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Abstract

A general formulation for a comprehensive fuel cell model, based on the conservation principle is presented. The model formulation
includes the electro-chemical reactions, proton migration, and the mass transport of the gaseous reactants and liquid water. Additionally, th
model formulation can be applied to all regions of the PEM fuel cell: the bipolar plates, gas flow channels, electrode backing, catalyst, and
polymer electrolyte layers.

The model considers the PEM fuel cell to be composed of three phases: reactant gas, liquid water, and solid. These three phases can co-e
within the gas flow channels, electrode backing, catalyst, and polymer electrolyte layers. The conservation of mass, momentum, species, al
energy are applied to each phase, with the technique of volume averaging being used to incorporate the interactions between the phases
interfacial source terms. In order to avoid problems arising from phase discontinuities, the gas and liquid phases are considered as a mixtur
The momentum interactions between the fluid and solid phases are modeled by the Darcy-Forchheimer term. The electro-oxiglation of H
and CO, the reduction of Qand the heterogeneous oxidation ofdhd CO are considered in the catalyst layers. Due to the small pore size
of the polymer electrolyte layer, the generalized Stefan—Maxwell equations, with the polymer considered as a diffusing species, are used t
describe species transport.

One consequence of considering the gas and liquid phases as a mixture is that expressions for the velocity of the individual phases relatiy
to the mixture must be developed. In the gas flow channels, the flow is assumed homogeneous, while the DardyghedSativns are used
to describe liquid water transport in the electrode backing and polymer electrolyte layers. Thus, two sets of equations, one for the mixture an
another for the solid phase, can be developed to describe the processes occurring within a PEM fuel cell. These equations are in a conservat
form, and can be solved using computational fluid dynamic techniques.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction placement for the internal combustion (I.C.) engine. Cur-
rently, PEM fuel cells are not a commercially viable alter-
The use of fossil fuel is a major source of air pollu- native to the I.C. engine; however, a greater understanding
tion and contributes to global warming. The transportation of the processes occurring within a PEM fuel cell can aid in
sector is a major consumer of fossil fuel, thus eliminating commercialization by providing power output and efficiency
or reducing pollution from transportation sources is a ma- gains.
jor policy objective. Polymer electrolyte membrane (PEM) Insight on PEM fuel cells can be obtained through math-
fuel cells convert the chemical energy ob lnd G di- ematical modeling. Mathematical models use fundamental
rectly into electrical energy, with water and heat as the equations to simulate the processes occurring within a PEM
only by-products. The low operating temperature allows for fuel cell. Although several processes occur within a PEM
quick start-up, and the high power density and mechanically fuel cell, three key processes have the greatest impact on
robust construction make PEM fuel cells an attractive re- PEM fuel cell performance: the electro-chemical reactions
in the catalyst layers, proton migration in the polymer elec-
* Corresponding author. Tel.: +1 519 888 4567; fax: +1 519 888 6197.  trolyte membrane layer, and mass transport within all regions
E-mail addressx6li@uwaterloo.ca (X. Li). of the PEM fuel cell. These processes have been addressed by
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area (nf)

reactive area per volume ()
body force (N nT3)

ratio of forward to backward reaction rate cor
stant (mole 3 or m® mole™1)
Tafel slope (V)

concentration (mole )

diffusion coefficient (Ms 1)
binary diffusion coefficient (rhs~1)
cell voltage (V)
Forchheimer coefficient
Faraday’s constant,
10*Cmole™!

acceleration due to gravity (nm$)
Gibbs function (J kgl)
convective heat
(Wm—2K™1

enthalpy (Jkg?)
current (A)

current density (A m?)
exchange current density (ATA)

mass flux of species due to molecular diffu-
sion (kgnt2s1)

forward reaction rate constant (m's or
molent2s71)

relative permeability of phade

permeability (nf)

.8485309x

transfer coefficient

equilibrium constant for the acid-base reactign

in the polymer electrolyte

water content of the polymer electrolyte
correction applied to property for the porous
media structure

molecular weight (kg molet)

unit normal of the interface between phakes
andn

molar flux (mole nT2s~1)

pressure (Pa)

production of species (mole m3s~1)
vapor pressure of water (Pa)

heat flux due to conduction and species diffu-
sion, W n1?

heat of reaction (W m?d)

heat of reaction (W m?)

radius, m; interaction parameter for CO ag
sorption (J mole?)

reaction rate (mole més~1)

universal gas constant, 8.31451 J mdlg 1
saturation of phasle

entropy (Jkg' K1)

source termin the conservation of energy equa-

tion (W m~3)

Smom  source term in the conservation of momentum
equation (N n3)

Sspecies source term in the conservation of specigs
equation (kg m3s1)

t time (s)

T temperature (K)

u velocity (ms 1)

Uin velocity of the interface between phasesnd
n(ms?)

Y, volume (n¥)

w relative phase velocity (nT$)

w mass flux (kgm?s1)

Xy mole fraction of species

Za charge of species

Greek letters

B symmetry factor for the CO adsorp
tion/desorption reaction

Ye activity coefficient of species

Tex interfacial source term for energy conservatign
(@m3sh

I'ex interfacial source term for momentum conser-
vation (Nm3s71)

I'mx  interfacial source term for mass conservatign
(kgm—3s71)

I'g; interfacial source term for species conservation
(kgm—3s71)

€k volume fraction of phask

n overpotential (V)

Oc contact angle

0% fraction of reaction sites covered by species

Kok electrical conductivity (S m?)

A thermal conductivity (W mtK—1)

m viscosity (kgnr1s1)

g electro-chemical energy of species
(Imole 1)

0 density (kg nm3)

o surface tension (N mt)

% viscous stress (N f?)

P potential (V)

¢ void fraction

oy mass fraction of species

Subscripts

a anode

c cathode; capillary

cell cell

e polymer electrolyte

g gas

i interface

I liquid

m mixture

ref reference value
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fusion were also included within the model. However, the
model of Springer et a[8] was one-dimensional, neglected
pressure-driven water transport and relied on an empirical
correlation for the conductivity of the membrane. Hence,
Thampan et al[9] used the Dusty Gas Model and acid—
base equilibrium to formulate a model describing proton

rev reversible
S solid

Superscripts

a anode conduction and water transport in the polymer electrolyte

o cathode

e polymer electrolyte membrane. - L

off effective value Both gas and liquid phases exist within the PEM fuel cell,
and the mass transport within each phase affects PEM fuel

Overbars cell performance. The gaseous reactants in the PEM fuel cell

must travel from the gas flow channels, through the porous
electrode backing layer, and into the catalyst layers. Gurau
et al.[10] developed a two-dimensional model that incorpo-

rated the reactant flow in the gas flow channels, electrode

per unit volume (m?3)
equilibrium value
correction for dispersion

molar units backing layers, and catalyst layers of a PEM fuel cell. The
Operators catalyst layer formulation was similar to that of Bernardi _and
0 total-volume average Verbrggge[l], and the polymer electrolyte layer formulation
e ohase-volume average was similar to that of Verbrugge and Hjif]. Um et al.[11]

developed a model similar to that of Gurau ef&Q], but al-
lowed for the simulation of the transient operation of a PEM
fuel cell. Siegel et all12] also developed a two-dimensional
mathematical models in the published literature, with varying model, but considered the catalyst layer void regions to be
degrees of simplifications. composed of gas and polymer electrolyte membrane. Addi-
The hydrogen oxidation and oxygen reduction reactions in tionally, proton migration and water transport in the polymer
the catalyst layers were modeled by Bernardi and Verbruggeelectrolyte membrane layer was incorporated through a for-
[1]. The model of Bernardi and Verbrugfd assumed that = mulation similar to Springer et aJ8]. Complex gas flow
the catalyst layer void regions were filled with polymer elec- channel designs require a three-dimensional model in order
trolyte; other models allow for a void region filled with gas to accurately simulate the mass transport. Thus, the models of
[2] or a combination of gas, liquid and polymer electrolyte Gurau et al[10] and Um et al[11] were extended into three
[3]. If the hydrogen fuel contains CO, the hydrogen oxidation dimensions by Zhou and Li[13] and Um and Wangl14],
reaction is inhibited, severely decreasing the efficiency and respectively. Shimpalee et §.5] used the commercial CFD
power output of the PEM fuel cell. This CO-poisoning of the software FLUENT to model a PEM fuel cell; the catalyst
anode was modeled by Wang and Savif@l) using an em- layers and polymer electrolyte membrane were incorporated
pirical correlation for coverage of CO on the anode catalyst as boundary conditions. Heat transfer can be significant in a
surface. Springer et gJ5] addressed CO-poisoning by us- PEM fuel cell, especially for cells operating within a stack;
ing detailed reaction kinetics for the adsorption, desorption, thus Berning et a[16] incorporated heat transfer into a three-
and electro-oxidation of hydrogen and carbon monoxide. The dimensional PEM fuel cell model. The catalyst layers were
most effective method of mitigating CO-poisoning is the in- considered to be surfaces and modeled with boundary condi-
troduction of oxygen, with concentrations ranging from 1 tions.
to 4%, into the anode fuel stream; this is referred to as O Water is produced in the cathode catalyst layer as a product
bleeding. The adsorption, desorption, electro-oxidation, and of oxygen reduction. Due to the polymer electrolyte mem-
heterogeneous oxidation of CO, hydrogen, and oxygen werebrane hydration requirements, the reactant streams typically
incorporated into a PEM fuel cell model by Baschuk and Li enter the PEM fuel cell fully humidified; hence the water pro-
[6]. ducedinthe cathode catalystlayer must exitthe PEM fuel cell
Since the polymer electrolyte is permeable to water, pro- in liquid form. The two-phase flow in the cathode gas flow
ton migration is strongly coupled with water transport. Ver- channel and electrode backing layer was considered by Wang
brugge and Hil[7] developed a mathematical model of the et al.[17]. Using Darcy’s law and the Multi-phase Mixture
proton and water migration in the pores of a fully humidified Model (MMM) [18], liquid water transport in the electrode
polymer electrolyte membrane. However, the protonic con- backing layer was expressed as a function of the capillary
ductivity is a function of the membrane hydration; as well, pressure and gravity. He et fl9] used a two-fluid analysis to
water transport can be driven by water concentration differ- model the liquid water transport in the cathode catalyst layer;
entials. Therefore, Springer et ] developed a PEM fuel  the liquid water velocity was assumed to be proportional to
cell model in which the protonic conductivity was a func- the gas velocity and liquid saturation gradient. Shimpalee et
tion of membrane hydration. Water transport in the mem- al. [20] added liquid water transport to the model of Shim-
brane by the mechanisms of electro-osmotic drag and dif- palee et al[15] by treating liquid water as a diffusing species.
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You and Liu[21] used a mixture formulation, similar {&8], 5
to add liquid water transport to the model of Gurau eftld)]. L,_
Ferng et al[22] modeled the two-phase flow in the cathode Y
gas flow channel and electrode backing layer by assuming pe Q

that the gas and liquid phases had the same velocity. The wet- ]

ting nature of the pores has a significant effect on the capillary A A
pressure, and thus on liquid water transport. Hence, Stockie
[23] simulated liquid water transport in the electrode back-
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Wang[24,25]modeled liquid water transport in the electrode

; . » H) B B (02
backing layer for different contact angles, porosities, and o394
wettabilities E)E®) () ()] (c) (b)) ]
The three key processes in a PEM fuel cell, the electro-
chemical reactions, proton migration, and mass transport, Anode Reactants Cathode Reactants
are strongly coupled. However, the aforementioned models, Hébe’-NQ 802’ 02, Nz, H20
s AN2, 2

Refs.[1-25], either utilize a formulation that does not model

all three kEy processes In sufﬂu_en_t detail, or do not incor- Fig. 1. The processes occurring within a PEM fuel cell. The PEM fuel cell is

porate the entire PEM fuel cell within the model. Currently, composed of the (a) bipolar plate, (b) gas flow channel, (c) electrode backing

inCIUding all three key processes in a deta”ed manner is d|ﬁ|' |ayer| (d) Cata|yst |ayer| and (e) po|ymer e|ectro|yte |ayer_

cult, since no general formulation exists for a PEM fuel cell:

governing equations are currently derived for a specific layer proximately 1 mm thick, while the entire bipolar plate has a

or process within the PEM fuel cell. Therefore, the objective thickness of approximately 2 mf@6]. The main reactant on

of this paper is to present a comprehensive, mathematicalthe anode side of the PEM fuel cell is hydrogen. However,

model from which other future modeling simulation studies if the hydrogen is formed from a hydrocarbon source, car-

can be carried out. bon dioxide and carbon monoxide can also be present. The

The physical problem of the PEM fuel cell is discussed, presence of carbon monoxide, in concentrations of greater

with an emphasis placed on the processes occurring within thethan 2 ppm, inhibits the oxidation of hydrogen in the anode

cell and the structure and nature of the flow in each layer. The catalyst layer (CO-poisoning®7]. Introducing oxygen, in

input and output parameters for the model are chosen to cor-concentrations of 1-4%, into the anode gas stream can mit-

respond with the dependent and independent parameters ofgate CO-poisoning (@bleeding[28]); hence oxygen and

a PEM fuel cell experimental investigation. Within the PEM hitrogen can be present in the anode gas flow channels. Oxy-

fuel cell, several phases co-exist: gas, liquid, and solid. The gen is the reactant on the cathode side of the cell, and nitro-

interactions between the gas, liquid and solid phases withingen can be present if air is used as the oxidant. The polymer

the PEM fuel cell are included using the technique of volume €lectrolyte requires humidification; hence both the anode and

averaging. The volume-averaged conservation equations apcathode streams are generally fully humidified.

ply throughout the PEM fuel cell, with certain terms having ~ Inordertoreachthe catalystlayers, the reactants must pass

unique forms in each layer of the PEM fuel cell. Since the through the porous, electrode backing layers. Constructed of

gas and liquid phases can be discontinuous within the PEMcarbon paper or cloth, the electrode backing layers are ap-

fuel cell, a mixture approach is used whereby the gas andproximately 20Qum in thicknes$26]. The electrode backing

liquid are considered as a single, continuous pseudo-fluid, orlayers also allow liquid water to exit the catalyst layers and

mixture; conservation equations are then developed for theenter the gas flow channels.

pseudo-fluid. The conversion of the chemical energy of the reactants into
electrical energy, heat, and liquid water occurs in the catalyst
layers, which have a thickness of approximate|yrd [26].

2. Physical problem The catalyst layers are also porous; reactant gas, liquid water,
and polymer electrolyte occupy the void space and the solid

A PEM fuel cell consists of several components, and sev- matrix consists of carbon-supported platinum catalyst. If the

eral processes occur within each component, as illustrated infuel is CO-free, the overall reactioR{) in the anode catalyst

Fig. 1L The reactant gas streams enter the fuel cell throughlayer is hydrogen oxidation:

the gas flow channels, which are grooved into the bipolar + _

plates. For a single PEM fuel cell, the bipolar plates are also Hy — 2H" +2e". @)

referred to as flow distribution plates. The bipolar plates are The polymer electrolyte is electronically insulative; hence the

typically made of graphite; the gas flow channels are ap- electron produced by the above hydrogen oxidation must pass
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through the electrode backing layer, bipolar plate, and the within the gas flow channels as small liquid droplets.
externalload. The protoninreacti@b)is transferredthrough ~ Two-phase, porous media flow occurs within the electrode
the polymer electrolyte and participates in the reduction of backing layers, with the liquid water being driven by capil-

oxygen in the cathode catalyst layer: lary pressure. The electrode backing layer is manufactured
1 such that there is a mix of hydrophobic and hydrophilic
2HT +2e + 502 —> H20y). ) pores.

The transport of water, protons, and reactant gas in the
The combination of reactior(d) and (2)is the overall PEM  polymer electrolyte can be explained by the ionic cluster
fuel cell reaction: model of Gierke and Hs[B0]. In the presence of water, the
Nafion membrane is composed of three regi@i3. Liquid
water and hydronium ions are contained within clusters that
have a diameter of approximately 4 jg®]. Channels inter-
connect the clusters, with the channels having a diameter of
approximately 1 nni30]. Both the channels and the clusters
are lined with immobile sulfonate ions. Between the clus-
ters and the rigid, hydrophobic backbone of the polymer, ex-
ists the amorphous part of the perfluorinated backbone. This
hydrophobic region is permeable to gases, thus transport of
reactant gas occurs in this region.

The flow characteristics in the catalyst layer are a combi-
nation of the flow in the electrode backing layers and poly-
mer electrolyte layer. Two-phase, porous media flow occurs
in the electrolyte-free void space, while liquid water and re-

1 .
Ho + 502 — H20() + heat+- electrical energy )

The heat produced by the electro-chemical reactions must
exit the PEM fuel cell. The heat can be transported through
conduction in the solid phase of the electrode backing layers
and bipolar plates, or through convection and conduction in
the fluid phases.

The polymer electrolyte layer consists of a sulfonated fluo-
ropolymer, which is similar to Teflon. The fluorinated carbon
chains terminate in S§M groups, which when in contact with
water, dissociate into SO and HO* ions. The presence of
the hydronium ions allow the sulfonated fluoropolymer to act
as an electrolyte; the protons produced in the anode catalys

layer can be conducted through the membrane in order to s
. . actant gas are also transported within the electrolyte. Electro-
react in the cathode catalyst layer. The electrolyte is perme- . . .
chemical reactions occur at the catalyst/electrolyte interface,

able to reactant gases and water, although the permeability, .
. ! thus the reactant gases are consumed and, in the cathode cat-
to reactant gases is low and reactant cross-over is small. The

protonic conductivity of the membrane decreases if the water alyst layer, liquid water is produced.

content of the membrane is low; hence, external humidifica-

tion from the reactant streams is necessary in order to prevent

electrolyte dehydration. The thickness of the polymer elec- 3. Model input and output

trolyte layer ranges from 50 to 2%0n [29] and the most

popular polymer electrolyte employed for PEM fuel cellsis ~ The input and output parameters of the PEM fuel cell

Nafion. model are chosen with regard to an experimental investigation
Each layer of the PEM fuel cell has a unique structure, as into PEM fuel cell performance. The performance of a PEM

shown inFig. 2 The anode and cathode reactants typically fuel cell can be characterized by a voltage versus current plot.

enter the gas flow channels fully humidified. As a result, When testing a PEM fuel cell, several operating conditions

the water produced by the PEM fuel cell must be entrained can be altered, such as

Gas Flow Channels Catalyst Layer
Polymer Electrolyte

Reactant Gas
Reactant Gas

Liguid Water

Catalyst
Liquid Water 25

Carbon Support
Droplets

Reactant Gas

Solid Phase Liquid Water and H:O

Fixed SOF
Flexible Perfluorocarbon (Gas

Liquid Water
q Permeable)

Electrode Backing Polymer Electrolyte
Layer Layer

Fig. 2. The nature of the flow in the layers of a PEM fuel cell.
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¢ the inlet concentration, temperature, and flow rate of the nels (i.e.,Yg‘p/fC <y< Yf%/eb and Yf‘é/eb <y< ng/fc). The

reactants; x surfaces, excluding the gas flow channels, are considered as
e the cell temperature; solid, insulated walls. Therefore, the velocity, heat transfer,
¢ the electrical load; and and species flux are zero:
e either the inlet or outlet pressure.

a

The temperature variation within the fuel cell is small. ‘;k = 0 aO =y= pr/éc
Therefore, during operation, the temperature is measured at] J« = 0 for Yic/eb =Y = Yic/en
one location within the cell and referred to as the cell tempera- | /s = 0 Yl:():p/fc =y=h
ture. This cell temperature is controlled by heating or cooling | 9k ** = 0, x=0, X,

the external surfaces of the PEM fuel cell. The electrical load
on the PEM fuel cell is specified by setting the voltage of the whereu, is the velocity of phasg, J; the diffusive flux of
PEM fuel cell or the currentdrawn from the cell. Theinletand speciesy in phase, Jsthe current density in the solid phase,
outlet pressures are related through the pressure drop in th@ndg, the heat flux due to conduction and species diffusion.
gas flow channels; hence, specifying both pressures as inpuil he unitvector in the-direction is expressed sl he bound-
conditions is redundant. If the PEM fuel cell is not pressur- ary condition on the heat flux is an approximation, since the
ized, then the gas flow channels exhaust to the atmospherex surfaces of a single PEM fuel cell are generally exposed
thus the outlet pressure is specified. During pressurized op-to the ambient environment. However, the aspect ratio of the
eration, the inlet pressure is generally specified and regulatedcell, Y./ X1, is generally much less than 1. Additionally, the
with a back-pressure control valve that is located at the outlet temperature of a single PEM fuel cell is controlled by heat-
of the gas flow channels. ing or cooling they surface of the bipolar plate. Therefore,
Therefore, one set of input parameters are the operatingthe heat lost or gained from thxesurfaces can be considered
conditions, and these become the external boundary condi-negligible, compared to the heat transfer atytsairfaces of
tions for the PEM fuel cell model. The location of the external the bipolar plates.
boundary, for a two-dimensional geometry, is shown as the  Since they surfaces are heated or cooled, boundary con-
dark, solid line inFig. 3. The PEM fuel cell inFig. 3has a ditions on the heat flux must be specified. The heat transfer
thickness ofr, and a height oft| . The interfaces between at the bipolar plates can be specified as either a fixed sur-
the various layers of the PEM fuel cell are also shown in face temperature, a specified heat flux, or a convective heat
the figure. The bipolar plate/gas flow channel, gas flow chan- transfer condition:
nel/electrode backing layer, electrode backing layer/catalyst

!ayer, and cata_llyst layer/polymer electrolyte layer interfaces Is = spec?ﬁed 0<x<X_
in the anode side of the PEM fuel cell are denoted'fly;., gs = specified for y=0,Y
qs - JEMTs—Tx) =0 ’

Yf%/eb, ng/cl, andYg .. respectively. Similar notation is used

to denote the interfaces on the cathode side, except that the ) ) ) . ) )
superscript “a” is replaced by “c”. whereT, is the ambient air temperaturgthe unit vector in

The external boundary conditions can be classified into they direction, and: the convective heat transfer coefficient.
three groups: the surfaces excluding the gas flow channels ~ The cell voltage can be expressed as
(i€, 0=y < Yoy Yigen =¥ = Yigyopy AN Y5ie <V < p By — pea, @)
Y1 ); they surfaces; and the surfaces of the gas flow chan-
where Erey is the reversible cell potential angke the
i cell voltage loss, or overpotential. The cell overpotential
y - includes the activation overpotential associated with the
o electro-chemical reactions, the concentration overpotential

caused by mass transport, and the ohmic losses incurred by

X electron and proton transport within the PEM fuel cell. The
reversible cell potential can be found by assuming that the
overall fuel cell reaction is in equilibrium:

= 2 R N
2 2 AG AS
L 2 3 - Erev = > 2T7(T — Tref)
RT P Po,\ Y2
“ +o2n [(Pi) (Pi) , )
O Y3k Vie YhiaVie VieYsaYow Yo 7 ref ref

Fig. 3. The boundaries where the boundary conditions for the PEM fuel cell WhereAG is the Change in Gibbs energy and the Change

model are imposed. The dark solid line denotes the external boundary, while I €ntropy for the overall fuel cell reaction. The inlet tem-
the dashed line is the location of the internal boundary. perature and pressure of the reactants are denotddaby
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P, respectively; the universal gas constant and the FaradaywhereX , is the extension of the gas flow channels that re-
constant are given a¥ andc<7, respectively. The subscript  sults in fully developed flow.

“ref” denotes areference value. Using the standard values for  The external boundary conditions coincide with the oper-
AG andAS, the reversible cell potential can be calculated as ating conditions of a PEM fuel cell. However, internal bound-
ary conditions, shown as the dashed lind=ig. 3, are also

— —3
Er = 1.229—-0.85x 107(T — 29819) required, due to phase discontinuities. ThgO/ ions are

+4.31 x 107°T In[(Pn,)(Po,)Y/?]. only present in the polymer electrolyte and catalyst layers;
hence a no-flux boundary condition must be applied at the
whereT is in K andP is in atmospheres. electrode backing/catalyst layer interfaces:

The absolute value of the potential in the solid phase is ar-
bitrary, and depends on the choice of reference elec{B]e WwHsO"
In this model, the reference electrode is chosen to consist of
the solid phase at the open circuit conditions. Therefore, the H-OF . o o
difference between the potentials on the anode and cathodévhereWe?*"  is the mass flux of hydronium ions. Likewise,
bipolar plates becomes the cell overpotenfad]. Assum- electrons cannot be transported in the polymer electrolyte
ing that the potential on the surface of the bipolar plates is layer; hence a no-flux boundary condition is also necessary

constant, the boundary conditions for the cell potential are  at the catalyst layer/polymer electrolyte membrane layer in-
terfaces:

d’s|y:0 = Tcell, CDs|y:YL =0, (6)
Js-J=0 for y=7Y§,andyg,.

where cathode potentiads|,_y, , is arbitrarily defined as
zero. Hence, in the PEM fuel cell mathematical model, the Since the bipolar plate is impermeable, the fluid phases dis-
cell voltage is calculated by specifying the overpotential. In appear at the bipolar plate/gas flow channel interface. There-
this approach, the electric double layers in the electrolyte nearfore, the appropriate boundary conditions are the no-slip and
the two catalyst layers have been neglected. The double lay-no-temperature jump conditions:
ers provide the driving potential needed for proton transport
through the electrolyte, but do not contribute to the overall u, =0 a c
overpotential. { Ty=T = Ts} for vy =Ygy and¥ppy .

The anode and cathode gas flow channels each have one

inletand one outlet. The inlets can be either on the same side, 4 performance can also be influenced by the manufac-
which is referred to as a co-flow arrangement, or on 0ppOSite o of the PEM fuel cell; this effect is included within the

sides, \.Nh'Ch IS referrgd toasa counter-flovy arrangement. ,, yg| by input parameters that are referred to as design pa-

At the inlet, the veIOC|_ty, SPecies mass fractions, temp_era— rameters. These include such parameters as the overall di-
tures, and volume fractions are specified for the gas and liquid o sins of the PEM fuel cell and the thickness of each layer.
phases: The choice of materials for the bipolar plates influences the
heat transfer and electrical conductivity properties of the cell.

Ug the inlet For the porous electrode backing layer, the porosity and per-

f . a a meability are importantinput parameters, as well as the nature
= specified  for Yinte <V <Y , > -

Tx P Y%p/fc )< chc/eb of the pores: the degree of hydrophobic and hydrophilic be-

€k fe/eb bp/fc havior influences the capillary pressure. The fraction of the

void space occupied by polymer electrolyte in the catalyst

where¢; is the volume fraction and the mass fraction of layeris also animportant design parameter. In addition to the
speciesr within phasek is denoted by»¢. design parameters, the model requires values for the phys-
As mentioned previously, the pressure can be specified atical properties of the reactant gas and liquid water, such as
either the inlet or the outlet; here, it is assumed that the cell density, viscosity, diffusivity, and thermal conductivity.
exhausts to the atmosphere and the pressure is specified at The mathematical model analyzes the transport of mass,
the outlet. The profiles of velocity, mass fraction, and tem- momentum, species, and energy within the gas, liquid, and
perature are not known at the outlet; however, if the gas flow solid phases of the PEM fuel cell. Therefore, the velocity,
channels are extended beyond the PEM fuel cell, the flow be-Pressure, concentration, potential, and temperature profiles

comes fully developed. Thus, the outlet boundary conditions Within the PEM fuel cell are the model output parameters.
can be expressed as From these profiles, the mass flux of each species and the

current density can be determined. This information is sig-

the outlet nifiqant becau;e, dqe to the small geometry and opera}tjng

Y2~y -ya environment, direct in situ measurement of the_se quantities
bp/fc = fereb within a PEM fuel cell is difficult, if not impossible. Since

2 0
C C
Yicreb < Y < Yppic the cell voltage is an input parameter, the current output of

P= ified
{ speci IS } for
W =X +X0o
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the PEM fuel cell is determined with species diffusion. The enthalpy of the phase does not include
any contribution from charged species; hence
I = Js-jdA, (7)
App H, = Z wi H, (12)

whereApy, is the surface area of the bipolar plate ahghe ot

current density, which changes over the active cell surface. \here HY is the enthalpy of specias in phasek and at

Therefore, the mathematical model has two inputs: the represents a charged species. If the polymer electrolyte is
operating conditions and the design parameters. The operatfree of contaminants, then the only charged species are the
ing conditions correspond to the independent variables duringH, 0™ jons in the liquid phase of the polymer electrolyte. The
the experimental investigation of a PEM fuel cell. The design energy ofa Charged Species is potentia|_dependent; therefore,

parameters depend on the manufacture of the PEM fuel cell.jt js represented bythEgi termin the conservation of energy
Profiles of velocity, pressure, concentration, potential, and gqyation:

temperature are determined by the model as output parame- . .
ters. Since the cell voltage is specified as an input parameterEy = -W{ - VH; . (13)
the performance of the PEM fuel cell is quantified by the

corresponding cell current, or current density distribution. Using the Gibbs equation, the enthalpy of a charged species

can be expressed in terms of the electro-chemical energy
(ﬁgi) and the partial molar entropys‘gi) [32]:

4. Formulation e = pe” 4+ 18 (14)
Three phases co-exist within the PEM fuel cell: gas, liquid, The electro-chemical energy can be expressed as
and solid. The conservation of mass, momentum, species, and

agt + o
energy within the phases are expressed @t Viig = ATV Inap +zq+7 V&, (15)
. + . ..
00k wherez,+ is the charge and  is the activity[35].
—+ V- =0, 8
o T (oxur) (8)

ay = ypxg- (16)

d The activity coefficient ig;’ andx is the mole fraction. The

o Pke) +V - (o) + VP — V1 — peg —b =0, definition of activity givenirEq. (16)is valid for both charged

9) and uncharged species and for an ideal gas or a dilute solution,
the activity coefficient is unity. Therefore, the energy of the

9 charged species can be expressed as
—(oue) +V - (i + T = 0. (10) .
w¢ ) -
5 EY = — 25 ([RATVING + 24067 Vb + V(T 82)].
S (PkH) +V - (i Hyw) = =V - g + B, (12) Mo

17)
whereEgs. (8)—(11are the conservation equations for mass, i )

momentum, species, and energy, respectively. The subscripf ©F the solid phase, the charged species are electrons and
k denotes the phase, with= g, | and s representing the gas, only the potential gra'dler'lt term is relevant; thiag. (17)
liquid, and solid phases, respectively. Althouggs. (8)—(11)  'ePresents Joule heating in the solid phase.

apply to all three phases, the immobility of the solid phase The viscous_stress, diffus_,iona_l mass flux, and the heat flux
results in only the conservation of species and energy beingdUe 1 conduction and species diffusion are expressiiihs

relevant to the solid phase. T = e[ Vg + (Vup)'], (18)
The density and velocity of the phase are denoteg}land

uy, respectively. In the conservation of momentuq, (9) 2a YT

momentum change due to pressuPg)( viscous stressef), —c¢VInaf — RTV Py

gravity (g), and a body forceh) are included. It is assumed -

that no.reactlons take place_ within elth_er 'Fhe; gas or liquid _ Z _ AMk (wfjka _ wzjkﬂ)’ (19)

phases; thus, the conservation of specdiagithin phasek ot M MgTy_g i

is represented b¥q. (10) The mass fraction of species

within phasek is denoted byw?, while 7,* represents the

mass flux of species due to molecular diffusion, Energy 9k = ~MVTk+ Y HLTE (20)
transfer due to pressure work and viscous dissipation are both ¢

neglected in the conservation of energy, which is expressedin the expression for viscous streggepresents the transpose
asEg. (11) The enthalpy of phadseis denoted byH;, and anduy is the viscosity of phade itis assumed that each phase
q, represents the transport of energy due to conduction andis a Newtonian fluid and that the dilation effect on the viscous
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stress tensor is negligible. The Generalized Stefan—Maxwell 9 . . N ik

equations are used to describe the diffusive mass flux, with the 3, (6 (k)" (Hi)™) + V- (e (o)™ (Hi) ™ (u) )

temperature and pressure effects neglected. Since electrons 4%

are the only mobile species in the solid phase, the general- = —V - (€k(@x)") + e (E{ ) + Tex, (27)

ized Stefan-Maxwell equation reduces to Ohm’s law in the \yherer represents the interfacial source terms. The volume-

solid phase. The molar concentratiorjfsand the molecular averaged form of the energy of the charged Spea@g)*
weights of the phase and species are denotedpgnd Mo, is assumed to be the sameE (17) except that the bulk
respectively. IrEq. (20) 4 is the thermal conductivity. values are replaced by volume-averaged values. The volume-

The transfer of mass, momentum, species, and energy,,eraged forms of the viscous stress tengqst) and heat
from adjacent phases is absent from the conservation equay,,, ((q)%) are
k

tions presented ikqs. (8)—(11)In order to account for these
processes, the conservation equations must be integrated ovef, )* = /L;fﬁ[wuk)* + (Wuk)*)f], (28)
a representative volume:

= ATV + ) HD T 29
(conservation equation (@ e ViTi) Xa:< i) (Ji) (29)
= i (conservation equationy (21) where the effective viscosity and thermal conductivity are
eff eff : .
rJv denoted byu;" andAg", respectively. The effective values

whereV; is the representative volume. Using the transport Of Viscosity and thermal conductivity depend on the nature
and averaging theorerf@s], the volume-averaged conserva- of the multiphase flow; however, they have the general form
tion equations can be expressed in terms of volume-averagec?f [40]
quantities, such as density and velqcity, and inte.rfacial source\ygﬁ =1+ L)W + ¥, (30)
terms. For quantities such as density and velocity, the phase-
volume, or intrinsic, average is defined as WhereL,f’ is the correction for the porous media structure and
1 U, the correction for dispersion and hydrodynamic effects.
(Wp)* = — / v, dv, (22) Because of the small pore diameters, especially within the
Vie Jvi polymer electrolyte, molecular interactions between species
whereV; is the volume of phaskwithin the representative i the fluid phases and the solid phase can be significant.
volume and¥; is a quantity within phask, such as density ~ These interactions can be incorporated within the diffusional
or velocity. The phase-volume averageHsy. (22)and the mass flux term by considering the solid phase as a diffus-

total-volume average dq. (21)are related with ing species with a velocity of zefd1]. Thus, the volume-
averaged form of the generalized Stefan—Maxwell equations
Mo Ve € (23) become
(Wp)* Vi ' vk o
o * ok Z0‘<ck> 7 *

whereg;, is the volume fraction of phadewithin the repre- —(cx)"V In(ag)” - W e)
sentative volume. i

The general, volume-averaging procedure for two-phase, _ k ByF ek ok pBy
gas/liquid flows is described by Isli@7], while Slattery[38] - ;‘; MaMﬁDgfjﬂ,k((ww (W)™ = (o) (W) )
presents the volume-averaging procedure for porous media
flows. Additionally, volume-averaging is applied to the mod- n (wg)* (31)
eling of batteries and the porous region of a PEM fuel cell by M, Dgfjs ' ’
Wang et al[39]. After the volume-averaging procedure, the '
conservation equations become whereW{ is the total mass flux ofspeciesandDgfjs’ . repre-
5 sents the interactions between the solid phase and the species
—(ex{or)®) + V - (ex{or) (ur)™) = Tm k. (24) within the fluid phases. In regions of the PEM fuel cell where
o the solid phase does not exist, or does not have an apprecia-
5 ble effect on species mass quBgfjs.k — oo andEq. (31)
—(ex{or)* W)*) + V - (ex (ox)* (ur)* (i) *) reduces to the standard Stefan—Maxwell equatian:(19)
ot An equation for the diffusive mass flux can be obtained by

+ V(ex(Pe)™) — (P)*V(ex) = V - (ex{Tx)™) invertingEq. (31)
—er(pr)* g — ex(b)* = Ik, (25) Mo
(T = (o) TEDEV (wf)* — —25 V(de)*

e

8 * o\ * o\ ¥ * ~ *

E('%(pk) (0p) )+ V- (e (o) (i) (uk) N <wg>*D2T§{ Z |:<,0k)*T]fthv<CUf>
+ e (T)) = gka (26) £ Mg

Q- (x)*

) i
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YRR oY N
MﬁD—ﬁfﬂJ + (@) (ox)* (ur)
Deff
1- ) Z Deff - ’ (32)

a—p.k

whereDe‘i is the overall diffusion coefficient of speciesn

phasek and;c ¢ 1S the electrical conductivity for species
These terms as well a5, are defined as
1— o\ ¥ B * 1
U @)
Davk B#a Da —B.k D(x s,k
et _ o))" D, (34)
Kok = AT (L= )
aln (yoy*
Y =1+—"K° 35
k * 9 (x¢)* (35)

Mathematically, the interfacial source termdHgs. (24)—
(27) are expressed as

pk(uk — ukn) R dA, (36)

1
Tep=-)Y_ v fAk Prttic(U — Ujn) - Ny dA
n n

1 / ~ 1
— E — Pyny, dA — E —/ T - Ry, dA,
n Vr Afn " n Vr Agn "

(37)
re —_Zi (U — Uy) - Nin A (38)
Sk = Vi L, Py Uk kn kn OA,
n n
! d
Ter = — Z v |, ok Hi(ug — ugpn) - ni, dA
n kn
1
- Z e / qi - Bin dA7 (39)
n Vr Akn

where ), represents the summation over all adjacent
phases4y, the interfacial area of phaskandn, anduy,, the
velocity of the interface ok andn within the representative

volume. The pressure deviatioR, is given by[36]
Pe= P — (PO (40)

Physically,I'v x represents the mass entering phias®m

Egs. (24) and (27)epresent the conservation of mass,
momentum, species, and energy in the gas, liquid and solid
phases of the PEM fuel cell. In order to solve these equations,
constitutive equations are required for several parameters.
Some constitutive equations apply throughout the PEM fuel
cell; these are equations relating the temperatures of the fluid
phases, the concentration of water in the gas phase, and the
interfacial source term between the fluid and solid phases
in the conservation of momentum equation. Local thermal
equilibrium is assumed between the gas and liquid phases;
therefore, the temperatures are equal:
(Ti)* = (Tg)". (41)
Also, if the liquid phase is present, the partial pressure of
water within the gas phase is equal to the vapor pressure in
the water; therefore,

H>,O
(xHe0y* _ Fsat (42)
g (Pg)*

The momentum interfacial source term between the fluid and
solid phases can be modeled with the Darcy-Forchheimer
terms[42]:

@, o e @) F L,
i =— Kot () _WHW{) [{ur)*, (43)

whereK is the absolute permeability of the porous media,
k.« the relative permeability, anfl the Forchheimer term. If

no solid phase exists, théti= oo and F = 0. The absolute
permeability and the Forchheimer term depend on the struc-
ture of the porous media, while the relative permeabilities are
functions ofe;. The F term is not expected to be significant
in the polymer electrolyte, due to the low fluid velocities.
However, it will be significant in the electrode backing layer
in the region adjacent to the gas flow chanréf.

The form for most of the constitutive equations required
for closure ofEgs. (24)—(27gre location-specific, with dif-
ferent forms being required in the polymer electrolyte layer,
electrode backing layer, gas flow channel, and catalyst layer.
Specifically, expressions for the

Volume fraction;

Body forces;

Pressure difference between the phases;

Reaction kinetics and corresponding interfacial source
term for the conservation of species equation; and

¢ |Interfacial source term for the energy equation

arerequired. However, not all of the above-mentioned param-

all adjacent phases. The momentum transfer from the adja-eters are required in each layer. The body force is only sig-
cent phases to phagedue to mass transfer, pressure, and nificant in the polymer electrolyte and catalyst layers, while

viscous forces is represented by . Species transfer from
other phases is expressed&s,, while I't x is the interfacial

only a relationship between the gas and liquid pressures is
required within the gas flow channels. The relevant constitu-

energy transfer due to mass transfer and molecular conductive equations for each layer are examined in the following

tion.

sections.
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4.1. Formulation for the polymer electrolyte l
The gas, water, and proton transport properties of the poly-
mer electrolyte are functions of the membrane water content
(2), which is defined as T
moles of quuid water (a) Hydrophilic pore (b) Hydrophobic pore
< = 44
moles of SQH (44)

Fig. 4. Cylindrical pore having (a) hydrophilic and (b) hydrophobic charac-
As the electrolyte absorbs more water, the valuezah- teristics.
creases. The transport of water and ions in the electrolyte
can only occur if the water content is above a minimum level
(Zmin) [5]. Hence, the percolation model should be applied
to the effective diffusion coefficients within the electrolyte

[9], wherebyDS" , | = 0 if /' < Zmin.

Using a mass balance, the mole fractions of hydronium and
liquid water in the pores of the electrolyte become a function
of the membrane hydratid8]:

The volume fraction of the membrane available for water : _ N

_ V2 _ _ k=1

and proton transport becomig <xH30+>* _ E 1+ \/(1 + 7o) —4/(1-Ke')

. | < 2(1-Ke")
€ = ?, (45)
(Vs/Vh,0) + < (49)
where Vs is the partial molar volume of the polymer and WwhereKe is the equilibrium constant for reacti¢A8).
Vh,0 the partial molar volume of liquid water. The perme- The small pore size makes the assumption of local ther-

ability of the electrolyte to both gas and liquid increases as modynamic equilibrium between the solid and fluid phases
the water content increasi]; this implies that the relative ~ within the polymer electrolyte layer reasonable. Therefore,
permeability and the volume fraction of the gas phase are within the polymer electrolyte layer,

roportional to the membrane water content:
brop (Tg)* = (T)* = (To)". (50)

ik = Gz, €9 = by 4.2. Formulation for the electrode backing layer
where the constant of proportionality is expressed.ahe
percolation model should also be applied to the relative per-
meability of the liquid water; hencé,; = 0 if ¥ < Zpin.

An electrical potential gradient exists within the polymer
electrolyte, and this gradient exerts a body force on the wa- o _ €k
ter/hydronium ion mixture. Therefore, within the liquid phase k= ¢’
of the polymer electrolyte, the body force is definedds

In the electrode backing layer, the volume fraction of the
solid phase is a design parameter. Therefore, it is convenient
to define the saturation of the gas or liquid phase as

(51)

where the void fractiond) is the volume available to the fluid
byt = — ('O Ty @)t 26 phases, withp = 1 — es.
il i ) Pe) (46) The pressures in the gas and liquid phases are related with

Wherec|H3O+ is the molar concentration of3@™ in the liquid the capillary pressure:

phase andbe the potential in th_e polymer electrolyte. The Pe = (Pg)* — (P)*. (52)
body force ofEq. (46)is responsible for the electro-osmotic
drag effect in the polymer electrolyte. Both the relative permeabilityf;) and the capillary pressure

The relationship between the pressures in the gas and lig-are a function of the liquid saturation in the porous media. In
uid phases are unknown; due to the small geometry of thea cylindrical pore, the difference between the gas and liquid
pores, direct measurement is impossible. However, since thepressure is a function of the surface tension, contact angle,
area in which the gas transport occurs is flexible, it will be and pore radiuf43]:
assumed that the pressures in the gas and liquid phases are

20 COSO,
equal. Hence Pe= ——, (53)

,

(Pg)* = (P)". (47) " whereo is the surface tension between the gas and liquid
phasesf. is the contact angle, ands the pore radius. If the
pore material is hydrophilic, the contact angle is less th&an 90
and P is positive; hydrophobic materials have a negative
and the water contact angle is greater thah @6 illustrated
SOsH + Hy0 = H30™ + SO5™. (48) in Fig. 4.

The concentrations of 40" and liquid water are related
through the acid—base equilibrium reaction occurring within
the electrolyte pore@]:
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A porous media can be considered to be composed of a Attempts have been made to correlate capillary pressure
large distribution of pores with different dimensions, with curves, with a comprehensive representation bpl6y
the water content of each pore depending on the applied
capillary pressure. The variat?on. of capillary pressure with pyw — Pw = 220 cos(few) \/% g(s%ﬁf ), (54)
water content in porous media is illustratedRig. 5 For
hydrophilic porous media, the capillary pressure is always \yhere Py, and Py are the pressures of the non-wetting and
positive, as shown irrig. 5(a) while Fig. 5(b)illustrates  \yetting fluids, respectivel\Z is a correction factor to account
that hydrophobic porous media are characterized by negativesgr the change in contact angle due to roughnesg,is the
capillary pressures. Mixed-wettability porous media, shown jntrinsic contact angle of the wetting fluid to the solid, and
in Fig. 5(c) can exhibit both positive and negative capillary £ (seff) js a function of the effective saturation of the wetting

pressuregd4]. . fluid. The effective saturation is defined as
All three capillary pressure curves have two similar fea-

tures. The first is the existence of hysteresis, with different ss\f,f =
curves being produced if water is entering (wetting) or leav- 1= snwr — swr

ing (drying) the porous media; thus the capillary pressure yheresyw: andsy; are the residual saturations of the non-
depends on both liquid saturation and history. The hysteresisyetting and wetting fluids, respectively. Therefore, if one
is due to the difference in contact angle for advancing and capillary pressure curve is available, it can be applied to dif-
receding watef45]. ferent porous media, using corrections for the porosity, per-
The second common feature between the two capillary meability and roughness. However, the functidis not fully
pressure curves is that the capillary pressure asymptoticallyyniversal, and depends on several other parameters, such as
approaches infinity at a finite, minimum value of saturation, pore structure.
and approaches negative infinity for a maximumvalue ofwa-  predictive models for the relative permeability were
ter saturation. This can be interpretEd asthere being a reSiduanevek)ped from Conceptua| models of flow in Capi”ary tubes
saturation of water, and a residual saturation of gasg, combined with models of pore-size distributif4i7]. The
in the porous media. The residual saturation represents thecommon conceptual models are the Burdine and Mualem
saturation at which the fluid loses the Capablllty to move as a functions. In addition to the Conceptua| models, several
bulk phase in response to a hydraulic gradient, resulting in the porous media modeling studies have successfully used a sim-

transport of the residual fluid being dominated by advective— ple power law relationship for the relative permeabi[#9]:
diffusive transport as a dispersed phase in the fluid with the

larger volume fractiofi46]. keg = (3", k= (sF™)". (56)

SW — Swr (55)

40 40 4 ! g 40

P 1= s | Ser iSer

~ 30 30

204 20

304

20

o] (W] = |
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304 i -30 El\ £ T e
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(a) Water Saturation (b) Water Saturation (c) Water Saturation

Fig. 5. Variation of capillary pressure with liquid saturation for (a) hydrophilic, (b) hydrophobic, and (c) mixed-wettability poroug4dé¢dldne pressure
head difference is equal ®;/(p0yg), whereP. is the capillary pressure argdis the acceleration due to gravity.
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The temperature of the solid and fluid phases may be un-1. k = g referring to the gas phase in the void region;
equal; thus, an expression for the interfacial heat transfer be-2. k = | referring to the liquid phase in the void region;
tween the solid and fluid phases is required. One method is3. k = g, e referring to the gas phase within the polymer

to use a convective heat transfer coefficig]: electrolyte;
. . . 4. k =, e referring to the liquid phase within the polymer
Tk = hisArs((Ts)* — (Tk)™). (57) electrolyte;

wherehy, is the convection coefficient aniﬂks is the inter- 5. k = sreferring to the carbon support and catalyst.

facial area per unit volume. Correlations for the convection  The conservation equations foe= g, |, and s are similar

coefficient are available from the published literatj4@]. to the corresponding equations in the electrode backing layer,
while thek = g, e and |, e cases are similar to the equations
4.3. Formulation for the gas flow channel in the polymer electrolyte layer. The volume fractions can be

expressed as
No solid phase exists in the gas flow channels; hence,
no interfacial source terms are required. Since the water is€g = #5g. € = @51, €ge = Psecy,  €le = Pseei,
assumed to be in suspended droplet form, the relationship

between the pressures can be expressed as whereg = 1 — s andeg gndef are the volume fractions of
the electrolyte that contain gas and liquid phase, respectively.

The pressure relationship between the gas and liquid phasesin
the void region are the same as in the electrode backing layer,
while the pressure in the polymer electrolyte is considered to
be the result of the gas and liquid phase pressures:

(P)*. (59)

2
(Pg)* — (P)* = —7“, (58)

whereo is the surface tension ands the characteristic radius
of the droplet.
* * Sg * S|
(Pge)” = (Pe)” = (Pg)" +
4.4, Formulation for the catalyst layer 1-se 1-se
The water content of the polymer electrolyte is determined

The catalyst layer is a porous media, similar to the elec- by the water content of the gas and liquid phases within the
trode backing layer; however, the structure is more compli- void region of the catalyst layer:
cated due to the fact that polymer electrolyte exists within the
pore regionFig. 6 shows that the gas and liquid phases are & —
contained within two structures: the void region of the cata- 1—se

lyst layer and the polymer electrolyte. Therefore, five sets of where, and¥ are the hydrations when the membrane is in
conservation equations are applied in the catalyst layer, with contact with a gas or liquid phase, respectively. The value of

sy + 817 ’ (60)

Catalyst Layer

Polymer Electrolyte ()

Gas Phase in Void
Region (g)

Liquid Phase in Void
Region (€)

Electrolyte Backbone (M)

Gas Phase Within
Electrolyte (g.e)

Liquid Phase Within
Electrolyte (¢,¢)

Polymer Electrolyte (e}

Fig. 6. The structure of the catalyst layer.



J.J. Baschuk and X. Li/ Journal of Power Sources 142 (2004) 134-153

<} can be considered as a function of temperature 8y,

but the value of7, is a function of both temperature and the
concentration of water vapor in the gas phase. The value of
<, can be found using a Flory-Huggins mod&0].

Electro-chemical and heterogeneous reactions occur on

the interface between the polymer electrolyte and the solid
phases in the catalyst layers. The interfacial source terms in
the conservation of species equation represent the rate of pro
duction of each species; this rate of production is determined
by the reaction kinetics. In the anode catalyst layer, the fol-

lowing reactions are considera:

1.
2.

Hydrogen adsorption, desorption and electro-oxidation;
Carbon monoxide adsorption, desorption and electro-
oxidation;

Heterogeneous oxidation of carbon monoxide by oxygen;
Heterogeneous oxidation of hydrogen by oxygen.

3.
4.

Hence, the reactions can be expressed as

Ho + 2M = 2(H-M), (61)
2(H-M) + 2H,0 = 2M + 2H3O0™" + 2¢, (62)
CO+M = (COM), (63)
(COM) + 3H20 = M + CO, + 2H30™ + 2¢7, (64)
Oz + 2M = 2(0-M), (65)
(COM) + (O-M) — CO; + 2M, (66)
(O-M) + 2(H-M) — H0 + 3M, (67)

where reactiong61) and (62)epresent the adsorption and
electro-oxidation of hydrogen, assumed to follow Langmuir
and Butler-\Volmer kinetics, respectively; reactio(&3)

and (64)are the adsorption and electro-oxidation of carbon
monoxide, assumed to follow Temkin and Butler—\olmer
kinetics, respectively; and reactioii€5)+(67) denote the
heterogeneous oxidation of hydrogen and carbon monoxide,
assumed to follow Langmuir—Hinshelwood kinetics. The
reaction rates, in units of mole s 1, are

RE aas= khudch2(08)? — by 65)?), (68)
H
RH _J_O g
aox = 9?
M Hz0*
Na 95 Cle Na
<o 35) =[] | o | =03 |
BY oM 3|ng+ BY
(69)
co
co co| com pré CO,CO
Ra,ads:kads{cg,ees eXp<_ J/>;" >_ ads’s
SNl
[1 — plroS°
exp| ——— , 70
< exp( 2 (70)

147
Cco coO H>O 2
RSO _ Jo_ [%—} Qe _ exp(—na1 )
2o« = 27 | Logo ] | =0 BCO
M CO, Hy0* 3
_ |:9ii| Cg.e e exp(— Na )
o8 1| cger | | es°" B:°) |
(71)
R s = kQudcQ2(0M)2 — b21469)2). (72)
H,O
o = kb O(62(65)? — b Ccf 2063, (73)
REoC = kg 109650 — b5 Ccg 2 (082, (74)

wherek]* denotes the forward rate reaction constéafitde-
notes the ratio of backward to forward reaction rate constant,
and Jg is the exchange current density. The fraction of the
platinum reaction sites in the solid phase covered by species
«ais denoted by, withoM = 1 — gt — 9SO — 69 represent-
ing the fraction of free reaction sites. The interface tempera-
ture is represented B§ and the concentrations are assumed
to be equivalent to the volume-averaged concentrations. An
overbar over the concentration or coverage, “ ", represents
the value at equilibrium, or when the reaction rates are zero.
The overpotential of the anode catalyst layer is denoted as
na and is defined af82]
Na = Ps— e — U,

ar

(75)

where the value of’} is taken as zero. In the carbon monox-
ide adsorption/desorption reaction refeg}. (70) 8 is a sym-
metry factor that has a value between zero and one, and
r is an interaction parameter that represents the effect of
lateral-interaction on the adsorption/desorption profeks

In Egs.(69) and (71) B is the Tafel slope for species

the Tafel slopes for the forward and backward directions are
considered equivalent, with
co _ 2ATi

a —

Bl =B (76)

F

The production of reaction intermediatef'( 6$©, and
98) are assumed to be in steady state; thus,

. pH

-O/Zs = 2,Rgads_ Rgox - ZRQ&D =0, (77)
. CO

'S CcO CcO COO

‘)/g = Raads_ Raox - Ra,ox =0, (78)
)

‘U»Zs = 2Rgads_ R:;xo - Rg,(c?x_o =0. (79)

Using Egs. (77)—(79)the production of the reactants and

products can be expressed in termsRif,,, RSS,, RE?
coo.

andRzox -

. 1

P H H—O

‘)/J; = _ERa,ox - Raox >
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:CO A "
75° = RS9, — RSO, rg, = arr”, (84)
502 _ } RHO _ } RCOO whereAx, is the reactive surface area per volume in the cata-
Ta o piraox piraox v lyst layer. The units of ¢, are kg nT3s™1, while I'¢, isin
_ ; 31
& oH co 0t _ H co molar units of mole m=s=-.
/g = Raox + 2Raox /J; = Raox + 2Raox The reactions occurring within the catalyst layers are
5,;420 — _RH _3RCO | pHO exothermic; thus, the heat of reactiabeac; is added to the
v a - a,0x a,0x + a,0Xx . H . .
conservation of energy in the solid phd48]:
55 _ co coo .
Ja = Raoxt Raox - Oreact= ARgreacs (85)
The major reaction occurring in the cathode catalyst layer _ _
is oxygen reduction: Greact= — Z[?ﬁ“H,f + 7% B
0y + 4H30% + 4 = 6H,0. (80) ¢
o . = {reactir T qreactrev t qreacthet (86)
The rate of reaction is governed by Volmer/Erdey-Gruz ki- , ) ,
netics[52]: wheregreactir aNdgreactrev are the irreversible and reversible
heat produced by the electro-chemical reactions. The heat
0, 0, Hsot % produced by the heterogeneous chemical reactions is ex-
o, _Jo fge || de e pressed ag: The irreversible heat productionis a func-
cred = 27 1| 202 | | Zrs07 | PP\ 502 fon of the oot gl
g.e le c ion of the overpotential:
Ha076 dronct = :c@/Tna[Rané + 2R$9,] anode @7)
l.e Nc reactir — AT 7]
_ |:EH2O:| exp(—02> i (81) A7 ncRe red cathode
l,e c

The reversible heat production is a function of the entropy
whereJ§” is the exchange current density for oxygen reduc- change of the electro-chemical reactions:

tion. The Tafel slope is denoted bl;?z and is given by —Ti[RZOXASS ot Rgngggoox] anode
qreactir o) 207 '
BY? = AT (82) —TiR¢ red SRired cathode

F
’ (88)
Eqg. (82)results in a Tafel slope of 68 mV/decade at a tem-

perature of 70C, which agrees with the experimental value The change in entropy of the reactionss, are
of 70 mV/decade from Parthasarathy ef&8]. “H AHAOF  me “H,  “H.0

Gases can dissolve into the polymer electrolyte and be ASR ox = Sl,g +55 - 559,% - I,e2 ’ (89)
transported between the anode and cathode; however trans- - cO . AH-OF e 5CO om0
port of gases in the polymer electrolyte is slow. Since CO is ASRo, = Sge? + 25787 +255 — 856 — 352", (90)
presentin only a ppm amount, it is unlikely that a significant -0 A0 20 AHAO* o
amount could be transported across the polymer electrolyteASRreq = 6515 — Sga— 458~ —4Se - (91)
membrane layer and react in the cathode catalyst layer. HoW-gjn a1y the heat produced by the heterogeneous oxidation of

ever, cross-over of hydrogen could be possible and as a re'hydrogen and carbon monoxide is expressed as
sult, the heterogeneous oxidation of hydrogen by oxygen is

included in the cathode catalyst layer. The chemical reaction —RECAHNO - RETOAHSO™© anode
i i ifreacthet = "
and reaction rate are represented in the same manner as iff —RE;?AHRH_O cathode

the anode catalyst layer; hence, the net production of each

. . 92
species in the cathode catalyst layer is (92)
where the enthalpy changes are
J/,Oz _ —ROZ _ }RH_O j/ﬁz N —'R,H_O py g
vc C,red C,0X vc C,0X » ~ ~ ~ 1 ~
2 AR = /20 — M2 — ZHO: (93)
- H20 o H—O R e ge 279
)/J; = 6Rc,$ed + Rc, oxX ° 1
: o AHSOO = HED2 — O — Z 22 (94)
- HaOT o o R g.e ge ge
)/Jc_I = _4Rc,$ed’ J/)g = _4Rc}ed' 2

Using the reaction kinetics, the interfacial source termin
the conservation of species equation is related tozhe 5. Final set of governing equations
terms through
The previous sections outlined the governing equations

O _ 4 x5 op¥ R .
I's =AMy, (83) for the conservation of mass, momentum, species and energy
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in the gas and liquid phases, as well as the conservation ofis equivalent to the potential in the liquid phase of the poly-
species and energy inthe solid phase. Because the gas and ligner electrolyte (@.)*). The mixture viscous stress, diffusion
uid phases can be non-continuous, the fluid phases are comeoefficient, and thermal conductivity are given with

bined to form a pseudo-fluid, or mixture. Thus, the processes off t

occurring within the PEM fuel cell can be described by two ™™ = Km [Vetm + (Vam)'], (104)
sets of equations, with one set applying to the pseudo-fluid eff Zskﬂk + SeEkMk i (105)
and the other set applying to the solid phase. The pseudo-flui

equations apply from/t;"p/fC <y< ng/fc, while the equa-

tions for the solid phase apply betweer<0y < v§ . and Dym = ZSkDak + seeS T, DEM . (106)
Y((::I/e y< Y|_.. _ .
The properties of the pseudo-fluid are defined as )Lemff _ ZSk)LEff + seeekffz, (107)

Pm = Sg{pg)™ + 51{p)" + se€g(pg.e)” + seef(pre)*,  (95)
where the summation is over the gas and liquid phases.

pmitm = Sg(pg)* (g)* + 51(p1)* ()™ + se€(pg.e) (ug.e)* The source term in the momentum equatiSfomm, has
. . . three components:
+ se€{pl,e) (Ule)”, (96) P solid rel
Smomm = ‘Smom,m + Smom,m + Smom,mv (108)
e e
Pm = sq(Pg)" + s1{P)" + se€g(Pge)” + see; (Ple)*,  (97) Sﬁ.omm = Z PeV(psk) + Pr.eV(gpseer), (109)
k
pmwm = Sg(pg>*(w‘§>* + 5100 " (@f )" + se€g 2loge)™(w g,e>* 5 e 5
e %) o \* gsolid ‘/J’M?n _M| |
+ se€) (01,e) <wl,e> ) (98) momm — Kum Um JKm Um|Um
2 2
pmHm = sq(0g) " (Hg)™ -+ s1(p1) " (HI)* + s.€5(pg)* (Hg)" _ Z |: (ex) 2 (Ek,e) e
Kk Kekyi e ’
+5e€f o) (), (99) 7 ehrke
3 3
wherepm, um, Pm, % andHp, are the density, velocity, pres- (Px)* (€x) Fl(uk)*|wk . (Pr.e)” (€x.e)” Fe
sure, mass fraction and enthalpy of the mixture, respectively. v Kk v Kekrke
Using the definitions of the mixture properties, the con-

servation of mass, momentum, species, and energy in the X g o) | Wi e | + €1 ebi e, (110)
pseudo-fluid can be expressed as ’ ’ T

d

—(¢om) + V - (ppmum) = 0, (100)

o ) o Sng%lmm =V- {‘15 Z[Skﬂgﬁ(vwk + (Vwk)f)
k

9
a_(¢’/0mum) + V- (dpomumum)
d + Se'fkl/vk e(vwk e + (Vwy, e)T)]

= —V(¢Pm) + ¢pmg + V - (#Tm) + Smomm, (101)
0 -V. s wrw
E(‘f’pmw?ﬁ) + V- (ppmwmum) {¢ Xk:[ lok)” i
Psee Mok .
=V - (¢pomDE" V) + V - (7‘” Vo + se€ (Pre) Wr Wk ¢ (111)
o
+ Sspeciesm. (102) whereSﬁmmm represents momentum transfer due to inter-
) facial pressure diﬁerenceéﬁé‘,ﬁ’lm represents momentum
2 (domHm) + V - (¢pmHmitm) transfeélr due to the solid surface and the electrical body force,
and Spomm represents momentum transfer due to relative
=V - AV Tim) + Senergyms (103) phase motion. The permeability and Forchheimer term for
the mixture are
yvhererm is the wscousf,.f s;.tresaa’m is the eﬁ‘ectwc_a fj'ffHS'V e (0% (5e€)2itie
ity of speciesw, and A& is the thermal conductivity in the ——— = , (112)
Km Kkrk Kekrk,e

pseudo-fluid. IrEq. (102) the potential in the mixtureZ,) k
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omFm (o) (sk)3 F | (up)*| are continuous, the production and consumption of reactants
JEm = Z N occurs oqu in the catalyst layers. Hen %ae%ﬁesn is only
k non-zero in the catalyst layers.
(P e)*(SeEf)3FeI(uk )] The source term in the conservation of energy equation,
+ \/ﬁlu | . (113) Senergym, can be considered as the sum of four terms:
rk,e|¥m
. . . [ HaO™ |
The relative phase velocities, are defined as Senergym = Serraym T Sansigym + Sasergym
wip = (up)* — um, (114) +Seenergym’ (120)
s *wy 4 Se€t *wy. = 0. 115 .

Xk: k(lok> k € k(pk,€> k,e ( ) Sesnopllr%ym _ hmAs((Ts>* _ Tm)7 (121)

The source term for the conservqtion of species equation,se';']?é%;m = ¢seer ( Eﬁfe)*, (122)
Sspeciesm, €an also be decomposed into three components:

[
Sspeciesm Ssrgggltesn + Ssryg%gg% + Ssrgtleuea"n’ (116) Serr?ergym Z V- [¢sk<pk>*<Hk)*wk
e * k
S fgeagtegn Z re,. (117) + @se€r(Pre) (Hie) Wel, (123)
k
S non-fick e 9 e
speciegn Senergym = _§(¢SEGMIOM,8Cp,eTm)a (124)
_ . * a eff NI . . .
== 2V [8loe) sk Y DGV oy — (o)) whereSgamg,m is the convective heat transfer between the

. . + .
solid and the m|xture$§n§rgym represents heat generation

x_, € eff o o |k
+P{0ke) 566 T Do V (@ — (@) )] due to O™ migration, SSe,qum iS due to relative phase

( >*Deff motion, andSgnergym IS the energy stored in the polymer
— Z A\ {q&sk—* backbone of the polymer electrolyte. The volume fraction,
) density, and specific heat of the polymer afg o, and
e . B * C,.., respectively. The surface area of the solid phase is de-
. [MW@* N M] noted bys.
Bt Mg M f/a Bk The source terms in the mixture conservation equations
are influenced by the relative phase velocities; expressions
ok e s Dfo for w are required for closure. In order to develop expres-
+ dsilw) (ox)” (uk) 1= (@) Z Deff - sions for the relative velocities, assumptions must be made
o Ta=pk on the nature of the flow in each component of the PEM fuel
K ge> 2]‘;{ . cell. The flow in the gas flow channels is considered to be
+¢seek 1o = homogeneous; thusyg = w; = 0. In the electrode backing
( kel ) layers, the flow of liquid water is expected to be small. Hence,
0 M it (‘7,3 )* the rele_xtive velocity_ of 'Fhe liquid phase can be determined by
% Z k) k.e V(ﬂ)f Ry keldie assuming that motion is governed by Darcy’s law:
Mﬁ " MgDe"
Bt a=phe Kkn
o w e w =————V((P)" ~ (n)"g) — um. (125)
+ Pse€ () (Pke)” (Uk,e) Psiu
off * The relative velocity of the gas phase can be determined with
D e Z <xk el (118) the relationship oEq. (115)
(11— gL ) ot Dgﬁﬂk . ’ Ina similar manner, the relative velocity of the liquid phase
in the polymer electrolyte layer can be determined by assum-
Ssr&'_,c,esn Z V - [dsi(of) ™ (pr)  wy ing that the flow can be described by the Scjtlequation:
o Wie = — 2SNV (PGt —be— ()'g)—um  (126)
+ ¢Se€k <wk) </Ok,e> wk,e]7 (119) € EFMI,e € € m-

t T 7 . . L
whereSgthieam represents the production or consumption of The relative velocity of the gas phase within the polymer

species due to the electro-chemical reactloﬁsogcf,'eck are electrolyte can be calculated usigg. (115)

the non-Fickian terms of the Stefan—Maxwell equatlons, and The catalyst layer requires values for, w) e andwge,

S;e'emesm is due to relative phase motion. While the source sincew, can be calculated witkq. (115) The relative ve-

terms due to the non-Fickian terms and relative phase motionlocity of the liquid in the catalyst layer void space can be
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found with Eq. (125) while w| ¢ is given byEq. (126) As- tion. The first step in the conversion between the mixture
suming that the flow velocity of the gas phase within the and phase quantities is the determination of the liquid phase
polymer electrolyte is small, the relative velocity of the gas saturation ). This is accomplished by setting= H,0

phase within the polymer electrolyte is in the definition of the mixture mass fractiokg. (98) If
Kekro.o liquid water is present, the mass fraction of the water va-

Wge=—— LEV((Pge)* — (pg.e)*g) — tm. (127) por can be determined witlag. (42)and, if the electrolyte
€ghge phase is also present, the mass fraction of liquid water within

For the solid phase, only the conservation of species andthe electrolyte can be calculated by the acid-base equilib-
energy are applicable. The flux of electrons is expressed infium reaction. Sinceg +s1 =1, Eq. (98) can be solved
terms of current density, using Faraday’s Law, and becausefor si.
electrons are the only mobile species in the solid phase, ©Once the liquid saturation is determined, the mixture den-
the Generalized Stefan—Maxwell equations reduce to Ohm’sSity can be calculated witkq. (95) Also, the pressure of
Law. Hence, the conservation of species and energy can behe gas and liquid phases can be determined with the mix-

simplified to ture pressure and the capillary pressure functions. With the
off . individual phase pressures abfs. (125)—(127)the rela-
0=—V-(esks V(Ps)") + Sspecies:: (128)  tive velocities of the gas and liquid phases can be calculated,
along with the actual velocities of the gas and liquid phases.
0=V (esS"V(T)*) + Senergys- (129) 9 9 quid p

The mass fractions of each species within the gas and liquid
where Sspeciess and Senergys are source terms. The source phases can be determined with the mixture mass fractions
termin the conservation of species equation includes the con-andEq. (98) The temperatures of the gas and liquid phases
sumption or production of electrons, while the source term are assumed equal; hence, using equations of state and the
for the conservation of energy equation includes the Joule definition of the mixture enthalpyq. (99) the temperature
heating term, convective heat transfer from the mixture, and of the gas and liquid phases can be found. Using the liquid
the heat of the reaction: saturation, the relative velocities of each phase, and the in-
dividual phase values of pressure, temperature, and species

og = FTE. ; . : .
Sspeciess = 7 I's ;. (130) mass fractions, the source termsin the mixture and solid phase
WAG i conservation equations can be evaluated. Therefore, new val-
Senergys = €s o T hmAs(Tm — (Ts)") + Qreac  (131) ues of the mixture velocity, mixture pressure, mixture mass
S

fractions, potentials, mixture enthalpy, and solid phase tem-

The source term for the conservation of species equation isperature can be evaluated.

only non-zero in the catalyst layers; the heat of reaction is  After convergence of the iterative solution process, the

also non-zero in the catalyst layers. mixture quantities can be converted into phase quantities,
Therefore, the processes occurring within a PEM fuel cell allowing for the display and analysis of the velocity, pres-

can be modeled with two sets of equations. The first set, sure, mass fractions, and temperatures within the individual

Egs. (100)—(103)lescribe the transport of mass, momentum, phases. The cell voltage is specified as in input condition;

species, and energy within a mixture consisting of the gas andhence, the cell performance can be quantified by the cell cur-

liquid phases. The second dets. (128) and (129)epresent  rent, which is calculated usirtgg. (7)

the migration of electrons and energy transport in the solid

phase of the PEM fuel cell. If there akeuncharged species

within the gas and liquid phases of the PEM fuel cell, the 6. Conclusions

two sets of equations will sum to a total 8f+ 5 equations.

These equations can be solved for the A mathematical, PEM fuel cell model was developed that

described the conservation of mass, momentum, species and

energy within the bipolar plates, gas flow channels, electrode

backing, catalyst, and polymer electrolyte layers. The model

e mixture velocity ¢m) and pressureRy),
e N — 1 mixture mass fractions of the uncharged species

I . N consisted of two equation sets. The first equation setdescribed
¢ gﬁzjemal in the solid phase)s) and electrolyte ¢m), the transport of mass, momentum, species, and energy within
o mixture enthalpy Hm) and solid phase temperature a mixture consisting of a gas and liquid phase. Electron mi-

(T9)") Py &m P P gration and energy transport in the solid phase of the PEM
S .

fuel cell were considered with the second set of equations.
However, the source terms contained within the equation The governing equations for the mixture and solid were de-

sets are functions of quantities within the individual phases, rived using volume-averaging techniques.

or phase quantities. As well, the mixture density is a func-  The conservation equations for the mixture included

tion of the liquid saturation. Thus, the solution of the mixture source terms that represented fluid/solid interactions and ef-

conservation equations is iterative, and the mixture quanti- fects due to relative phase motions. Thus, the source terms

ties must be converted into phase quantities at each itera-described the relevant phenomena that was significantin each
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layer of the PEM fuel cell. Darcy-Forchheimer drag terms [10] V. Gurau, H. Liu, S. Kakac, Two-dimensional model for proton ex-
were included in order to account for the effect of the dis- change membrane fuel cells, AIChE J. 44 (11) (1998) 2410-2422.

persed solid phase on the momentum of the fluid phases[ll] S. Um, C. Wang, K. Chen, Computational fluid dynamics modeling of
proton exchange membrane fuel cells, J. Electrochem. Soc. 147 (12)

within the electrode backing, catalyst, and polymer elec- (2000) 44854493
trolyte layers. Electro-osmotic drag in the electrolyte was [12] N. Siegel, M. Eliis, D. Nelson, M. von Spakovsky, Single domain
incorporated with an electrical body force. Also, the con- PEMFC model based on agglomerate catalyst geometry, J. Power

sumption and production of species within the catalyst layers Sources 115 (1) (2003) 81-89.

were included as a source term in the conservation of specieg!3] T- Zhou, H. Liu, 3D model of proton exchange membrane fuel cells,
. . . . Am. Soc. Mech. Eng. 366 (1) (2000) 43-49.

equation. The equat_IO,n set for the thd phase also InCIUded[14] S. Um, C. Wang, Three-dimensional analysis of transport and reaction

source terms, describing the production of electrons and the' " i proton exchange membrane fuel cells, Am. Soc. Mech. Eng. 366 (1)

generation of heat due to the electro-chemical and hetero-  (2000) 19-25.

geneous reactions. Heat can also be transferred between thB5] S. Shimpalee, S. Dutta, W. Lee, J.V. Zee, Effect of humidity on PEM

fluid and solid phases, through a source term representing fuel cell performance. Part Il. Numerical simulation, Am. Soc. Mech.
Eng. 364 (1) (1999) 367-374.

convective he_at transfer. . . . [16] T. Berning, D. Lu, N. Djilali, Three-dimensional computational anal-
The equation sets for the fluid and solid phases are in a" s of transport phenomena in a PEM fuel cell, J. Power Sources 106
conservative form. Therefore, future work will involve ap- (1-2) (2002) 284-294.

plying methods from computational fluid dynamics (CFD) [17] C. Wang, Z. Wang, Y. Pan, Two-phase phase transport in proton ex-
to solve the equation sets change membrane fuel cells, Am. Soc. Mech. Eng. 364 (1) (1999)

351-357.
[18] C.Wang, Multiphase flow and heat transfer in porous media, Adv. Heat
Transfer 30 (1997) 93-196.
[19] W. He, J.Yi, T. Nguyen, Two-phase flow model of the cathode of PEM
Acknowledgment fuel cells using interdigitated flow fields, AIChE J. 46 (10) (2000)
2053-2064.
This work is supported financially by the Natural Sciences [20] S. Shimpalee, S. Dutta, J. Zee, Numerical prediction of local tempera-
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