass source/sink term in the continuity equation and assume a constant gas
density in the momentum equation. This yielded decoupling of the flow field from the
species, electric potential and temperature fields, thereby significantly accelerating the
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calculations. Possible inaccuracy introduced by this splitting of the problem may occur
on the anode side; however, the hydrogen concentration profile is relatively unimportant
as the anode overpotential is typically negligible. In addition to reducing memory and
computational requirements, this splitting of fuel cell problem has the added advantage of
allowing for the consideration of different cell voltages/current densities for the same
flow field. Notable work in this category is the single-phase models proposed by Garau
et al. (1998) and Wang and co-workers (Um et al., 2000; Um and Wang, 2000, 2004;
Meng and Wang, 2004). These models included a detailed description of water and
proton co-transport as well as electrochemical reactions in the membrane electrode
assembly (MEA). Further, the model of Um et al. (2000) has been successfully applied
to large-scale simulations using parallel computing (Meng and Wang, 2004) as well as to
study complex flow and transport phenomena in a 50 cm2 PEFC (Wang and Wang,
2005).
The decoupling of flow field from the species concentration field becomes
impossible in PEFCs operated with large density and velocity variations, e.g. under ultralow anode stoichiometry. Simulation of such extreme conditions calls for the third group
of models where the gas flow field is fully coupled with electrochemical and transport
equations. A representative work in this category is due to Dutta et al. (2000) who
proposed a model considering variable gas density and mass source/sink in the continuity
equation. Unfortunately, all simulations in their study (Dutta et al., 2000, 2001) were
shown for cases with small density variation (less than 15%) along the channel. In
addition, the velocity variation along the channel may affect the water distribution by
convection, thus influencing cell performance especially under low-humidity operation.
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Accurate capturing of water transport and distribution in PEFC also requires a detailed
MEA model, which was absent in the work of Dutta et al. (2000, 2003). Indeed, Büchi
and Scherer (2001) experimentally showed a strongly non-linear water content profile
prevailing in the Nafion® membrane, and Kulikovsky (2003) numerically demonstrated
the paramount importance of accounting for non-linear water transport through the
membrane. Meng and Wang (2004) further pointed out that ohmic and transport losses in
the catalyst layer are significant, especially for MEAs with thinner membranes, such that
the catalyst layer cannot be treated as an interface without thickness.
The objective of this chapter is two-fold. One is to expand upon the single-phase
model of Um et al. (2000) by including variable density and mass source/sink term in the
continuity equation. This variable-flow model then fully couples flow, transport and
electrochemical processes as well as includes a detailed MEA model. The other is to
compare the present full model with the previous constant-flow model to ascertain the
validity range of the latter, which will be expanded to a transient model due to its
efficiency in numerical implementations.

2.2 Mathematical Modeling
The fuel cell to be modeled is schematically shown in Figure 1-1, and consists of
the following six sub-regions: bipolar plates, coolant channel, anode/cathode gas channel,
anode/cathode gas diffusion layer (GDL), anode/cathode catalyst layer, and ionomeric
membrane.
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In addition, even though the membrane is a solid-state electrolyte, there is water
and proton co-transport, which is essential to the operation of a PEFC and dictates the
ohmic polarization. Furthermore, for transient analysis, variation of membrane hydration
level will have great influence on performance.

Thus, a full description of the

electrochemical and transport phenomena in the membrane is required, especially in the
through-plane direction.
The catalyst layer is thin, with thickness around 10 µm. Figure 1-2 shows the
internal structure of the catalyst layer, where co-existence of three phases is essential for
the operation of PEFCs as follows: the catalyst particles determine the activation loss, the
gas phase delivers reactants, and the electrolyte phase controls the ohmic loss through
proton transport.

The species and proton transport requires a multi-dimensional

description of the catalyst layer, especially in the through-plane direction.
The gas channels and diffusion layers are primarily for distributing reactants and
removing product. In the gas channel, convection dominates the mass transport, while
molecular diffusion is dominant in the porous GDL. Normally, laminar flow takes place
in the gas channel due to Raynolds number, typically smaller than 1000, thus no
turbulence model is necessary in PEFC models. The mass transport limitation is usually
determined by transport properties and microstructure of the porous GDL.
In addition, coolant channels are also a necessary part of PEFC system for heat
removal. However, the physics in coolant channels is simple therefore not considered in
the current model. The discussion on coolant flows and their modeling can be found in
the work of Wang and Wang (2006).
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2.2.1 Governing Equations
Under the following assumptions: 1.) ideal gas mixtures, 2.) laminar flow due to
small pressure gradients and flow velocities, 3.) isotropic and homogeneous electrodes,
GDLs, and membrane, 4.) single phase mixtures, 5.) isothermal condition, a fundamental
model of PEFCs, consisting of four principles of conservation: mass, momentum, species
and electric charge, can be expressed as:
r
∂ρ
+ ∇ ⋅ ( ρu ) = Sm
∂t
r
rr 
1  ∂u 1
p
Momentum:  + ∇ ⋅ ( u u ) = −∇( ) + ∇ ⋅ τ + S u
ε  ∂t ε
ρ


Continuity: ε

(

)

Charge: 0 = ∇ ⋅ κ eff ∇Φ e + SΦ e

2.1
2.2
2.3

The species conservation can be expressed, in terms of the concentration
expression, as:

Species: ε

∂C k
r
+ ∇ ⋅ (u C k ) = ∇ ⋅ ( Dkeff ∇C k ) + S k
∂t

2.4

or in terms of the mass fraction because of the relation:

ρmk = M k C k

2.5

The source terms, S u , S k , and S Φ e , identified for various regions of a fuel cell
are listed in Table 2-1. The central idea of this model is to employ a single set of
governing equations in all regions throughout a fuel cell.
To calculate the flow field, mass and momentum equations will be solved with the
appropriate stress tensor formula as given by Bird et al. (1960) for fluids of variable
density and viscosity:
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τ

ij

= − µ(

∂u i ∂u j
2 ∂u
+
)+ µ k δ
∂x j ∂xi
3 ∂x ij
k

2.6

where δij is the Kronecker delta function.
The superficial velocity is used in the present model for both gas channels and
GDLs in order to automatically ensure normal mass flux continuity at the channel/GDL
interface. In addition, permeability in the membrane is assumed to be 10-30 m2, which
effectively renders the fluid velocity zero.
The charge transport equation includes the charge transfer reaction term for both
anode and cathode catalyst layers. HOR, Eq. 1.1, and ORR, Eq. 1.2, occur at the anode
and cathode of PEFCs, respectively. The two reactions can be summarized by the
following single formula:

∑s

k

M kz = ne −

k

2.7

where M kz is the chemical formula of species k, s k is the stoichiometry coefficient and n
is the number of electrons transferred. For example, for HOR, s k =1 for H2, s k =-2 for H+
and n=2.
The electrochemical kinetics are described by Butler-Volmer equation,
 α

 α

j =a i 0 exp a ⋅ F ⋅η  − exp − c ⋅ F ⋅η 

 RT

  RT

2.8

In the PEFC, HOR is fast, thus yielding a low anode overpotential. Therefore the
above equation can be adequately simplified to a linear kinetic equation. For ORR,
sluggish kinetics results in high cathode overpotential. Thus, the Butler-Volmer equation
can be well approximated by Tafel kinetics. That is:
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For the cathode: jc =-a i0,c  O2
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 RT



 exp  − α c F ⋅ η
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where the surface overpotential is defined as:

η = Φs − Φe −Uo

2.11

Under the assumption of an infinitely large electronic conductivity of the
electrode matrix, the electrode becomes an equal-potential line, such that:
Φs=0 on the anode
Φs=Vcell on the cathode.
If the electronic conductivity of electrode matrices and current collector limits the
performance of PEFCs, an additional equation governing charge transport in the
electronic phase would have to be solved.
The kinetic, physical and transport properties necessary to close the model are
tabulated in Table 2-2 and Table 2-3.

2.2.2 A Variable-Flow Model

The mass source term, S m , is due to the electrochemical processes. In addition,
concentration variations of species will change gas density. These two factors drive the
fluctuation of gas flows in PEFCs. The variable density can be expressed as the function
of the molar concentrations of the components:
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ρ = ∑ Ck M k

2.12

The full continuity equation can be written as:

∂ (ε g ρ + ε e M H 2O C wm )
∂t

r
+ ∇ ⋅uρ = S m

2.13

The continuity equation for the gas mixture can also be obtained by summing up
all species equations. That is, performing operation of
∂ (∑ ε g C k M k + ε e M H 2O C wm )
∂t

∑ (M

k

× Eq. 2.4) yields:

r
+ ∇ ⋅ (u ∑ C k M k ) =

2.14

∇ ⋅ ( ∑ D ∇M k C k ) + ∑ S k M k
eff
k

or
∂ (ε g ρ + ε e M H 2O C wm )
∂t

r
+ ∇ ⋅ (u ρ ) = ∇ ⋅ (∑ Dkeff ∇M k C k ) + ∑ S k M k

2.15

Comparing with Eq. 2.13:
S m = ∇ ⋅ (∑ Dkeff ∇M k C k ) + ∑ S k M k

2.16

In the above, the diffusion terms contain contributions from the gas and
membrane phases. Assuming the sum of multi-component gas diffusion terms is equal to
zero and separating out the water diffusion term through the membrane phase, one can
arrive at:
S m = M H 2 O ∇ ⋅ ( D w , m ∇C H 2 O ) + ∑ S k M k

2.17

There is also the electro-osmotic drag term of water contained in the species source term
for H2O.

Thus, physically Eq. 2.17 indicates that the mass source consists of the

consumption or production of individual species due to electrochemical reactions as well
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as the water transport fluxes through the membrane due to diffusion and electro-osmotic
drag.
While Eq. 2.4 along with Eq. 2.13 can be used to solve water and oxygen
concentrations, the concentrations of hydrogen and nitrogen are calculated by the state
equation of ideal gases:
C H 2 / N2 =

p
− ∑ Ck
RT k =others

2.18

If the model formulation uses mass fractions of species, the density can be
expressed as the function of the mass fractions of the components:

ρ=

P
RT ∑ (mk / M k )

2.19

The mass source term can be readily derived by using the relation Eq. 2.5. Once
again, the species equations are used to solve for water and oxygen, while the mass
fractions of hydrogen and nitrogen are simply obtained by:
mH 2 / N2 = 1 −

∑

mk

k = others

2.20

2.2.3 Theoretical Analysis

It is instructive to estimate the transverse gas velocity induced by the mass
source/sink and the ensuing convection effect on species transport. In the one dimension
across the GDL and catalyst layer, integration of the continuity equation in the anode
results in:
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ρv = M H 2

I
I M
I
+ M wα =  H 2 + M wα 
2F
F  2
F

2.21

Here, v is the velocity component in the through-plane direction and α the net
water flux per proton through the membrane, which is a combined effect of electroosmotic drag and back diffusion. If we define the Peclet number as a parameter to
measure the relative strength of this transverse convection to molecular diffusion, it
follows that

Pe =

vδ GDL
D

 MH2
I
+ M wα  δ GDL

2
F
=
= 0.03(1 + 18α ) ≈ 0.1
ρD

2.22

for I=1.0 A/cm2, δ GDL =0.3 mm and α =0.1. This indicates that the convection effect due
to transverse flow is small as compared to the diffusive transport.

2.2.4 Variable-Flow vs. Constant-Flow Models

Note that the model described above fully couples the mass, momentum, and
species equations through various source terms and variable density. The flow field
determined by the mass and momentum equations, Eq. 2.1 and Eq. 2.2, is strongly
affected by the electrochemical processes via the mass source term, S m , and variable
density. This is hence termed variable-flow model. An elegant simplification of this full
model is to neglect the mass source in the continuity equation and assume a constant gas
density in the momentum equation. It follows that Eq. 2.1 and Eq. 2.2 are simplified to
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r
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2.23

rr
τ S
p
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ρ

ρ

ρ
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Eq. 2.23 and Eq. 2.24 then yield a flow field that is dependent only on the inlet
flow boundary condition and channel geometry, regardless of any electrochemical
process occurring in a PEFC. This simplified model, termed the constant-flow model
herein, effectively decouples the flow field from the species (with reaction) and potential
equations, thereby significantly accelerating calculations and reducing memory
requirements. Both models will be compared in the next section to assess possible
inaccuracy introduced by the constant-flow model.

2.2.5 Boundary Conditions

Eq. 2.1-Eq. 2.5, form a complete set of governing equations with nine unknowns:

r
u (three components), P ,T, C H 2 , C O 2 , C H 2 O , and φe . Their corresponding boundary and
initial conditions are described as follows:

Flow Inlets
r
The inlet velocity uin in a gas channel is expressed by the respective

stoichiometric flow ratio, i.e., ξ a or ξ c defined at the reference current density, Iref, as:

ξa =

C H 2 ρ a u in ,a Aa
I ref A
2F

and

ξc =

C O 2 ρ c u in ,c Ac
I ref A
4F

2.25
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where Aa and Ac are the flow cross-sectional areas of the anode and cathode gas
channels, respectively. The inlet molar concentrations, C k

a
in

and C k

c
in

, are determined

by the inlet pressure and humidity according to the ideal gas law.
Outlets
Fully developed or no-flux conditions are applied:
r
∂C k
∂u
∂P
= 0,
= 0,
=0,
∂n
∂n
∂n

∂φ e
=0
∂n

2.26

Walls
No-slip and impermeable velocity condition and no-flux conditions are applied:

r
u = 0,

∂C k
= 0,
∂n

∂P
=0,
∂n

∂φ e
=0
∂n

2.27

2.3 Convergence Criteria

In addition to the equation residuals, overall species balance must be monitored as
important convergence criteria. These species balance checks also ensure physically
meaningful results to be obtained, especially in the case of the variable-density model. In
particular, water balance for an entire fuel cell represents the most important solution
convergence criterion and is a key indicator to achieve converged results in fuel cell
simulations. These species balance criteria are as follows:
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%H imbalance
= 1−
2

H 2 MFR consumed + H 2 MFR out
⋅ 100%
H 2 MFR in

2.28

%O imbalance
= 1−
2

O 2 MFR consumed + O 2 MFR out
⋅ 100%
O 2 MFR in

2.29

H 2 O MFR out
⋅ 100%
H 2 O MFR in + H 2 O MFR production

2.30

%H 2 O imbalance = 1 −

where the ‘MFR’ represents ‘mass flow rate’. The MFR consumed is calculated through
the current density in the membrane:
H 2 MFR consumed =
O 2 MFR consumed =
H 2 O MFR consumed =

MH2
2F
M O2
4F

∫∫ I(y, z) dydz =
mem

∫∫ I(y, z) dydz =
mem

M H 2O
2F

∫∫ I(y, z) dydz =
mem

M H2
I avg Amem
2F

2.31

M O2
I avg Amem
4F

2.32

M H 2O
I avg Amem
2F

2.33

In the above, the local current density can be calculated by:
I ( x, y , z ) = −κ eff

I avg =

1
Amem

∂φe
∂x

mem

∫∫∫ I ( x, y, z)dxdydz

2.34
2.35

mem

2.4 Numerical Implementation

The governing equations are discretized by the finite volume method (Patankar,
1980) and solved by the commercial CFD software package, Fluent® (version 6.0.12),
with SIMPLE (semi-implicit pressure linked equation) algorithm (Patankar, 1980). The
source terms and physical properties are incorporated into a UDF (user-defined
functions), based on the software’s user-coding capability. The coding work expands
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upon my previous programming effort in implementation of the constant-flow model.
The manual of the user-codes has been documented at the Electrochemical Engine Center
(ECEC) at the Pennsylvania State University.
For finite-volume discretization, it is convenient to unify all governing equations,
including the transient terms, in the following form:
r
∂εΦ
+ ∇ ⋅ (u Φ − Dkeff ∇Φ ) = S Φ
∂t

2.36

where Φ stands for any dependent variable. An exact form of the above equation, valid
for an arbitrary volume V bounded by a closed surface S, can be written as:
r
r
∂
εΦdV + ∫ (u Φ − Dkeff ∇Φ) ⋅ dS = ∫ S Φ dV
∫
∂t V
S
V

2.37

r
where S is the surface vector. If V and S are, respectively, taken to be the volume Vp and

discrete faces Sj (j=1,Nf) of a computational cell, one can reach
r
r
∂
εΦdV + ∑ ∫ (u Φ − Dkeff ∇Φ ) ⋅ dS = ∫ S Φ dV
∫
∂t V p
j Sj
Vp

2.38

The terms in the above are discretised, respectively, as:
(εΦV p ) n − (εΦV p ) 0
∂
~
εΦdV −
∂t V∫p
δt
r
r
r
r
r
eff
eff
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u
Φ
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∇
Φ
)
⋅
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S
−
(
u
Φ
⋅
d
S
)
−
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D
∇
Φ
⋅
d
S
)j
∑∫
∑
∑ k
k
j
j Sj

j

∫S

Φ

2.39

j

dV ~
− s1 − s 2 Φ p

Vp

The temporal discretization adopts a fully-implicit scheme in which the spatial flux
discretization is performed on the new time-step.

In addition, upwind differencing

scheme is selected for the convection term, while central differencing for the diffusion
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one. Proper linearization is made for the source term to accelerate and stabilize the
calculations. Details about the schemes and source term linearization can be found in the
book of Patankar (1980). The final form of the discrete finite volume equation can be
expressed as:
A p Φ np = ∑ Am Φ nm + s1 + B p Φ 0p
m

2.40

Where Am represents the effects of convection/diffusion and the summation is over all
neighboring nodes used in the flux discretization. The expressions of B p and A p are
(εV p ) 0

δt

and

∑A

m

+ s 2 + B p , respectively. Eq. 2.40 is solved by the algebraic multi-grid

m

(AMG) method.
The mesh of a single-channel PEFC employed in the present work is shown in
Figure 2-1 with the anode and cathode in co-flow. Geometrical and operating parameters
of this PEFC are listed in Table 2-4. About 100,000 (51×100×20) computational cells are
used to capture the complex electrochemical and physical phenomena in the PEFC. A
mesh-independence study has been carried out and shows that the numerical results, to be
displayed in the next part, change within 0.5% when the grid size is reduced by half in
each dimension.

In addition, overall species mass balance is checked besides the

equation residuals as important convergence criteria. These species balance checks also
ensure physically meaningful results to be obtained.

In all the simulations to be

presented in the next section, values of species mass imbalance (i.e. H2, O2 and H2O) are
all less than 0.1%.
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2.5 Results and Discussion

Two limiting conditions representative of common PEFC operation, i.e. anode
stoichiometry of 1.2 and 2.0, are chosen to display detailed calculation results with the
cathode stoichiometry fixed at 2.0. Other operating conditions are listed in Table 2-4.
Particularly, we are interested in exploring the low-humidity operation (i.e.
RHa/RHc=50%/0%), where water transport characteristics in the anode may be altered by
variable flow under large density and velocity changes, thereby affecting the cell
performance. Table 2-5 lists two comparisons between the two models: one is at the
anode stoichiometry of 2.0 @ 0.5 A/cm2 and under a constant cell voltage of 0.625 V,
and the other is at the anode stoichiometry of 1.2 and under a constant current density of
0.5 A/cm2.
Figure 2-2 displays the axial profiles of the mass source in the anode catalyst
layer, scaled by the anode inlet flow rate.

The total mass source consists of the

contributions from hydrogen consumption, water electro-osmotic drag, and water back
diffusion. The integral of each curve represents the ratio of the total mass source/sink in
the catalyst layer to the anode inlet flow rate. For stoicha=2.0, it can be seen that the
anode loses a large amount of mass in the first quarter of the channel due to water
electro-osmotic drag across the membrane, and gradually gets mass back from back
diffusion of water in the latter part of the fuel cell. Compared with the mass source due
to water, hydrogen contribution is negligibly small.

In addition, it can be seen in

Figure 2-2 that the two water sources due to electro-osmotic drag and diffusion,
respectively, almost cancel each other starting from the dimensionless distance of 25%
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into the channel, making the total mass source small in the last three-quarters of the
channel. In the case of stoicha=1.2, it can be seen from Figure 2-2 that the anode always
loses mass to the cathode and magnitude of the total mass source is significant not only in
the first quarter but also the last quarter of the channel.
Figure 2-3 shows streamwise variations of the average axial velocity and density
in gas channels predicted by the variable-flow model for stoicha=2.0. It can be seen that
the density in the cathode decreases only by 4% along the channel, while that in the
anode deceases by 12% over the first quarter of the length, then increases back by ~30%
from the lowest density. The negligible variation in the cathode gas density is expected
as nitrogen is a diluent of dominant composition. The large density variation in the anode
stems from the large density contrast of hydrogen to water vapor. In addition to the
density change, the velocity variation along the fuel cell length is more dramatic.
Figure 2-3 shows that the anode average velocity decreases by nearly 50%, while the
cathode velocity changes by 9%. Again, the small variation in the cathode velocity can
be easily explained by the much larger density of the cathode gas stream.
Figure 2-4 shows the same density and velocity profiles for stoicha=1.2. Now, the
density and velocity changes become much more severe due to the much smaller anode
flow rate, amounting to greater than 50% and 80% respectively. As a result of the large
change in the axial velocity, species transport in the anode channel dominated by
convection may be quite different from that in a constant flow.
Figure 2-5 compares the average water/hydrogen molar concentrations along the
anode gas channel for stoicha=2.0, between the variable-flow and constant-flow models.
The most remarkable difference is in the hydrogen concentration profile. The variable-
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flow model predicts an almost flat profile and H2 molar concentration retains pretty much
the inlet value. In contrast, the constant-flow model predicts a sharply declined H2
profile. This is because in the constant-flow model, the flow rate does not decrease as in
the variable-flow model and consequently the concentration must be lowered in order to
satisfy hydrogen consumption by the anode reaction.

This dramatic difference in

hydrogen concentration, however, does not impact the overpotential for HOR as the
reaction is sufficiently facile under both concentrations. As compared with hydrogen, the
water concentration profiles predicted by both models are much closer. They look
similar also in that the water concentration decreases near the inlet due to dominance of
electro-osmotic drag and then increases due to enhanced back diffusion. Figure 2-6
compares similar profiles for stoicha=1.2. The same trends discussed above prevail
except that the differences between the two models are enlarged, as can be expected.
Figure 2-7 presents water/oxygen molar concentrations averaged in the cathode
gas channel for stoicha=2.0. Compared with Figure 2-5, differences on the cathode side
between the two models are much smaller due largely to the lesser variation in density
and axial velocity in the cathode as shown in Figure 2-3.

Interestingly, the water

distributions are almost identical whereas there is a little difference in the oxygen profiles
between the two models. Note that the average current densities in this comparison for
stoicha=2.0 under constant cell voltage of 0.625 V are slightly different: 0.41 and 0.45
A/cm2 from the constant-flow and variable-flow models, respectively.
Details of the transverse flow in the fuel cell cross-section are shown in Figure 28 through Figure 2-10 for three representative axial locations: the inlet, the middle and

the outlet. In each figure, the velocity vectors are presented for stoicha=2.0 along with
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contours of a scalar as predicted by the variable-flow model. First, near the anode inlet,
there is strong transverse flow going from the anode to cathode, as shown in Figure 2-8.
In the anode GDL, it can be seen that the magnitude of the velocity is about 0.005 m/s,
and hence the Peclet number,

vδ GDL
, of ~0.15. This is consistent with the estimate
D

presented in Eq. 2.22 and indicates that diffusive transport of species dominates in the
GDL. Figure 2-8 also shows the cross-sectional density distribution and indicates that the
density is smaller in the anode catalyst layer as a result of the lower water concentration
due to electro-osmotic drag. In addition, it can be seen that density variation in the
through-plane direction is within 7%. On the cathode side, Figure 2-8 shows that the
transverse velocity is nearly ten times smaller than that in the anode.

Thus, the

convection effect in the cathode GDL can be safely ignored. In addition, the density
variation in the cathode is less than 2%.
Figure 2-9 shows the cross-sectional velocity vectors and water concentration
contours at the mid-length of the cell. At this location, strong back diffusion of water
occurs, as evident from the higher water concentration on the cathode side. The back
diffusion then offsets the electro-osmotic drag, thus leading to a much smaller transverse
flow than in Figure 2-8.
Figure 2-10 shows the cross-sectional velocity vectors and pressure contours in
the outlet region. This location also features strong back diffusion of water, thus yielding
a transverse flow pattern similar to Figure 2-9. In addition, since there is flow in the
porous media, there exist pressure variations in GDLs and catalyst layers. The maximum
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pressure drop across the GDL and catalyst layer is around 12 Pa and 220 Pa, respectively,
in comparison to the operating pressure of 2×105 Pa.
Another observation from Figure 2-10 is that there exists a pressure difference
between the two surfaces of the membrane, even though the gas stream pressures are
equal on the two sides. While depending on the permeability of the catalyst layer, a
pressure difference of 220 Pa is possible as presented in Figure 2-10.
Figure 2-11 shows the profiles of hydrogen concentration in the through-plane
direction for stoicha=2.0 near the inlet and at the mid-length of the cell. Only part of the
gas channel is included in order to show more details in the porous GDL and catalyst
layer. At the mid-length of the cell, both curves under the land and channel exhibit a
decline from the GDL towards the catalyst layer, indicative of a diffusion-reaction
process. In addition, there is lower hydrogen concentration under the land than the
channel due to the land blockage on species transport. However, near the inlet region,
both curves under the land and channel reveal a totally opposite trend: hydrogen
concentration increases from the channel, to the GDL, and to the catalyst layer, while the
concentration under the land is higher than under the channel. The reverse profile results
clearly from the strong transverse flow existing in the region. Nonetheless, the weak
effect of convection only leads to a very slight increase in the H2 concentration.
Figure 2-12 presents contours of water content in the middle membrane for
stoicha=2.0, which determines the ionic resistance of the fuel cell. Here water content is
defined as the number of water molecules per sulfonic group in the membrane. It can be
seen that the distributions from the two models are very similar in most part of the
membrane. A difference appears in the outlet region, where higher water content is

36
indicated for the variable-flow model, which is ascribed to the higher water concentration
in the anode channel as shown in Figure 2-5. In addition, near the inlet area, water
content predicted by the variable-flow model is a little higher, which can be explained by
convection induced by the transverse flow in the anode GDL as shown in Figure 2-8.
The distributions of local current density from the two models are compared in
Figure 2-13, showing that the current density contours are again similar for the most part.
Similar to Figure 2-12, differences arise in the outlet and inlet regions. The difference in
the average current density between the two models is less than 10% for stoicha=2.0 and
0.625 V.
Using the polarization curve as a figure of merit, Figure 2-14 attempts to establish
the validity range of the constant-flow model. First, a comparison is made in Figure 2-14
between the two models for stoicha=2.0 @ 0.5 A/cm2 and full humidification of both
anode and cathode.

No appreciable difference is observed, demonstrating that the

constant-flow model is a physically sound and computationally advantageous model for
PEFCs operated under high to full humidification. For low-humidity operation (e.g.
RHa/c=50%/0%), we examined the anode stoichiometric ratios of 1.2 and 2.0. As can be
seen from Figure 2-14, the differences in the average current density are found to be less
than 14% and 10 % for the anode stoichiometry of 1.2 and 2.0, respectively. Note also
that the two polarization curves at stoicha=1.2 are terminated before 0.6 A/cm2 which is
the maximum current density possible for H2 stoichiometry of 1.2 @ 0.5 A/cm2.

37
2.6 Summary

A three-dimensional, multi-component model of PEFCs has been developed to
fully couple the flow field with transport and electrochemical processes, with focus on
studying operation with very large density and velocity variations.

Numerical

simulations were carried out for a single-channel PEFC operated under common
conditions with the anode stoichiometry setting to 1.2 and 2.0, respectively, and the
results were compared with the previous constant-flow model.

Simulation results

indicate that the density and velocity along the anode channel could change by more than
50% and 80%, respectively.

Deceleration of the anode gas flow under low anode

stoichiometry is a major finding from the present full model. As a result of anode flow
deceleration, the hydrogen concentration remains high.

Despite all these dramatic

differences in the anode density, flow and H2 concentration, the variable-flow and
constant-flow models yield very similar water and current distributions for the anode
stoichiometry as low as 1.2. The error in the average current density predicted by the
constant-flow model is less than 10% and 14% for the anode stoichiometry of 2.0 and
1.2, respectively, thus supporting the applicability of the constant-flow model under
common PEFC operation.
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Table 2-1: Source terms for the conservation equations in each region.
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Table 2-2: Physical and transport properties.
Quantity

Value

Ref.

Water vapor

log10 psat = -2.1794 + 0.02953 (T–273.15) –

saturate pressure,

9.1837x10-5 (T–273.15)2+1.4454x10-7 (T –
273.15)3

psat
Ionic conductivity

(0.005139λ - 0.00326) exp1268 1 − 1 


of membrane, κ
H2O diffusivity in
membrane, Dwm

(

 303 T 

coefficient, nd
Membrane density,

ρ

al., 1991
Springer et
al., 1991

)

3.1x10 −3 λ e 0.28 λ − 1 ⋅ e [−2436 / T ] for 0 < λ ≤ 3
Motupally et
D =
4.17 x10 − 4 λ 1 + 161e −λ ⋅ e [− 2436 / T ] otherwise
al., 2000
m
w

(

)

1.0 for λ ≤ 14

nd = 1.5
 8 (λ - 14 ) + 1.0 otherwise

Electro-osmosis

Springer et

ρ=

1.98 + 0.0324λ
× 10 3
1 + 0.0648λ

Zawodzinski
et al., 1995
West and
Fuller, 1996

Gas Diffusion
D eff = εD / τ

Coefficient in

-

eff

porous media, D

Diffusivity in the
gas channels
Viscosity of
anode/cathode gas,

µ

 T 
Do

 353 

3/ 2

1
 
 p

µ = 9.88 × 10 −6 X H2 + 1.12 × 10 −5 X H2O +
2.01 × 10 −5 X N2

Bird et al.,
1960
Incropera
and DeWitt,
1996
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Table 2-3: Electrochemical properties
Description

Equilibrium
potential, Uo

Anode

Cathode

0

1.23 − 0.9 × 10 −3 (T − 298)

1.0x109

10000

αa+αc=2

αc=1

Exchange
current density x
reaction surface
area, a i0
Transfer
coefficient, α
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Table 2-4: Geometrical, operating, and physical parameters.
Quantity

Value

Gas channel depth/width

1.0/1.0 mm

Shoulder width

1.0 mm

GDL thickness, δ GDL

0.3 mm

Catalyst layer thickness, δ CL

0.01 mm

Membrane (N112) thickness, δ m

0.051 mm

Fuel cell height/length

2.0/100.0 mm

Anode/cathode inlet pressures, P

2.0/2.0 atm

Cathode stoichiometry (stoichc), ξ c @ 0.5 A/cm2

2.0

Relative humidity of anode/cathode inlet

50/0%

Porosity of GDLs, ε

0.6

Porosity of catalyst layers, ε g

0.4

Volume fraction of ionomer in catalyst layers, ε m

0.26

Permeability of catalyst layers, K CL

10 -15 m 2

Permeability of diffusion layers, K GDL

10 -12 m 2

Temperature of fuel cell, T

353 K
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Table 2-5: Comparison of the results between the two models.
Stoicha=1.2

Stoicha=2.0

Cflow model

0.50 A/cm2 at 0.595 V

0.41 A/cm2 at 0.625 V

Vflow model

0.50 A/cm2 at 0.610V

0.45 A/cm2 at 0.625 V

43

In-plane
Along-channel direction

Lx

Thru-plane

Ly
Line1
(x,Ly/2,Lz/2)

Cathode catalyst layer
Membrane

Line2
(x,Ly/40,Lz/2)
H2
O2

Line3
(Lx/2,y,Lz/2)

Lz

Anode catalyst layer
MEA
Thickness or x direction

Figure 2-1: Computational domain and mesh of the single-channel PEFC.

Mass source scaled by anode inlet mass flow rate
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Total mass source (Stoicha=2.0)
MassH2 source (Stoicha=2.0)
MassH2O source by electro-osmotic drag (Stoicha=2.0)
MassH2O source by back diffusion (Stoicha=2.0)
Total mass source (Stoicha=1.2)

6

4

2

0
Shadow area represents mass flow rate into anode inlet

-2

-4

-6
0

0.25

0.5

0.75

Fractional distance from anode inlet
Figure 2-2: Mass sources in the anode catalyst layer scaled by the mass injection rate in
anode predicted by the variable-flow model for stoicha=2.0 (at 0.625 V and 0.45 A/cm2)
and 1.2 (at 0.61 V and 0.5 A/cm2), respectively.
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Velocity/Density scaled by inlet value
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Anode inlet density=0.255 kg/m3
Cathode inlet velocity=0.370 m/s3
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Figure 2-3: Average axial velocity and density in gas channels predicted by the variableflow model for stoicha=2.0 and 0.625 V.
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Velocity/Density scaled by inlet value
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Anode inlet density=0.255 kg/m3
Cathode inlet velocity=0.370 m/s
Cathode inlet density=1.98 kg/m3
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Figure 2-4: Average axial velocity and density in gas channels predicted by the variableflow model for stoicha=1.2 and 0.5 A/cm2.
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Figure 2-5: Comparison of average water/hydrogen molar concentrations in the anode gas
channel between the constant-flow and variable-flow models for stoicha=2.0 and 0.625 V.
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Figure 2-6: Comparison of average water/hydrogen molar concentrations in the anode gas
channel between the constant-flow and variable-flow models for stoicha=1.2 and 0.5
A/cm2.
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Figure 2-7: Comparison of average water/oxygen molar concentrations in the cathode gas
channel between the constant-flow and variable-flow models for stoicha=2.0 and 0.625 V.
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Figure 2-11: Profiles of hydrogen concentrations in the through-plane direction in the
anode for stoicha=2.0 and 0.625 V, predicted by the variable-flow model.
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Figure 2-12: Comparison of the water content distributions in the middle membrane
between the constant-flow (a) and variable-flow (b) models for stoicha=2.0 and 0.625 V.
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Figure 2-13: Comparison of current density distributions between the constant-flow (a)
and variable-flow (b) models for stoicha=2.0 and 0.625 V.
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Figure 2-14: Comparison of polarization curves for the two models.
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Chapter 3
Single-Phase Transients: Dynamic Response to Voltage Change

3.1 Introduction

The dynamic behavior is of paramount importance to automotive PEFCs, given
the rapid variation of loads in the application. Transient phenomena in PEFCs have been
studied by several researchers. A brief literature review on transient work, provided by
Chapter 1, indicates that the transients in automotive fuel cells are poorly understood and
the current stage in fuel cell transient research focuses on the dynamics of gas transport
while other important mechanisms, such as water uptake of membrane and
electrochemical double-layer charging and discharging, are still under unexplored.
The object of this chapter is to promote the understanding in the single-phase
transients through exploring the dynamic processes under cell voltage change,
theoretically analyzing the mechanisms during transients, and further modeling these
mechanisms based on the constant-flow approach, which is verified in the former chapter.
In addition, dynamic response to step change in humidification conditions under a
constant cell voltage is also explored.
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3.2 Single-Phase, Transient Modeling

3.2.1 Governing Equations

The basic transport equation for water-containing membrane can be stated as:

εm

(

)

∂C wm
eff
1
= ∇ ⋅ Dwm ∇C wm − ∇ ⋅ (nd i e )
∂t
F

3.1

where ε m is the volume fraction of ionomer in the membrane and the last term on the
right describes the electro-osmotic drag effect.

Here, C wm is the equivalent water

concentration in the membrane defined as:
C wm =

ρλ

3.2

EW

where ρ and EW are the density and equivalent molecular weight of the membrane,
respectively. The water content, λ , is the number of water molecules per sulfonic acid
group within the membrane.

This is an important parameter on which proton

conductivity and transport properties of the membrane are based, and can be calculated
from:
0.043 + 17.81a − 39.85a 2 + 36.0a 3

λ = 14 + 1.4(a - 1)
16.8


for 0 < a ≤ 1
for 1 ≤ a ≤ 3

3.3

for 3 ≤ a

where the water activity is defined as:
a=

C w RT
p sat

3.4
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The water vapor saturation pressure, p sat , is expressed in Table 2-2. Physically,
Eq. 3.1 indicates that water accumulation in the membrane is balanced by the net flux of
diffusion and electro-osmotic drag, given that the convection effect is ignored.
Considering that a dry membrane is hydrated by product water generated at a constant
current density of I, the time constant, τ m , for membrane hydration can be estimated by
equating the rate of water storage to that of water production. That is:

ρδ m ∆λ
τm =

EW
I
2F

3.5

For Nafion® 112 at 30 oC, ∆λ =14, and I=1 A/cm2, τ m is equal to about 25
seconds. This immediately points out the importance of the transient term in Eq. 3.1.
Note that the time constant, τ m , may vary with the temperature within the order of
magnitude.
Within the catalyst layer, the conservation equation of water transport in the
transient form then can be expressed as:

(

)

(

)

∂C w
∂C wm
eff
eff
1
εg
+ εm
= ∇ ⋅ Dwg ∇C w + ∇ ⋅ Dwm ∇C wm − ∇ ⋅ (nd i e )
∂t
∂t
F

3.6

The two terms on the left hand represent the rates of water storage in the gas and
membrane phases, respectively. Assuming thermodynamic equilibrium of water between
the gas and membrane phases, the above equation can be rearranged as

ε eff

(

)

∂C w
eff
1
= ∇ ⋅ Dw ∇C w − ∇ ⋅ (nd i e )
∂t
F

3.7
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where the effective factor, ε eff , is defined as:

ε

eff

dC wm
dρ dλ
1 RT
= εg + εm
= εg + εm
(ρ + λ )
EW p sat
dλ da
dC w

3.8

For Nafion® 11-series membranes having EW of 1.1 kg/mol, and membrane
density, ρ , of 1980 kg/m3 at 80 oC, the effective factor, ε eff , is on the order of 102~103
for water activity a<1.
Another transient phenomenon in PEFCs is charging or discharging of the
electrochemical double-layer. The double-layer occurs in a thin layer (of the order of
nm) adjacent to the reaction interface and acts as a capacitor during transience. Similar to
porous electrodes of batteries, the double-layer in the catalyst layer of a PEFC can be
regarded as being in parallel to a charge transfer reaction resistor. The importance of the
double-layer can be evaluated by its time constant (Ong and Newman, 1999)
2

1 1
+ 
κ σ 

τ dl = δ CL aC 

3.9

where the symbols are defined in the nomenclature section. Normally, the capacity, C ,
is around 20 µF/cm2 and specific area, a , is about 103/cm. Thickness of the catalyst
layer, δ CL , is 10-3 cm, κ is around 0.1 S/cm and σ is about 50 S/cm, which lead to a time
constant of 0.2 µs, sufficiently short to be safely ignored for automotive PEFCs.
On the other hand, the time constant for species transport (e.g. diffusion) can be
easily estimated by the diffusion time, i.e.

τk =

δ GDL 2
D geff

3.10
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Using the parameters shown in Table 3-1 and D geff around 10-5 m2/s in the porous
GDL yields τ k on the order of 0.01s.
To summarize, the time constants of membrane hydration and gas transport are
sufficiently long to be important in transient analyses of automotive PEFCs, whereas the
time constant of the electrochemical double-layer is sufficiently short to be neglected.
Consequently, Eq. 2.2, Eq. 2.3, Eq. 2.4, and Eq. 2.23 form the governing equations for a
transport and electrochemical coupled PEFC model (Wang and Wang, 2005). In Eq. 2.4
and Eq. 2.2, ε becomes unity in gas channels, and a constant gas density is assumed in
Eq. 2.23 and Eq. 2.2. Moreover, Eq. 2.4 encompasses the water transport equations in
the MEA, i.e. Eq. 3.1 and Eq. 3.7. In addition, the present model is a transient extension
of the previous constant-flow model based on molar concentration.

3.2.2 Boundary/Initial Conditions

The boundary conditions are set the same as the former chapter. The initial
conditions are either zero field or the steady state fields from a previous steady state
operating point.

3.3 Numerical Implementation

The conservation equations are solved by Star-CD® software with PISO
algorithm, the pressure implicit splitting of operators (Issa, 1986). PISO is based on
predictor-corrector splitting for unsteady problems.

The source terms and physical
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properties are incorporated in the user code. The computational domain of a PEFC with a
single channel is shown in Figure 2-1. The geometry and physical parameters are listed
in Table 3-1. To accurately describe water accumulation in the membrane, 10 grids are
used within the membrane and 6 grids are placed in the catalyst layer in the throughplane direction.

About 100,000 computational cells are used to capture the three-

dimensional electrochemical and physical phenomena in the PEFC.

Adaptive time

stepping is used in which the current time step is inversely proportional to the temporal
gradient of current density at the previous time step with the maximum of 0.1 s. A timestep independence study has been carried out and shows that the numerical simulation
results, to be displayed next, change within 0.5% when the time step is reduced by half.
A total of 500 iterations is sufficient for one transient case, which takes less than 1 hour
on an Intel® Xeon™ Processor 2.0 GHz.

3.4 Results and Discussion

A single-channel PEFC with Nafion® 112 membrane is chosen for a parametric
study. While the focus of the present work is on elucidating dynamic behaviors under
low-humidity operation, a fully humidified case is also simulated for comparison as this
case features the transience of gas transport only, with the transient process of membrane
hydration (remains always hydrated) becoming irrelevant. All results are intended to
explore the transient response to a step change from one steady state operating point to
another. The two types of step change studied are in the cell voltage and cathode inlet
relative humidity.
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Figure 3-1 shows dynamic responses of average current densities to the step
change of cathode inlet humidification from RH=0% to 100% under various cell
voltages.

The humidity step change occurs at t=0 from the steady state of

RHa/c=100/0%. It is seen that it takes approximately 20 seconds for the fuel cell to reach
the new steady state, in accordance with the time constant of membrane water uptake
estimated by Eq. 3.5. The transition period under higher cell voltage is also slightly
longer because lower current density in this condition results in less water production,
making it longer to hydrate the membrane. Despite that humidified air stream contains
less oxygen, the current density continues to increase in the transition process, which
demonstrates that the ohmic resistance, controlled by water content in the membrane,
dominates the PEFC performance.
It is of interest to compare water uptake by the membrane to that by the reactant
gases within the PEFC. This ratio can be estimated by:

ε eff Vm
Va ,ch + Vc ,ch

3.11

where Vm , V a ,ch and Vc ,ch are the volumes of the membrane, anode gas channel and
cathode gas channels, respectively. Figure 3-2 shows the contour of ε eff in the membrane
under the steady state of Vcell=0.65 V and RHa/c=100/0%. It can be seen that ε eff varies
from 102 to 103. Noting that the depth of gas channels is usually 10 to 100 times the
membrane thickness, Eq. 3.11 indicates that the membrane holds 10-102 times more
water than the reactant gases. Thus, membrane water is the most important part in the
transient process of water management.
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Figure 3-3 shows the evolution of water concentration profiles in the fuel cell
cross-section at the mid-length, i.e. along Line 1 (x, Ly/2, Lz/2) (see Figure 2-1), when the
inlet cathode humidity is switched from 0% to 100% under 0.65 V. It can be seen that
the transition time is of the same order as the one shown in Figure 3-1. Interestingly, it is
shown that in the 0.1 s after the switch, water concentration changes much in the cathode
side while there is nearly no change occurring in the anode side. This can be explained
by the time for species to be convected down the channel, namely

Ly
uy

. Given u y =1.0

m/s at the cathode side and Ly =0.1 m, τ k is on the order of 0.1 s. However, it takes
about 15 seconds for the cathode gas on the middle plane to reach the inlet value, 15.9
mol/m3, instead of 0.1 s. This is due to the quick species transport in the through-plane
direction across the GDL, as indicated by Eq. 3.10, making the cathode wet inlet stream
lose water to the dry membrane for the initial period.
Evolution of the water concentration profiles in the cathode GDL shown in
Figure 3-3 is of interest to note. At t=0, the gas in the cathode channel is relatively dry
and the product water generated in the cathode catalyst layer is removed to the channel,
thus a water concentration gradient is directed from the catalyst layer/GDL interface to
the GDL/channel one. However, once the inlet instantly switches to the fully humidified
state, the high humidification front propagates into the middle of the gas channel, altering
the water concentration gradient to go from the GDL/channel interface to the catalyst
layer/GDL one. This means that the membrane takes up water not only from ORR
production but also from the humidified gas stream in the channel. The consequent rise
in the membrane water content then gives rise to a higher current density and hence more
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water production under the same cell voltage.

Further increase in the membrane

hydration will finally make the product water removed to the cathode gas stream,
changing the water concentration gradient in GDL back to the initial shape.
Figure 3-3 also shows that the water concentration profile on the anode side is
altered by the change in the inlet humidity condition on the cathode. This is illustrative
of the important role of water back diffusion through the membrane, which depends on
the relative humidity difference between the cathode and anode.
The increase in anode water concentration with time can be readily explained by
Figure 3-4. Figure 3-4 shows evolution of water content profiles along Line 3 (Lx/2, y,
Lz/2), when inlet cathode humidification changes from 0% to 100% under 0.65 V. It is
seen that the water content reaches the steady state first near to the flow inlet. After the
membrane in the inlet area reaches full humidification within 10 seconds, it takes
additional 15 seconds for the membrane in the outlet area to be fully hydrated.
Figure 3-5 shows the dynamic responses of the average current density to the
reverse step change in cathode inlet humidification from 100% to 0%, again under 0.6,
0.65 and 0.7 V cell voltages. First, it is seen that the transition occurs within about 40 s,
and that while remaining on the same order of magnitude as theoretical time constant
estimated by Eq. 3.5, it is twice longer than the reverse transition shown in Figure 3-1.
This is clearly indicative of a hysteretic effect that it takes longer for a fully hydrated
membrane generating high current density to be de-hydrated by dry cathode gas. Second,
there exist obvious overshoots because the membrane is still hydrated and exhibits low
ohmic resistance but the catalyst layer already experiences with enriched oxygen supplied
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by the dry cathode gas. After the overshoots, current densities steadily decrease to their
steady state values as a result of membrane water reduction. In addition, contrary to the
reverse case shown in Figure 3-1, the time required to reach the steady state is shorter for
the higher cell voltages. This can be explained by the fact that more water produced in
the PEFC needs to be removed under lower cell voltages.
Figure 3-6 presents the evolution of the water content profiles in the middle of the
membrane during the first several seconds when overshoots occur. It is seen that water
content in the membrane around the inlet area responds quickly to the step change in
cathode gas humidification, similar to the result shown in Figure 3-4. In addition, water
content maintains fully hydrated level at most part of the membrane during the first 0.5 s,
and even after 5 s, nearly half of the membrane is still fully hydrated.
Figure 3-7 presents the evolutions of water and oxygen concentration profiles at
the mid-length of the cell, showing that the water concentration is substantially reduced
in the cathode side, while there is little change in the anode during the first 5 s. However,
the gas in the cathode side still remains nearly fully humidified (i.e. Csat=15.9 mol/m3)
during this period. Meanwhile, the oxygen concentration increases significantly in 0.1 s
due to the injection of dry, undiluted gas into the cathode. This result confirms the
phenomenon of initial overshoot in the current density explained earlier.
Figure 3-8 presents the dynamic responses of the average current density to a step
change in cell voltages comparing a fully humidified case (i.e. RHa/c=100/100%) with a
dry cathode case (i.e. RHa/c=100/0%). Times for onset of step changes are chosen
arbitrarily to set apart the two response curves. For the fully humidified case, only the
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transience of reactant transport to the catalyst layer to meet the demand of reaction rate is
operational. Thus, only the undershoot discovered previously by Um et al. (2000) is
seen, which is characteristic of low oxygen concentration at catalyst sites under lower cell
voltage or high current density. The largest part of undershoot occurs in a fraction of a
second, consistent with the time constant of species diffusion. In contrast, for the dry
condition, current density undergoes an undershoot followed by an overshoot. The
overshoot, similarly to the ones in Figure 3-5, can be explained by the fact that response
of membrane hydration lags the one of oxygen transport in the cell. Also, the transition
between the two steady states corresponding to the two cell voltages takes about 10 s,
indicative of the dominance of membrane uptake phenomenon in the cell dynamic
response.
Focusing on the first second after the step change in cell voltages, Figure 3-9
shows the evolution of oxygen concentration profiles along Line 1 (x, Ly/2, Lz/2) and
Line 2 (x, Ly/40, Lz/2). In the inlet area, i.e. Line 2, it takes about 0.1 s for the oxygen
concentration in the gas diffusion layer to increase to its steady state. At the mid-length
of the cell, i.e. Line 1, longer time is needed due to the influence from the upstream.
Figure 3-10 presents the dynamic responses of the average current density to the
reverse change in cell voltages from 0.7 V back to 0.6 V again, considering two cases:
RHa/c=100/100% and 100/0%. Similar to Figure 3-8, the transition takes around 10
seconds, and the curve jumps immediately after the step change, then gradually reaches
its steady state in the fully humidified case.

Overshoot occurs only in the full

humidification case. Similar to the undershoot revealed in Figure 3-8, the overshoot is
characteristic of high oxygen concentration at catalyst sites under low current density. In
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contrast, in the dry cathode case, the hydration level of the membrane plays a more
dominant role in the cell performance. More water production continues to enhance the
cell performance after the pumping effect of high oxygen concentration under low current
density, thus there exists no overshoot in this situation.

3.5 Summary

A transient single-phase model of PEFCs has been presented to study the intricate
dynamic response during the cell voltage change. Time constants for electrochemical
double-layer, gas transport, and water accumulation in the membrane were estimated to
identify the dominant effects of membrane water uptake and gas transport processes on
the transient performance of PEFCs. Numerical simulations were carried out to study the
transience of a singe-channel PEFC with N112 membrane. Results indicate that after the
step change, the transition takes place on the order of 10 seconds, and the membrane
hydration was the controlling process in the transient analyses. In addition, overshoot or
undershoot in the current density was found in certain cases.

Detailed species

distributions within the cell were provided to explain the physics underlying the transient
phenomena and to indicate that under low-humidity operation membrane water
accumulation is responsible, while under high-humidity operation oxygen transport
dictates the dynamic response of PEFCs. The dynamic behaviors of PEFCs captured
herein for the first time, including undershoot and overshoot in the current output, are
expected to be useful for the design of power electronics and control algorithms for fuel
cell engines.
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Table 3-1: Geometrical, operating, and physical parameters.
Quantity

Value

Gas channel depth/ width

1.0/1.0 mm

Shoulder width

1.00 mm

Diffusion/Catalyst layer thickness, δ GDL / δ CL

0.3/0.01 mm

Membrane (N112) thickness, δ m

0.051 mm

Fuel cell height/length

2.0/100.0 mm

Anode/cathode pressures, P

2.0/2.0 atm

Stoichiometric flow ratio ξ in anode/cathode

2.0/2.0

Porosity of diffusion/catalyst layers, ε

0.6/0.4

Volume fraction of ionomer in catalyst layers, ε m

0.26

Permeability of diffusion layers, K

10 -12 m 2

H2O diffusivity in cathode gas channel at standard condition, Do,w,c

3.89×10-5 m2/s

H2 diffusivity in anode gas channel at standard condition, Do,H2,a

1.1028×10-4 m2/s

H2O diffusivity in anode gas channel at standard condition, Do,w,a

1.1028×10-4 m2/s

O2 diffusivity in cathode gas channel at standard condition, Do,O2,c

3.2348×10-5 m2/s

Temperature of fuel cell

353K
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Figure 3-1: Dynamic responses of average current densities to the step change of the
cathode inlet humidification from RH=0% to 100%, under 0.6, 0.65 and 0.7 V.
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Figure 3-2: The effective factor, ε eff , in Eq. 3.8 in the middle of the membrane, under
0.65 V cell voltage and RHa/c=100/0%.

72

24

20
18
16
14
12
10
8
6
4

Anode Gas Channel

GDL

MEA

Water Concentration (Mol/m3)

22

Steady State(RHa/c=100/0%)
t=0.1 S
t=5 S
t=10 S
t=15 S
t=20 S
t=25 S
Steady State(RHa/c=100/100%)

GDL

Cathode Gas Channel

Figure 3-3: Evolution of water concentration profiles along Line1 (x, Ly/2, Lz/2), when
the cathode inlet humidification changes from RH=0% to 100% under 0.65 V.
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Figure 3-4: Evolution of water content profiles along Line3 (Lx/2, y, Lz/2), when the
cathode inlet humidification changes from RH=0% to 100% under 0.65 V.
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Figure 3-5: Dynamic responses of average current densities to the step change of the
cathode inlet humidification from RH=100% to 0%, under 0.6, 0.65 and 0.7 V.
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Figure 3-6: Evolution of water content profiles along Line3 (Lx/2, y, Lz/2), when the
cathode inlet humidification changes from RH=100% to 0% under 0.65 V.
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Figure 3-7: Evolution of water and oxygen concentration profiles along Line1 (x, Ly/2,
Lz/2), when the cathode inlet humidification changes from RH=100% to 0% under 0.65
V.
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Figure 3-8: Dynamic responses of average current densities to the step change of cell
voltages from 0.6 V to 0.7 V, under RHa/c=100/100% and 100/0%.
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Figure 3-9: Evolution of oxygen concentration profiles along Line1 (x, Ly/2, Lz/2) and
Line2 (x, Ly/40, Lz/2), when cell voltages change from 0.6 V to 0.7 V, under
RHa/c=100/100%.
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Figure 3-10: Dynamic responses of average current densities to the step change of cell
voltages from 0.7 V to 0.6 V, under RHa/c=100/100% and 100/0%.

Chapter 4
Single-Phase Transients: Dynamic Response to Current Density Change

4.1 Introduction

In low-humidity PEFCs where reaction water is used to hydrate membranes, there
exist profound interactions between water transport and transient cell behavior. First,
there is a time scale for membrane hydration by reaction water. Furthermore, multiple
mechanisms of water transport through the membrane, such as electroosmotic drag and
back-diffusion, create a complex transient response involving several time scales. For
example, during a step change in the current density, the electroosmotic drag will
immediately remove water from the anode side of the membrane before back-diffusion of
water from the cathode to anode takes effect. This can cause a temporary dryout on the
anode side of the membrane and hence a jump in membrane resistance or a sharp drop in
cell voltage. This voltage drop is, however, recoverable within a period characteristic of
the time constant for water back-diffusion through the membrane, which is dependent on
the water diffusion coefficient and membrane thickness. Understanding transient
behaviors of this kind is tremendously important for successful deployment of PEFC
technology in vehicles.
Detailed modeling of the intricate interactions between transient water transport
characteristics and voltage response has been absent in the literature. Previous modeling
studies were mostly based on simplified models and did not address the controlling
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transient phenomena in low-humidity PEFCs for modern applications, as reviewed by
Chapter 1. A transient water transport model was tried by Okada et al. (1996), which was
restricted to the membrane region, and the coupling between membrane water
uptake/transport and electrochemical production of water has been simplified by setting
boundary conditions to the two sides of the membrane. In addition, since only the water
transport equation was solved, prediction of dynamic responses of cell currents and
voltages was beyond their model capability. Their model was later adopted to study the
transient behavior of water and influence of the impurity ions (Chen et al., 2004).
The object of this chapter is to extend the former transient model by solving, in
addition, the electron transport equation, making it possible to study the transient
response of a PEFC to a step change in current density. In addition, dynamic response to
step change in humidification conditions under a constant current density is also
explored.

4.2 Mathematical Model

4.2.1 Governing Equations

The model equations include the following laws of conservation, which consist of
Eq. 2.2, Eq. 2.3, Eq. 2.4, and Eq. 2.23 and the following electron transport equation
(Meng and Wang, 2004; Wang and Wang, 2006):

(

)

0 = ∇ ⋅ σ eff ∇ φ s + Sφs

4.1
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The source term, Sφs , is expressed by
− j
Sφ s = 
0

In the catalyst layer
Otherwise

4.2

Exchange current density, j , is expressed by Eq. 2.8. In addition, a complete form of the
electron transport equation should include a transient term representing the
electrochemical double layer discharging (Ong and Newman, 1999).

However, as

discussed in the previous chapter or the work of Wang and Wang (2005), the time
constant of the double layer discharging ranges from micro- to milli-seconds, sufficiently
short to be safely neglected for automotive fuel cells.

4.2.2 Boundary/Initial Conditions

The boundary/initial conditions, except the ones for φs , are set the same as the
former chapter, while the boundary conditions for φs are as following:

Inlet/Outlet Boundaries
Fully developed or no-flux conditions are applied:

∂φ s
=0
∂n

4.3

Walls
The boundary conditions for the electronic phase potential, φs , at the bipolar plate
outer surfaces can be expressed as:

83

 ∂φ s
 ∂n = I

 ∂φ s
= −I

∂
n

 ∂φ s
 ∂n = 0


anode
cathode

4.4

otherwise

4.3 Numerical Implementation

The conservation equations are solved using a commercial computational fluid
dynamics (CFD) package, Star-CD®, with PISO algorithm, the pressure implicit splitting
of operators (Issa, 1986). PISO is based on predictor-corrector splitting for unsteady
problems. The specific governing equations with appropriate source terms developed
herein are incorporated in a user code. An average current density is specified as an input
parameter, allowing the local current density and electronic phase potential to vary
spatially according to local conditions. The mesh of a single-channel PEFC is shown in
Figure 4-1.

Table 4-1 lists the geometrical and physical parameters.

To accurately

describe the electrochemical, hydration and transport processes in the MEA, 10 grids are
employed within the membrane and 6 grids are placed in the catalyst layer in the throughplane direction. Approximately 100,000 computational gridpoints are used to capture the
detailed three-dimensional electrochemical and transport phenomena.

Adaptive time

stepping is used in which the current time step is made inversely proportional to the
temporal gradient of cell voltage at the previous time step with the maximum of 0.1 s.
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4.4 Results and Discussion

A single-channel PEFC with Gore® 18µm and Nafion® 112 (i.e. 51µm)
membranes, respectively, is chosen for a parametric study. While the focus of the present
work is on elucidating dynamic behaviors under low-humidity operation, a fully
humidified case is also simulated for comparison in which there exist the transients of gas
transport only and the transient membrane hydration becomes irrelevant as the membrane
remains always hydrated. All results are intended to explore the transient response to a
step change from one steady state to another. The two types of step changes under
consideration are in the current density and cathode inlet relative humidity.
Figure 4-2 shows the dynamic response of cell voltage to a current step increase
under various operating conditions. It can be seen that the voltage response is nearly
instantaneous under the fully humidified condition, while it takes several seconds for
low-humidity cells to attain another steady state. In addition, the dynamic behavior of
low-humidity cases all exhibits a voltage undershoot. The degree of undershoot increases
with the magnitude of current change. When the current density changing from 0.1 to 1.0
A/cm2, the cell voltage drops to zero. With a larger current increase (i.e. >1.0 A/cm2), the
PEFC will reverse the voltage and may lead to cell degradation.
To further explore explanations for the voltage undershoot, Figure 4-3 to
Figure 4-5 present the water content profiles in the MEA at various time instants and at
three locations in the PEFC, respectively, after the current density changes from 0.1 to
0.8 A/cm2.

In these figures, dashed lines denote the initial water content profiles

immediately before the current change, and solid lines at t=6s mark the final profiles at
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the new steady state. It can be seen from Figure 4-3 through Figure 4-5 that just after the
step change, the water content in the anode decreases while that in the cathode increases.
This can be explained by the water electroosmotic drag, which increases directly
proportionally to the current density jump. The anode hydration levels reach lowest
around 0.3 s after the step change, roughly the same time as the cell voltage reaching the
minimum as shown in Figure 4-2. After that time instant, the anode begins to get water
through back-diffusion as the difference of water concentration between the anode and
cathode is enlarged. The water profiles reach steady state around 6 s, which is of the
same order as the time constant of membrane hydration (Wang and Wang, 2005), i.e.

ρδ m ∆λ
τ m, H =

EW
I
2F

~7 s.

membrane, i.e. τ m, D =

In addition, the time constant of water diffusion across the

δm2
Dmeff

~0.2 s at λ =3, coincides with the time when the cell voltage

reaches the minimum, indicating that back-diffusion begins to rehydrate the anode. A
difference between these three figures at different fractional distances into the PEFC is
that the water content goes up higher in the downstream of the cell, due to the effect of
water production.
Figure 4-6 displays variations of the water molar concentration profile in the
anode channel with time after the step change. Once again, the dashed line represents the
initial condition before the step change, and the solid line at t=6 s is the new steady state.
It is interesting to note that the water concentration in the anode channel strongly
responds to the step change in current density. Further, there is significant dryout of the
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anode stream in the downstream region during transients. This phenomenon can be
explained by the fact that most of water carried in partially humidified anode inlet gas is
transferred to the cathode in the upstream region due to the fast gas transport across the
anode GDL with a time constant around 0.01~0.1s (Wang and Wang, 2005), leaving the
downstream region temporarily dry.

Once the water back-diffusion through the

membrane takes effect, the water concentration in the anode downstream recovers. In
addition, note that the present model assumes a constant gas density and no mass source.
Thus, the anode flow remains constant along the channel and the change in the water
profile shown in this figure is not due to the flow variation with time.
As a result of water redistribution during transients, the membrane resistance
experiences an overshoot, as shown in Figure 4-7. As indicated by the dashed line, the
spatially resolved membrane resistance in this low-humidity cell at the initial state is seen
to increase first along the flow direction, due to the anode dehydration under the
influence of electroosmotic drag, and then decrease due to water production within the
cell. The same spatial trend remains at the final steady state with much higher current
density, except that the anode dehydration region is shortened due to the much higher
production rate of water on the cathode; see the solid line at t=6s. In transition, the
membrane resistance initially increases overall before drop-down, indicating the
significant role played by dehydration of the anode side of the membrane. In addition,
significant decrease in the membrane resistance occurs downstream due to higher water
production on the cathode, in accordance with what shown in Figure 4-5.
Figure 4-8 shows that the ionic resistance in the cathode, despite an eight-fold
increase in water production, does not decrease uniformly: the substantial decrease in the
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ionic resistance in the cathode catalyst layer begins only after ~30% fractional distance
into the fuel cell. An interesting phenomenon occurs in the anode catalyst layer, as
shown in Figure 4-9: the anode ionic resistance shows a substantial increase within initial
0.2 seconds followed by a reduction over the next one second. The resistance increment
during transients is several fold, although the anode hydration level only shows a small
decrease as indicated in Figure 4-3 through Figure 4-5. The reason can be explained by
the non-linear relation between water content and ionic conductivity as shown in Table 22, which indicates that the proton conductivity, or inversely the ionic resistance, is quite

sensitive to water content at low hydration levels. In addition, it is noted that the anode
ionic resistance during transients is much higher than those in the membrane and cathode
catalyst layer, indicating its controlling role in fuel cell dynamics.
Figure 4-10 presents the history of the local current density profile after the step
change. A drastic redistribution of the local current density occurs during fast transients
of about one second, while the average at any time instant remaining the same as the
imposed cell current density. Upon the constant average current density imposed, the
protons would prefer to flow in the low resistance region, namely the low anode ionic
resistance region, which occurs near the flow inlet during the initial period.
Consequently, high current density first appears in the upstream region and then shifts to
the downstream as the anode ionic resistance is lowered there. The profiles of local
current density shown in Figure 4-10 also help explain the dynamic changes seen in
Figure 4-8 for the cathode catalyst layer resistance. Because much higher current density
occurs initially at the inlet, water production there dramatically decreases the ionic
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resistance in the cathode, while the resistance bounces back when the local current
density in the upstream decreases again.
From the above analysis of the dry cell using Gore® 18µm membrane, it can be
seen that dynamic balance between water back-diffusion and electroosmotic drag causes
temporary dryness in the anode and hence dictates the cell performance response. To
further elucidate this dynamic water balance in the membrane, a comparative case is
simulated for a thicker membrane, i.e. Nafion® 112. The corresponding time responses of
cell voltage are shown in Figure 4-11 under the same humidification conditions, i.e.
RHa/c=50/0%. It can be seen that the voltage undershoot is much more severe for the
thicker membrane as compared with Figure 4-2, and the current density increase cannot
even go beyond 0.7 A/cm2 from 0.1 A/cm2, without causing zero voltage. In addition, the
time period in which back-diffusion of water begins to take effect triples that of the
Gore

®

18µm membrane.

A similar calculation of τ m, D =

δm2
Dmeff

for the membrane

thickness of 51 µm yields ~0.8 s for the time constant of water diffusion across the
membrane (at λ =3).
Figure 4-12 shows dynamic profiles of water content in the MEA after the step
change under dry operation (RHa/c=50/0%) at the mid-length of the PEFC using Nafion®
112 membrane. It is seen that the thicker membrane delays rehydration of the anode by
water back-diffusion, thus amplifying the effect of electroosmotic drag on anode water
loss. In addition, this figure, along with Figure 4-3 through Figure 4-5, underscores the
importance of the nonlinear description of water transport in the membrane during
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transients. A lumped parameter model or simplified analytical model would fail to
capture this feature.
Figure 4-13 shows the response of cell voltage to a reverse step change, i.e. step
decrease in current density from 0.8 to 0.1 A/cm2, under a dry and a wet case,
respectively. While the initial and final steady states reverse their voltage values, the
transient behavior is generally gradual and smooth in both dry and wet cases. In practice,
vehicle deceleration could be more problem-free under dry operating conditions as there
will be no concern for electrode and channel flooding. In contrast, a current density step
decrease and ensuing reduction in gas flow rates under the fully humidified conditions
may trigger severe flooding in electrodes and channels, a topic that is beyond the scope of
the present work.
Figure 4-14 presents the time responses of cell voltage to the changes in the
humidification conditions, using Gore® 18µm membrane. At a constant current density,
the change in cell voltage is mainly attributed to the ohmic loss or membrane resistance
variation corresponding to a varying hydration level.

In the case of RHa/c=50/0%

switched to 100/100%, the cell voltage keeps increasing, indicating that the membrane
becomes better hydrated by the humidity introduced in the cell. A similar conclusion can
be drawn for the reverse case, except for a slight voltage overshoot in the initial split
second. Occurrence of this overshoot can be explained by the richer oxygen contained in
the less-humidified inlet cathode air.
It is of great interest to study the redistribution of current density after a step
change in external humidification. Figure 4-15 depicts the time variations in the local
current density profile when the external gas humidification switches from
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RHa/c=100/100% to 50/0% under the average current density of 0.8 A/cm2. It can be
seen that initially the local current density is higher upstream and lower downstream, a
pattern primarily controlled by oxygen depletion and characteristic of fully humidified
cells. With time, however, the current density in the upstream region drops due to drier
gas supply there, which leaves more oxygen molecules downstream to produce high
current density (also benefited from more humidified gases due to the membrane
dehydration upstream). Eventually, the current density profile at the new steady state
attains an increasing pattern indicative of the membrane hydration control commonly
occurring in low-humidity cells. Note that the local current density can temporarily reach
1.6 A/cm2 during transients, a level substantially beyond steady-state values. This
overshoot in local current density may have important implications for PEFC durability
where membrane and catalyst degradation is strongly tied to the current density. A more
detailed discussion on membrane hydration/dehydration can be found in the previous
chapter or the work of Wang and Wang (2005).

4.5 Summary

Numerical simulations of a singe-channel PEFC with Gore® 18µm and Nafion®
112 membranes have been carried out to study the intricate transient phenomena under
current density step changes, with focus primarily on dry cell operation.

Detailed

numerical results are presented to illustrate the dynamics of water transport through the
membrane. Specifically, it is found that a step increase in the current density
instantaneously dries out the anode under the influence of electroosmotic drag, while it
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takes several seconds, consistent with theoretical estimation, for the water back-diffusion
to rehydrate the anode. The water redistribution process in the PEFC, directly impacting
the cell voltage response, is controlled by dynamic balance between electroosmotic drag
and back-diffusion in the membrane characterized by two disparate time scales. In
addition, the present numerical study reveals that the change in gas humidification
conditions will lead to a drastic fluctuation of the local current density during transients.
This finding may lend new insight into PEFC degradation caused from fast-transient
cycling.
Future work could include a parametric study of membrane properties,
particularly the water diffusivity and electroosmotic drag coefficient in the membrane,
water uptake, and ionomer equivalent weight. In addition, the impact of alternative
membranes (e.g. hydrocarbon membranes) on the PEFC transients is worthy assessment
using the present model.

92

Table 4-1: Geometrical, operating, and physical parameters.
Quantity

Value

Gas channel depth/ width

1.0/1.0 mm

Shoulder width

1.0 mm

GDL/ Catalyst layer thickness, δ GDL / δ CL

0.3/0.01 mm

Membrane thickness (Gore® 18µm/ Nafion® 112), δ m

0.018/0.051 mm

Cell thickness/length

2.0/100.0 mm

Anode/cathode pressures, P

2.0/2.0 atm

Stoichiometric flow ratio ξ in anode/cathode

1.5/2.0

Porosity of diffusion layer/catalyst layer, ε

0.6/0.4

Permeability of GDL/catalyst layer, K GDL / K CL

10 -12 /10 -15 m 2

Volume fraction of ionomer in catalyst layer, ε m

0.26

Cell temperature

353.15 K
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Figure 4-1: Computational domain and mesh of a single-channel PEFC.
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Figure 4-2: Dynamic response of cell voltage to the step change in current density in a
PEFC using Gore® 18µm membrane.
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Figure 4-3: Dynamic profiles of water content in the MEA after the step change in
current density from 0.1 to 0.8 A/cm2 under dry operation (RHa/c=50/0%) at the 10%
fractional distance of the PEFC with Gore® 18µm membrane.
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Figure 4-4: Dynamic profiles of water content in the MEA after the step change in
current density from 0.1 to 0.8 A/cm2 under dry operation (RHa/c=50/0%) at the 50%
fractional distance of the PEFC with Gore® 18µm membrane.
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Figure 4-5: Dynamic profiles of water content in the MEA after the step change in
current density from 0.1 to 0.8 A/cm2 under dry operation (RHa/c=50/0%) at the 90%
fractional distance of the PEFC with Gore® 18µm membrane.
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Figure 4-6: Water concentration profiles in the anode gas channel after the step change in
current density from 0.1 to 0.8 A/cm2 under dry operation (RHa/c=50/0%) and with
Gore® 18µm membrane.
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Figure 4-7: Dynamic profiles of the membrane resistance after the step change in current
density from 0.1 to 0.8 A/cm2 under dry operation (RHa/c=50/0%) and with Gore® 18µm
membrane.
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Figure 4-8: Dynamic profiles of the ionic resistance in the cathode after the step change
in current density from 0.1 to 0.8 /cm2 under dry operation (RHa/c=50/0%) and with
Gore® 18µm membrane.
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Figure 4-9: Dynamic profiles of the ionic resistance in the anode after the step change in
current density from 0.1 to 0.8 A/cm2 under dry operation (RHa/c=50/0%) and with
Gore® 18µm membrane.
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Figure 4-10: Dynamic profiles of the local current density after the step change in
average current density from 0.1 to 0.8 A/cm2 under dry operation (RHa/c=50/0%) and
with Gore® 18µm membrane.
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Figure 4-11: Dynamic response of cell voltage to the step change in current density in a
PEFC using Nafion® 112 membrane.
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Figure 4-13: Dynamic response of cell voltage to the step change in current density from
0.8 to 0.1 A/cm2 in a PEFC, using Gore® 18µm membrane.
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Figure 4-15: Dynamic profiles of the local current density after the step changes in
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0.8 A/cm2 in a PEFC, using Gore® 18µm membrane.

Chapter 5
Two-phase, Steady-state Characteristics

5.1 Introduction

Previous work focuses on single phase transients, while two-phase transport when
liquid water forms in a PEFC is of paramount importance for fuel cell operation. Liquid
water originates from water production by the oxygen reduction reaction in the cathode.
The ensuing liquid droplets may block pore paths of mass transport through porous
diffusion media and catalyst layers, thereby reducing PEFC performance and further
leading to cell degradation (Wilkison and St-Pierre, 2003; Yang et al., 2004). Since the
formation of liquid water depends on the water vapor saturation pressure, which is a
strong function of temperature, the temperature field and its coupling with water
condensation and/or evaporation are critical to the study of two-phase transport and the
ensuing cathode flooding in a PEFC.
Mathematical modeling of heat transfer (Fuller and Newman, 1993; Maggio et al.,
1996; Mazumder and Cole, 2003; Ju et al., 2005) and two-phase transport (Wang et al.,
2001; Natarajan and Nguyen, 2001; Weber et al., 2004; You and Liu, 2002; Pasaogullari
and Wang, 2004, 2004 and 2005; Ziegler et al., 2005; Sun et al., 2005; Meng and Wang,
2005; Lin and Van Nguyen, 2006) in polymer electrolyte fuel cells (PEFCs) has been
carried out by several groups. Unfortunately, the majority of prior research has dealt with
only one aspect, either a two-phase model under isothermal conditions or a non-
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isothermal model under single-phase (dry) conditions. The incorporation of both
phenomena has been attempted by Nam and Kaviany (2003) and Rowe and Li (2001),
both of which are one-dimensional. The model of Nam and Kaviany (2003) focused on
two-phase flow through the cathode GDL and explored the influences of fiber diameter,
porosity, and capillary pressure on the liquid water removal rate. Rowe and Li’s model
(Rowe and Li, 2001) is more comprehensive, involving the multi-component transport of
hydrogen, oxygen, and liquid water/vapor, as well as the transport of protons in the
electrolyte and electrons in the electronic phase.
Most recently, Yuan and Sunden (2004) presented a non-isothermal, two-phase
model in multi-dimensional situations. However, only the cathode GDL and gas channel
were considered. Costamagna (2001) also developed a multi-D model in which phase
change heat transfer was ignored. Berning and Djlali (2003) presented a two-phase
model considering heat release/absorption due to phase change. This two-phase model
adopted the unsaturated flow theory (UFT) for two-phase flow through porous media
(Wang and Chen, 1997), which assumes a constant gas-phase pressure across the porous
medium. A recent study has been performed to compare UFT with two-fluid models or
the multiphase mixture model (M2 model) (Pasaogullari and Wang, 2005). Another
major assumption of Berning and Djlali’s model is the catalyst layer as an interface
without thickness. The same assumption was also involved in the work of Dutta et al.
(2000) and Shimpalee et al. (2000), which is, in addition, a single-phase model. The
work of Mazumder and Cole (2003) was based on the M2 model of Wang and Cheng
(1997) and developed for hydrophilic GDLs. There was no explicit description of water
transport through the membrane in Mazumder and Cole’s model. In contrast to M2
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approach, Birgersson et al. (2005) recently present a non-isothermal separate flow model,
consisting of separate equations to describe water transport in liquid and gas phases,
respectively. However, they ignored entropic heat and irreversible heat generation from
electrochemical reactions, and also treated the catalyst layer as an interface, thus failing
to accurately address the coupling between two-phase and thermal transport processes in
PEFCs. In addition, only heat and charge equations are solved in the anode, while the
transport of hydrogen and water in the anode binary mixture are ignored.
The objective of the present work is to expand upon the M2 model of Wang and
co-workers (Wang et al. 2001; Pasaogullari and Wang, 2004, 2004 and 2005; Meng and
Wang, 2005) by incorporating the non-isothermal effect and hence addressing the
intricate interactions between the two-phase flow and thermal transport. The thermal
model accounts rigorously for the heat generation sources in a PEFC, i.e. irreversible heat
and entropic heat generated from electrochemical reactions, Joule heating arising from
protonic/electronic resistance, and phase change latent heat.

In addition, a detailed

membrane-electrode assembly (MEA) model is used to describe the co-transport of water
and protons in the membrane and electrodes. The development of this steady-state nonisothermal two-phase model is the necessary step towards study on the two-phase
transients in the next chapter.
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5.2 Two-Phase Modeling

5.2.1 Governing Equations

A steady-state model of PEFCs consists of five principles of conservation: mass,
momentum, energy, species and charge. In addition to Eq. 2.3, Eq. 2.23, Eq. 2.24, and
Eq. 4.1, the governing equations also include the energy equation and species transport
equation, which are listed as below (Wang and Wang, 2006):
Energy conservation:

r
∇ ⋅ ( γ T ρc p u T ) = ∇ ⋅ (k eff ∇T ) + S T

5.1

Species conservation:
k
mf l k C g r
r k
k ,eff
k
∇ ⋅ (γ c uC ) = ∇ ⋅ ( D g ∇C g ) − ∇ ⋅ [( k −
) j ] + Sk
ρg l
M

5.2

r
where ρ , u , T, and C k , respectively, denote the density, superficial fluid velocity vector,
temperature, and molar concentration of species k. The assumptions made in the present
model are as follows: 1.) ideal gas mixtures; 2.) isotropic and homogeneous membrane,
catalyst layers and gas diffusion layers; and 3.) incompressible and laminar flow due to
small pressure gradients and flow velocity. The expression of the source term, S k , is
same as in the single-phase case and is therefore not repeated here. Other properties
related to two-phase phenomena and thermal transport, i.e. the two main features of the
present chapter, are elaborated below.

5.2.2 Two-Phase Transport

The two-phase mixture density in Eq. 2.23, Eq. 2.24 and Eq. 5.1 is defined as:
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ρ = sρ l + (1 − s ) ρ g

5.3

where the liquid water saturation, s, is the volume fraction of open pores occupied by
liquid water. In the M2 model, the liquid saturation is obtained from the following
relation with the mixture water concentration, CH2O, after the latter is solved from
Eq. 5.2:

s=

C H 2O − C sat
ρ l / M H 2O − C sat

5.4

The flow fields of both phases in the GDL are described through the relative
permeability, krl and krg, defined as the ratio of the intrinsic permeability of liquid and gas
phases, respectively, to the total intrinsic permeability of a porous medium. Physically,
these parameters describe the extent to which one fluid is hindered by others in pore
spaces, and hence can be formulated as a function of liquid saturation. A linear function
of saturation was employed by Berning and Djlali (2003). Here, we take the cubic
relations for the relative permeabilities:
k rl = s 3

and

k rg = (1 − s) 3

5.5

The presence of liquid phase affects the transport of species through the
convection corrector factor, γ c , and effective gas phase diffusivity, D gk ,eff :

λg
 ρ
λl
C )
 H 2O ( H 2O +
ρ g sat
M
C
γc = 
 ρλ g
 ρ g (1 − s )


For water
5.6

for other species
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where the relative mobilities of individual phases, λk , are:

λl =

k rl / vl
k rl / vl + k rg / v g

and

λ g = 1 − λl

5.7

The effective gas diffusion coefficient is given by:
D gk ,eff = [ε (1 − s )]1.5 D gk

5.8

Note in Eq. 5.2 that in the isothermal model, the water vapor concentration in the
two-phase zone is uniformly equal to the saturated value, thus the molecular diffusion of
water vapor vanishes and the capillary-driven liquid water motion is responsible for water
transport in the isothermal, two-phase zone. In the non-isothermal situation, the water
vapor saturation concentration, a strong function of temperature, however, varies and
hence the vapor-phase diffusion emerges as a new transport mechanism along with the
liquid water transport in the non-isothermal, two-phase zone.
In the presence of liquid water in the catalyst layer, the electrochemically active
area is modified as follows:
ai0 = (1 − s )a0i0

5.9

5.2.3 Thermal Transport

Heat generation in the energy equation, Eq. 5.1, due to the electrochemical
phenomena, can be summarized as (Wang, 2004; Mazumder and Cole, 2003; Ju et al.,
2005; Wang and Wang, 2006):
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2

S T = j (η + T

In the catalyst layer:
In the membrane:

ST =

In the GDL and bipolar plate:

ST =

Here, jη and jT

ie

2

κ eff
is

2

dU o
i
i
) + eeff + seff
dT
κ
σ

5.10

2

σ eff

dU o
are irreversible and entropic heats, respectively, generated
dT

from electrochemical reactions, which are dependent on local reaction current density, j,
in the catalyst layer.

ie

2

κ eff

is

and

2

σ eff

are Joule heating arising from protonic and

electronic resistances, respectively, through the electrolyte and electronic phases. In
addition, the heat release/absorption due to water condensation/evaporation is given by:
S T = h fg m& fg

5.11

where h fg and m& fg are the latent heat of vapor-liquid phase change and the phase change
rate, respectively. The latter is readily calculated from the liquid continuity equation,
namely:
r
m& fg = ∇ ⋅ ( ρ l ul )

5.12

where the liquid-phase velocity in the M2 model is computed from:
r

r

r

ρ l u l = j l + λ l ρu

5.13

r
Here jl is the capillary diffusion flux calculated by:

r λl λ g
r
jl =
K [∇Pc + ( ρ l − ρ g ) g ]

ν

5.14
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The Leverett function is generally used to express the relationship between
capillary pressure and liquid saturation in porous media, namely:
ε 
Pc = Pl − Pg = σ cos(θ c ) 
K

1/ 2

J (s)

5.15

Here, σ is the surface tension and J ( s ) is given by:
1.417(1 − s ) − 2.120(1 − s ) 2 + 1.263(1 − s ) 3 for θ c < 90 o
J (s) = 
1.417 s − 2.120 s 2 + 1.263s 3
for θ c > 90 o

5.16

Note that Leverett J-function only considers the influence of two characteristics
of a porous medium, i.e. porosity and permeability, while ignoring the effect of detailed
pore morphology (Dullien, 1992).
Finally, the advection term in the energy equation, Eq. 5.2, is modified by a
correction factor, γ T , given by

γT =

ρ (λl c p ,l + λ g c p , g )
sρ l c p ,l + (1 − s )ρ g c p , g

5.17

This correction is, however, inconsequential to the energy transport as the
advection of both phases in GDL is negligible compared with heat conduction through
the GDL matrix and the latent heat of condensation/evaporation.
In addition, the temperature has impact on the electrochemical kinetics, thus
Eq. 2.10 is modified by:

1 
1
jc =- ai0,c exp− 16456 −

 T 353.15 


 C O2

 C O2,ref



α F
 exp  − c ⋅ η 

 RT



5.18
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5.2.4 Boundary Conditions

r
There are ten unknowns: u (three components), P ,T, C H 2 , C O 2 , C H 2 O , φ e , and φ s
in the above governing equations. The corresponding boundary and initial conditions of
these variables, except φ s and T, are set the same as the former chapter, while the
boundary conditions for φ s and T are as following:
Outlet Boundaries
Fully developed or no-flux conditions are applied:
∂φ s
∂T
= 0 and
=0
∂n
∂n

5.19

Walls
The boundary conditions for the electronic phase potential, φs , and temperature,
T, at the bipolar plate outer surfaces can be expressed as:


φ s = 0,
T = To

φ s = Vcell , T = To
 ∂φ
∂T
 s = 0,
=0
∂n
 ∂n

Anode bipolar plate
Cathode bipolar plate

5.20

Otherwise

5.3 Numerical Implementation

The governing equations along with their appropriate boundary conditions are
discretized by the finite volume method (Patankar, 1980) and solved in the commercial
CFD software package, Fluent® (version 6.0.12), by SIMPLE (semi-implicit pressure
linked equation) algorithm (Patankar, 1980).

The SIMPLE algorithm updates the
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pressure and velocity fields from the solution of a pressure correction equation, solved by
algebraic multi-grid (AMG) method. Following the solution of the flow field, species,
proton, and electron equations are solved. The source terms and physical properties are
implemented in a UDF (user-defined function) and the species and charge transport
equations are solved through the software’s user-defined scalars. The computational
domain of a single-channel PEFC for a numerical study is shown in Figure 4-1, with the
anode and cathode in co-flow. Geometrical and operating parameters of this PEFC are
listed in Table 5-1. 120,000 (60×100×20) computational cells are used to capture the
complex electrochemical and physical phenomena in the PEFC. In addition, overall
species balance is checked in addition to the equation residuals as important convergence
criteria. These species balance checks also ensure physically meaningful results. In all
the simulations to be presented in the next section, values of species imbalance (i.e. H2,
O2 and H2O) are all less than 1% and equation residuals smaller than 10-6.

5.4 Results and Discussion

5.4.1 Theoretical Analysis

Before presenting 3-D numerical results, it is instructive to estimate the rate of
vapor-phase diffusion in the non-isothermal, two-phase zone, as driven by the
temperature gradient. To do so, we first estimate the temperature gradient within the
GDL by assuming that the total heat released from the cell is removed mainly by lateral
heat conduction between the catalyst layer and land. It follows that:
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∆T I (U o − V )
~
∆x
k eff

5.21

where the total heat generation has been approximated by I(Uo-V) with Uo being the
thermodynamic equilibrium cell potential. Consider the current density of 1 A/cm2 at 0.6
V and k eff of 3.0 W/m K, one obtains the temperature gradient, ∆T/∆x, equal to 2000
K/m.
In the two-phase zone, the rate of vapor-phase diffusion can be expressed as:

D gw,eff (T , P)

dC (T )
dC dT
dC w
= D gw,eff (T , P) sat
= D gw,eff (T , P) sat
dx
dx
dT dx

5.22

To further determine the magnitude of the above term, we define a dimensionless
factor, β, as the ratio of the vapor-phase diffusion flux to the water production rate in the
cell, namely:
dC sat (T )
dT
dT
I
dx
2F

Dgw,eff (T , P)

β=

The expressions of C sat (T ) or

5.23

Psat (T )
and D gw,eff are listed in Table 2-2 and
RT

Table 3-1. The graphs of β versus dT/dx are plotted in Figure 5-1 for three different
operating temperatures.

It can be seen that β varies strongly with the operating

temperature, T, and is equal to approximately 0.4 for T=80oC with a temperature gradient
of 2000 K/m. This simple analysis implies that the vapor-phase diffusion removes ~40%
of product water from the catalyst layer and hence its significance cannot be overlooked.
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The vapor-phase diffusion through the non-isothermal, two-phase zone brings
about phase change heat transfer between the catalyst layer and land. This is realized by
water evaporation at the hotter catalyst layer, water vapor diffusion through the
interstitial spaces of GDL, and subsequent vapor condensation on the cooler land surface.
This mode of phase change heat transfer is conventionally referred to as the heat pipe
effect. The amount of heat transported via this heat pipe effect can be estimated as
follows:
h fg m& fg = h fg M w D gw,eff (T , P)

dC sat (T ) dT
dT
= k fg (T , P)
dT
dx
dx

5.24

It can be seen that the heat pipe effect can be described by an apparent thermal
conductivity, kfg(T,P). Using the information contained in Figure 5-1, k fg is estimated to
be ~0.42 W/m K at 80oC and become 0.56 W/m K at 90oC. The heat pipe effect thus
amounts to 15-18% of heat conduction through the GDL matrix with a conductivity of 3
W/m K.

5.4.2 Numerical Results

To elucidate the intimate interplays between the two-phase transport and heat
transfer, two cases have been simulated and contrasted for a single-channel PEFC. Case 1
ignores the vapor-phase diffusion in the two-phase zone as driven by the temperature
gradient, while Case 2 includes this effect and hence represents a full description of the
two-phase, non-isothermal model. The average current density at 0.61 V is predicted to
be 1.33 and 1.35 A/cm2 for Cases 1 and 2, respectively.
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Figure 5-2 displays the temperature distributions in the cathode GDL for the two
cases in the inlet region. We intentionally chose this upstream location as the local
conditions in the gas channels are comparable between the two cases. It can be seen that
the temperature varies by about 0.2 and 0.5 K across the GDL thickness under the
channel and land, respectively, while it changes by ~5 K in the in-plane from the channel
area to the land. Consequently, the actual temperature gradients, dT/dx, are around 1000
K/m (or β ≈0.2) and 2500 K/m (β≈0.5) in the through-plane direction under the channel
and land, respectively, and it is 5000 K/m (β≈1.0) in the in-plane direction, considering
the geometrical sizes listed in Table 5-1. Thus, the water transport by vapor-phase
diffusion occurs mostly in the in-plane direction from the channel area to the land. In
addition, heat transfer between the catalyst layer and land is enhanced by the heat pipe
effect as expressed by Eq. 5.24, thus decreasing the temperature level in Case 2.
Figure 5-3 presents the liquid saturation distribution in the cathode GDL at the
same inlet location. In the in-plane direction between the channel and land, the vaporphase diffusion induced by the temperature gradient in GDL is directed from the channel
area to the land, and thus opposes the capillary-driven liquid water transport from the
land to channel area. The net result of the opposed water transport mechanisms is that the
liquid saturation becomes higher under the land when vapor transport under a thermal
gradient is considered (i.e. Case 2). The enlarged disparity in liquid saturation between
the land and channel areas drives the additional liquid water rate to offset the vapor-phase
diffusion of water along the opposite direction.
Figure 5-4 shows the liquid and gas velocity vectors in the GDL for Case 2. It
can be seen in Figure 5-4 (a) that the liquid velocity induced by capillary forces is on the
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order of 10-6 m/s, and decreases along the flow channel. In addition, this capillary-driven
liquid flow is almost uniformly directed towards the channel, signifying the water
removal by this capillary mechanism. The gas velocity, as shown in Figure 5-4 (b), is on
the magnitude of 10-3 m/s, and is uniformly in the direction of entering the GDL. The
opposing gas and liquid water velocities have been also observed in the work of Berning
and Djlali (2003). If we define the Peclet number as a parameter to measure the relative
strength of this transverse gas convection to molecular diffusion, it follows that:
Pe =

uδ GDL
≈ 0 .1
D

5.25

This indicates that the convection effect in the gas phase is small compared to the
diffusive transport.
Figure 5-5 compares the components of liquid velocity in the through-plane
direction at the same location as Figure 5-4 for the two cases. It can be seen that the
liquid water flux due to capillary forces is slightly smaller in Case 2, as shown in
Figure 5-5 (b), due to the fact that water removal through the GDL under the channel is
enhanced by vapor-phase diffusion.
Figure 5-6 depicts the liquid velocity fields in the cross-section of the cathode
GDL in the inlet region for the two cases. Focusing on the area under the land, it can be
seen that liquid water flows away from the catalyst layer and bypasses the land to enter
the channel area in both cases. However, for Case 2, which considers vapor-phase
diffusion and vapor condensation on the land surface, there is a stronger flow of liquid
water from the land portion to channel portion, especially in the areas close to the land
surface.
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Figure 5-7 compares the temperature distributions in the membrane for the two
cases. It can be seen that Case 2 features slightly smaller temperature rise under the
channel, again explained by the heat pipe effect as discussed in Figure 5-2. In addition,
the maximum temperature rise of ~7K appears under the channel, as expected, because
the primary heat removal mechanism in PEFCs is via lateral heat conduction through
GDL to the cooler land, whereas the gas convection to the gas stream plays a minor role.
Figure 5-8 presents the contours of liquid saturation at the CL/GDL interface on
the cathode side for the two cases. It can be seen that the liquid saturation under the land
is slightly higher in Case 2 because of the vapor-phase diffusion that moves water vapor
from the channel area to the land for condensation.
As mentioned earlier, the average current density of Case 2 is 1.35 A/cm2 versus
1.33 A/cm2 of Case 1. A comparison of the current distribution between the two cases is
shown in Figure 5-9. It can be seen that the local performance of Case 2 under the
channel is slightly improved due to water removal enhanced by vapor-phase diffusion,
while it is slightly worse under the land due to the higher liquid saturation resulting from
the vapor-phase diffusion and local condensation in the land area. In addition, the
slightly lower temperature rise shown in Figure 5-7 helps the cell performance in Case 2
by alleviating dryness in the anode caused by water electro-osmotic drag.

5.5 Summary

A non-isothermal, two-phase model of polymer electrolyte fuel cells (PEFCs) has
been developed to elucidate the interactions between two-phase transport and phase-
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change heat transfer. A theoretical analysis was performed to estimate the importance of
vapor-phase diffusion driven by the temperature gradient in the two-phase zone and heat
release/absorption due to phase change. It is found that the vapor-phase diffusion is
capable of providing a flux comparable to the water production rate from a PEFC and the
consequent evaporation/condensation could transfer up to 15-18% of total heat
generation. Three-dimensional simulations were carried out for a single-channel PEFC to
compare two cases: one including the vapor-phase diffusion and the other ignoring it. It is
found that vapor-phase diffusion transports water in the GDL from the channel area to the
land area, causing more severe GDL flooding in the land portion. On the other hand, in
the GDL underneath the channel the vapor-phase diffusion enhances water removal to the
gas channel. In addition, vapor-phase diffusion through the interstitial spaces of the GDL
helps thermal dissipation via the heat pipe effect. This steady-state non-isothermal twophase model paves the road for numerical simulations of two-phase transients in PEFCs,
which will be present in the next chapter.
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Table 5-1: Geometrical, operating, and physical parameters.
Quantity

Value

Gas channel depth/ width

1.0/1.0 mm

Shoulder width

1.0 mm

GDL/Catalyst thickness, δ GDL / δ CL

0.2/0.01 mm

Membrane thickness, δ m

0.018 mm

Fuel cell height/length

2.0/100.0 mm

Stoichiometry, ξ a / ξ c @ 1.0 A/cm2

2.0/2.0

Inlet temperature of gas flows, To

353.15 K

Relative humidity of anode/cathode inlet

100/100%

Volume fraction of ionomer in catalyst layers, ε m

0.26

eff
Thermal conductivity of membrane, k mem

0.95 W/m K

eff
eff
Thermal conductivity of catalyst layer/GDL, k CL
/ k GDL

3.0/3.0 W/m K

eff
Thermal conductivity of bipolar plate, k land

20.0 W/m K

Viscosity of liquid water, µ l

3.5 × 10 -4 kg/m s

Surface tension, liquid-water-air (80˚C), σ

0.0625 N/m

Contact angle, θ c

110˚

Liquid-vapor phase change latent heat, h fg

2.26 × 10 6 J/kg

Permeability of GDL, K GDL

10 -12 m 2

Porosity of GDLs/catalyst layers, ε

0.6/0.4

Anode/cathode pressures, P

2.0/2.0 atm
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Figure 5-1: Functional dependence of β on temperature gradient.
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Figure 5-3: Liquid water saturation distributions in the cross-section of the cathode GDL
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Figure 5-4: Velocity vectors in the cathode GDL at the middle section in Case 2 for: (a)
liquid and (b) gas.

129

1.41E-06

1.61E-06

1.81E-06

1 .3 1 E -0 6

1.51E-06

1.71E-06

1.91E-06
2.01E-06

Along-channel direction

2.21E-06

2.40E-06

2.60E-06

2 .1 1

2.30E-06

2 .5 0

2.80E-06
3.00E-06
3 .2 0E -0 6

E-0 6

2 .7 0

E -0

6

E -0 6

2 .90 E

-0 6
3.1 0E -0 6

Through-plane direction

a

b
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(a) Case 1 and (b) Case 2.
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Figure 5-7: Contours of temperature in the membrane for: (a) Case 1 and (b) Case 2.
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Figure 5-8: Contours of liquid saturation at the CL/GDL interface on the cathode side for:
(a) Case 1 and (b) Case 2.
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Chapter 6
Two-Phase Transients

6.1 Introduction

One of the most complex and vital phenomena in polymer electrolyte fuel cells
(PEFCs) is the transients of two-phase transport. Liquid water may block pore paths of
mass transport through porous diffusion media and catalyst layers, thereby reducing
PEFC performance and resulting in cell degradation. In addition, water is needed for the
proton conductivity of the membrane to reduce the Ohmic loss. Thus, proper water
management is critical to optimize overall cell performance.

Transients of water

accumulation in the membrane, catalyst layers and GDLs are of paramount importance to
water management and dynamic responses of PEFC engines.
While transients of GDL flooding and de-wetting are of great interest to unravel
PEFC dynamics, in this chapter we consider the transient phenomenon of de-wetting of a
flooded GDL in a PEFC by feeding with dry gas. That is, when a PEFC with flooded
GDLs switches from highly humidified gases to drier gases, what happens to the water
distribution in the GDL and how does the cell respond? Another practical problem
falling in the same category of the fundamental issue is that one uses dry streams to
remove the residual water in the fuel cell after PEFC shutdown for avoidance of possible
degradation due to water freezing in the cold environment. This is referred to as gas
purge after PEFC engine shutdown. GDL de-wetting in such problems is highly related

135
to the two-phase transient phenomena with phase change in PEFCs. Furthermore, since
heat transfer always interacts with phase change two-phase flow, the non-isothermal
conditions must be considered in exploration of GDL de-wetting.
Mathematical modeling of heat transfer and two-phase transport in polymer
electrolyte fuel cells (PEFCs) as reviewed in Chapter 5 focuses mostly on steady-state
operation. A two-phase transient model in one dimension was attempted by Ziegler et al.
(2005), who developed a two-phase model to study the effect of liquid water formation
and transport on the current-voltage characteristics of PEFCs under isothermal
conditions. Another 1D transient non-isothermal two-phase model developed by Song et
al. (2006) only considers the water and oxygen transport in the cathode GDL, while
ignoring water balance between the anode and cathode. Also, the validity of a two-phase,
non-isothermal analysis in one dimension is highly questionable, as will be shown
shortly.
The objective of the present chapter is to expand on our 3D steady-state, nonisothermal, two-phase model, presented in Chapter 5, to study the two-phase transients
during GDL de-wetting and explore the intricate interactions between the two-phase flow
and thermal transport as well as their impact on cell dynamics.
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6.2 Transient, Two-Phase Modeling

6.2.1 Governing Equations

A transient model of PEFCs consists of five principles of conservation: mass,
momentum, charge, energy, and species. In addition to Eq. 2.2, Eq. 2.3, Eq. 2.23, and
Eq. 4.1, the governing equations also include the energy and species equations in their
transient forms such that:

Energy conservation:

∂ρ c p T
∂t

r
+ ∇ ⋅ ( γ T ρc p u T ) = ∇ ⋅ (k eff ∇T ) + S T

Species conservation:
k
∂C k
mf k C g r
r
ε eff
+ ∇ ⋅ (γ c u C k ) = ∇ ⋅ ( Dgk ,eff ∇C gk ) − ∇ ⋅ [( lk −
) j ] + Sk
∂t
M
ρg l

6.1

6.2

Detailed discussion on the same terms in the steady-state model can be found in
the preceding chapter and is therefore not repeated here.

Properties related to the

transient terms are elaborated below.
The heat release/absorption due to water condensation/evaporation is contained in
the source term, ST , for the energy equation, given by Eq. 5.11. The phase change rate,
m& fg , is calculated from the liquid continuity equation, namely:

m& fg = ρ l

r
∂s
+ ∇ ⋅ ( ρ l ul )
∂t

6.3

In addition, in the energy equation, Eq. 6.1, ρ c p accounts for the solid matrix and
liquid/gas phases, namely
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ρ c p = (1 − ε ) ρ s c sp + εsρ l c lp + ε (1 − s ) ρ g c pg

6.4

The specific heat capacity of the two-phase mixture, c p , in the convection term of
Eq. 6.1 is defined as

cp =

sρ l c lp + (1 − s ) ρ g c pg

ρ

6.5

Finally, it should be noted that we take the following formula for the relative
permeabilities, although cubic relations have been used in Chapter 5 for steady-state
calculations:
k rl = s 4

and

k rg = (1 − s) 4

6.6

6.2.2 Boundary/Initial Conditions

The boundary conditions are set the same as in the preceding chapter and the
initial conditions are either uniformly zero or steady-state distributions corresponding to
the operating point at the start of a transient process.

6.3 Numerical Implementation

The governing equations are solved by a commercial flow solver, Fluent®
(version 6.0.12), with PISO algorithm (the pressure implicit splitting of operators) (Issa,
1986).

PISO is based on predictor-corrector splitting for unsteady problems.

Geometrical and operating parameters of a 2D problem are listed in Table 6-1. The
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source terms and physical properties are programmed into UDF (user-defined functions),
based on the software user-coding capability. Adaptive time stepping is used in which
the current time step is inversely proportional to the temporal gradient of cell voltage at
the previous time step with the maximum of 0.1 s.

6.4 Results and Discussion

Due to the computational intensiveness of transient simulations, a 2D PEFC or a
cross-section of a single-channel PEFC, usually referred as to a differential fuel cell, is
selected to study the PEFC de-wetting, as shown in Figure 6-1. The 2D geometry is a
minimal requirement for studies of non-isothermal, two-phase phenomena including the
water vapor-phase diffusion and associated heat pipe effect. In a two-phase zone, the
flux of vapor-phase diffusion can be expressed, in the vector form, as:
Dgw,eff (T , P)∇C w = Dgw,eff (T , P)∇C sat (T ) = Dgw,eff (T , P)

dC sat
∇T
dT

6.7

It can be seen that the vapor-phase diffusion flux is directly proportional to the
thermal gradient. Figure 6-2 shows the temperature gradient vector in the cross-section
of the cathode GDL for two values of thermal conductivity, k eff . Clearly, the vaporphase diffusion, important for water management in a fuel cell, takes place mostly in the
in-plane direction. Thus, a 2D geometry, i.e. in-plane plus through-plane directions, is
required to capture this vital mechanism for water transport under non-isothermal
situations. The heat pipe effect, induced by the vapor-phase diffusion, also occurs mostly
in the in-plane direction, as given by:
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h fg m& fg = h fg M w Dgw,eff (T , P)

dC sat (T )
∇T = k fg (T , P)∇T
dT

6.8

Heat pipe effect in other fields was explored by Udell (1985) and McGuinness (1996).
In addition, the initial condition is the steady state under a full humidification
operation.

The transient focuses on the time period after switching the operation

condition to a dry one, i.e. RHa/c=50/50%, under a constant average current density, 1.0
A/cm2. The gas flow rate (or stoichiometric ratio) in the channel is large for a differential
fuel cell, thus channel flooding is absent.
Figure 6-3 displays the time responses of cell voltage and membrane resistance
upon the change in the inlet gas humidity. It can be seen that the cell voltage experiences
four major stages of decrease as marked in the figure. The cell voltage drop can be
explained by the membrane resistance evolution plotted in the same figure. Note that the
cell performance in this range of the current is controlled by the Ohmic loss. The
membrane resistance increase is due to the switch to drier gas, which gradually dries up
liquid water inside the fuel cell.
Figure 6-4 shows the distributions of liquid water saturation at different time
instants in Stage 1. Figure 6-4 (a) is at the initial condition, i.e. the steady state of full
humidification operation. Under the initial condition, there exists liquid water in both
anode and cathode. Upon the change to the 50%RH gas in the channel, liquid water in
the GDL under the channel is first evaporated and removed by the dry gas. This first
stage of de-wetting can be characterized as through-plane drying under the channel. The
water evaporation rate at the evaporation front is determined by water vapor diffusion
ahead of the front, the limit of which can be estimated by
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D gw,eff

∆C

δ GDL

~

80000( A / m 2 )
2F

6.9

The above estimate is based on ∆C of ~8.0 mol/m3, which is calculated from the
difference between the saturation value at the evaporation front (i.e. ~15.9 mol/m3 at 80
o

C) and the water concentration in the nearly infinite flow in the channel, i.e. ~7.95

mol/m3 at 50% RH. It can be seen that the limit rate of water removal from the GDL is
equivalent to ~8 A/cm2 water production rate.
On the other hand, based on water balance in the GDL, one can determine the
following time constant of through-plane drying under the channel

εsρ l
τ1 =

δ GDL

M H 2O
w ,eff ∆C

Dg

δ GDL

I
−
2F

~ 2s

The above formula takes the water production rate,

6.10

I
, into account, when I is
2F

equal to 0, Eq. 6.10 can be used to estimate the time constant of de-wetting during cell
shutdown. Under this condition, one has

τ~

sδ 2
D gw,eff ∆C

6.11

It can be seen that the time constant of GDL de-wetting is related effective water
diffusivity, Dgw,eff , diffusive path length, δ , and liquid water saturation level, s.
In addition, for more accurate estimation, one may also consider the net water
transfer coefficient, α , in the above equation, i.e. replacing

I
I
by (1 + 2α )
. It
2F
2F

should be noted that the time constant only changes slightly if including α . It can be
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seen that the simulation result in Figure 6-3 and Figure 6-4 is consistent with the time
constant estimated by Eq. 6.10. Figure 6-4 also shows that the evaporation front is
initially in the in-plane direction, and changes to the through-plane direction after it is
broken by the dry gas. This marks the beginning of Stage 2 for in-plane drying. In
addition, it can be seen that the liquid water level under the land changes little even
though the one under the channel experiences a significant decrease.
The GDL de-wetting under the channel is followed by in-plane drying under the
land. Since the water diffusivity in the anode is several times larger than in the cathode,
in-plane drying in the anode GDL takes place faster. Following Eq. 6.10 and using the
in-plane diffusion length of 0.5 mm, one can obtain the time constant of in-plane drying
in the anode under the land, τ 2 , of about 5 s. The evolution of liquid water saturation in
Stage 2 of anode in-plane drying is displayed in Figure 6-5. This figure shows that liquid
water is evaporated away from the anode GDL under the land and the evaporation front
propagates from the channel area into the land area. The process in Stage 2 takes ~5
seconds, in consistency with the above analysis.
Obviously, water loss occurs under the land in both cathode and anode sides
simultaneously. However, the time constant, τ 3 , of cathode in-plane drying is several
times larger, about 15 s. Note that the time constant, τ 3 , includes the duration of both
Stages 2 and 3. In addition, in Stage 2, there remains liquid water under the lands of both
sides, thus the resulting increase in the membrane resistance and loss in cell voltage occur
relatively mildly. Once liquid water disappears in the anode under both channel and land
after Stage 2, the rise in the membrane resistance accelerates as shown in Figure 6-3
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during Stage 3. Figure 6-6 displays the evolution of the water saturation contours in
Stage 3, indicative of in-plane drying in the cathode. At this stage, liquid water in the
cathode GDL underneath the land is removed via two mechanisms: one is evaporation by
vapor-phase diffusion and the other is water back-diffusion through the membrane to the
dry anode.
Figure 6-7 displays the water concentration in the gas phase at two time instants
in Stage 3. It can be seen that even though the liquid water region in the cathode shrinks
significantly, the water concentration in the gas phase remains high in the GDL.
Consequently, the membrane still maintains a certain value of water content. Once all
liquid water disappears and there is no water supply from evaporation, membrane
dehydration accelerates, resulting in the final stage of cell voltage or membrane
resistance evolution during the de-wetting process, as shown in Figure 6-3. The time
constant of membrane dehydration can be determined according to e.g. Eq. 3.5 except
that the membrane dehydration rate is fast and controlled by the vapor diffusion rate, i.e.
Eq. 6.9, instead of the water production rate. In this case, the vapor diffusion rate is
several times larger than the water production rate, as shown in Eq. 6.9 and Eq. 6.11,
therefore the time constant of membrane dehydration, τ 4 , is only several seconds for a
Gore 18µm membrane. Figure 6-8 displays the water concentration distributions in the
GDL at three time instants in Stage 4. It is seen that the water concentration is below the
saturation value, ~15.9 mol/m3 at 80 oC, throughout. In addition, the GDL maintains a
relative higher value of water concentration on both anode and cathode at 16.75 s and the
water concentration falls quickly over the subsequent 6 seconds till the steady state at
22.75 s.
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Figure 6-9 shows the water content distributions in the membrane at each of four
stages. It can be seen that the de-wetting process of GDLs and catalyst layers is followed
by membrane dehydration.

The latter is the main reason for the increase of the

membrane resistance and cell voltage drop as shown in Figure 6-3. In addition, the
under-land region always maintains a higher water content than the under-channel region.
At 5.75 s in Stage 2 when the GDL de-wetting under the channel is completed, there
exists a great difference between the under-land water content and the under-channel one.
From 16.75 s to 22.75 s when there is no liquid water in the fuel cell, i.e. in Stage 4, the
membrane content decreases, indicative of membrane dehydration.
Figure 6-10 displays the evolution of current density contours. It can be seen that
initially high current density appears under the channel. This is due to the high-humidity
operation at t=0, which maintains a high water content in the membrane, rendering the
Ohmic resistance relatively small. Therefore the oxygen transport limitation dominates
the local cell performance. As the GDL de-wets under the channel, the local membrane
resistance increases, leading to a shift of the current density peak from the under-channel
to the under-land area. The difference between the current densities under the land and
channel is further increased until 5.75 s, in accordance with the occurrence of maximum
non-uniformity in water content, as shown in Figure 6-9. After 5.75 s, GDL in-plane
drying towards the land area increases the local membrane resistance and hence the
difference in the local current density between the channel and land areas diminishes.

144
6.5 Summary

A transient model fully coupling two-phase flow, transport, heat transfer, and
electrochemical phenomena has been developed to investigate the dynamics of GDL dewetting and its impact on PEFC performance. A 2D numerical simulation study is
carried out to unravel the dynamics of liquid water transport in GDLs, catalyst layers, and
membrane, under a step change in the gas humidification conditions, from
RHa/c=100/100% to 50/50%, designed to de-wet flooded GDLs. The simulation results
indicate that the de-wetting of fuel cells by dry gas experiences different time constants in
stages, due to the differing water diffusivity in the anode from the cathode as well as
through-plane drying versus in-plane drying. The water diffusivity in the anode GDL is
several times larger than that in the cathode, therefore the anode side undergoes a rapid
water loss to the dry gas flow. In addition, the land hampers the reactant/water diffusive
transport, therefore the liquid water is trapped under the land and the water loss there
starts only after through-plane drying of the GDL under the channel. The differing time
constants of various de-wetting also impact the evolution of cell voltage due to the Ohmic
loss.
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Table 6-1: Geometrical, operating, and physical parameters.
Quantity

Value

Gas channel depth/width

0.5/1.0 mm

Shoulder width

1.0 mm

Catalyst layer/GDL thickness, δ CL / δ GDL

0.01/0.2 mm

Membrane thickness, δ m

0.018 mm

Fuel cell height

2.0

Stoichiometry, ξ a / ξ c

150/200

Current density, I

1.0 A/cm2

Inlet temperature of gas flows, To

353.15 K

Porosity of GDLs/catalyst layers, ε

0.6/0.4

Volume fraction of ionomer in catalyst layers, ε m

0.26

eff
Thermal conductivity of membrane, k mem

0.95 W/m K

eff
eff
Thermal conductivity of GDL/catalyst layer, k GDL
/ k CL

3.0/3.0 W/m K

eff
Thermal conductivity of bipolar plate, k land

20.0 W/m K
1100 J /kg K

bp
p

Specific heat of bipolar plates, c
Specific heat of GDL, c GDL
p
Specific heat of catalyst layer, c

709 J /kg K
CL
p

Specific heat of water, c lp

709 J /kg K
4182 J /kg K

Specific heat of membrane, c mem
p

500 J /kg K

Anode/cathode pressures, P

2.0/2.0 atm
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Figure 6-1: 2D computational domain and mesh of a differential PEFC.
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Figure 6-2: Thermal gradient vectors in the cathode GDL for: a.) k eff =10 W/m s, and b.)
k eff =3 W/m s.

148

60

3

2

4

55
50

0.7

Cell Voltage (V)

45
40

0.65

35
30
0.6

25
RHa/c: from
100/100% to 50/50%
2
1.0 A/cm

0.55

20
15
10

0.5

0

10

20

Time (s)
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Figure 6-4: Liquid water saturation distributions at time instants of 0, 0.01, 0.1, 1.0, 1.25,
and 1.75 s, respectively.
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Figure 6-5: Liquid water saturation distributions at time instants of 2.75, 4.75, 6.75, and
7.75 s, respectively.
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Figure 6-6: Liquid water saturation distributions at time instants of 8.75, 10.75, 12.75,
and 14.75 s , respectively.
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Figure 6-7: Water vapor concentration contours at time instants of 12.75, and 14.75 s,
respectively.
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Figure 6-8: Water vapor concentration contours at time instants of 16.75, 17.75, and
22.75 s, respectively.
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Figure 6-9: Water content contours in the membrane at time instants of 1.0, 5.75, 12.75,
16.75, and 22.75 s, respectively.
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Chapter 7
Conclusions and Future Work

7.1 Conclusions

A three-dimensional, multi-component model of PEFCs has been developed to
fully couple the flow field with transport and electrochemical processes in the single
phase. Simulation results indicate that the density and velocity along the anode channel
could change by up to 80%. Deceleration of the anode gas flow under low anode
stoichiometry is a major finding from this full model. Despite all of the dramatic
differences in the anode density, flow and H2 concentration, the variable- and constantflow models yield very similar water and current distributions and the error in the average
current density predicted by the constant-flow model is less than 14%, supporting the
applicability of the constant-flow model under common PEFC operation.
Based on the constant-flow approach, a transient single-phase model has been
developed to study the intricate dynamic response during the cell voltage change. Time
constants analysis has been performed and identified the dominant effects of membrane
water uptake and gas transport processes. Numerical simulation results indicate that the
transition takes place on the order of 10 seconds and the membrane hydration was the
controlling process in the transient analyses. Detailed species distributions indicate that
under low-humidity operation membrane water accumulation is responsible, while under
high-humidity operation oxygen transport dictates the dynamic response of PEFCs. The
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dynamic behaviors of PEFCs captured herein for the first time, including undershoot and
overshoot in current output, are expected to be useful for the design of power electronics
and control algorithms for fuel cell engines.
To study the dynamics under current density change, an electron transport mode
has been incorporated to control the current density in simulations. It is found that a step
increase in the current density instantaneously dries out the anode under the influence of
electroosmotic drag, while it takes several seconds, consistent with theoretical estimation,
for the water back-diffusion to rehydrate the anode. The water redistribution process in
the PEFC, directly impacting the cell voltage response, is controlled by dynamic balance
between electroosmotic drag and back-diffusion in the membrane characterized by two
disparate time scales. In addition, the results reveal that the change in gas humidification
conditions will lead to a drastic fluctuation of the local current density during transients.
This finding may lend new insight into PEFC degradation caused by fast-transient
cycling.
To expand the study to two-phase transients, a steady-state non-isothermal, twophase model of polymer electrolyte fuel cells (PEFCs) has been developed to elucidate
the interactions between two-phase transport and phase-change heat transfer.

A

theoretical analysis was performed to estimate the importance of vapor-phase diffusion
driven by the temperature gradient in the two-phase zone and heat release/absorption due
to phase change. It is found that the vapor-phase diffusion is capable of providing a flux
comparable to the water production rate from a PEFC and that the consequent
evaporation/condensation could transfer up to 15-18% of total heat generation.

In

addition, vapor-phase diffusion through the interstitial spaces of the GDL helps thermal
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dissipation via the heat pipe effect. Based on the two-phase characteristic at steady state,
a transient model fully coupling two-phase flow, transport, heat transfer, and
electrochemical phenomena has been developed to investigate the dynamics of GDL dewetting and its impact on PEFC performance. The simulation results indicate that the dewetting of fuel cells by dry gas experiences different time constants in stages, due to the
differing water diffusivity between the anode and the cathode as well as through-plane
drying versus in-plane drying. The water diffusivity in the anode GDL is several times
larger than that in the cathode, therefore the anode side undergoes a rapid water loss to
the dry gas flow. In addition, the land hampers the reactant/water diffusive transport,
therefore the liquid water is trapped under the land and the water loss there starts only
after through-plane drying of the GDL under the channel. The differing time constants of
various de-wetting also impact the evolution of cell voltage due to the Ohmic loss.

7.2 Recommendation for Future Research

Although the present study is able to capture operating characteristics related to
PEFC transients, there are still some factors ignored in the models, such as channel
flooding issues. In addition, all of the studies carried out are for single-channel PEFCs,
while there is a need to perform such a study on an industry-size PEFC. Another
necessary undertaking directly related to the transient study is experimental validation.
Therefore, the following discussion focuses on large-scale simulations, channel flooding,
and experimental validation.
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7.2.1 Large-Scale Simulations

Large-scale simulations are necessary for industrial applications of fuel cells. For
single-phase calculations, Meng and Wang (2004) first proposed a parallel computing
methodology to handle large-scale simulations involving millions of gridpoints. They
simulated a variety of wet-to-dry operating conditions with a five-channel serpentine
flow-field and benchmarked the parallel computing performance to be greater than 7×
speed-up with 10 processors. The large calculations reported so far were by Wang
(2004) (2.7 million cells); Shimpalee et al. (2004) (5 million cells), and Wang and Wang
(2005) (2.7 million cells). However, the industry has a need for simulations using an
order-of-magnitude larger mesh with reasonable computing time. Most recently, Wang
and Wang (2006) carried out ultra large-scale simulations of a commercial-size PEFC
with twenty-four-channel three-pass flowfield to demonstrate the computational
performance of a parallelized code for PEFCs, and to illustrate the internal phenomena
and distributions of key parameters in a representative industrial cell as well as the
profound coolant effects. A 32-processor PC cluster was used and the computing time is
roughly 20 hours for a simulation using a 23.5 million gridpoint mesh that considers
comprehensive single-phase phenomena in a PEFC.

However, only steady state is

considered at current stage, while extension to the transient study is necessary for cell
design and dynamic controls during industrial applications. The challenge in this work is
the computational burden of transient simulations. In the work of Wang and Wang,
(2006), one steady-state simulation takes about a day of calculation, while a transient
simulation requires hundreds or even thousands of time steps, therefore taking hundreds
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or thousands of times more computing time than a steady-state case. Thus, an effective
numerical method is highly needed for this work.

7.2.2 Channel Flooding

Water management is a central issue in PEFC technology because high water
content results in high proton conductivity of the membrane and hence decreases ohmic
voltage loss, while excess water causes water condensation and two-phase flows,
generally called flooding, in the catalyst layer, GDL, and gas channel. In addition, twophase flows are unavoidable phenomena in automobile fuel cells considering the low
saturation concentration of water at startup temperature (~25 C). Liquid water transport
in fuel cells consists of the following three sub-modes: liquid water coverage model in
catalyst layers, two-phase transport in GDLs (including MPL and GDL coverage model),
and two-phase flow in gas channels. To date, most efforts in two-phase modeling,
including that in Chapters 5 and 6, have investigated the former two modes and no model
existing in the literature can treat channel flooding, even though the two-phase transport
in channels is of paramount importance for fuel cell operations. The concerns of channel
flooding include: (1) fuel starvation leading to carbon corrosion; (2) oxygen starvation
and hence hydrogen evolution on the cathode and, furthermore, H2/O2 combustion
leading to hot spot formation; (3) flow mal-distribution among parallel channels leading
to operation instability and other efficiency issues; and (4) increasing the mass transport
loss of the cell voltage. Thus, the most urgent need in PEFC modeling has been to
develop a two-phase flow and flooding model for fuel cell channels, allowing the liquid
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water saturation to be predicted at levels as high as 20-30%. Such a model is lacking in
the current literature. Such a model will also enable channel flooding, water trapping in
heterogeneous porous media, two-phase flow maldistribution in multiple, parallel
channels, and the flowfield effect on liquid water removal to be captured.

7.2.3 Experimental Validation

While beyond the scope of this thesis, experimental work on the transients of cell
voltage response to load changes, GDL flooding and de-wetting is being carried out by
other researchers in our laboratory. These data shall be useful to validate the various
transient models developed in this thesis.
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