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Abstract

A review of recent literature on proton exchange membrane fuel cell modeling is presented. Fuel cell models can be categorized a:
analytical, semi-empirical or mechanistic. Mechanistic models can be further subcategorized based on the solution strategy, single-domain ¢
multi-domain. The multi-domain approach develops and solves separate equations in each region of the fuel cell. The single-domain approac
consists of equations governing the entire domain of interest, with source and sink terms accounting for species consumption and generatic
within the cell. The merits and demerits of each method are discussed. For a one-dimensional case study, both methods were compar
guantitatively and results show that both models accurately predict the polarization effects and water management requirements.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction lower ionic conductivity as well as the risk of de-adhesion
of the membrane, whereas excessive water production (at
It is believed that there will be a time in the future when high current densities) results in mass transport limitations
global energy demands will be met by some source other thanon the cathode side. Sluggish electrode kinetics also poses
fossil fuels. Itis believed that hydrogen will play a major role a problem. The rate of oxygen reduction at the cathode
in such a futurgl]. The concept of a hydrogen economy de- is much slower than hydrogen oxidation at the anode, and
scribes an economy where the principal source of energy isthis limits the performance of the cell. Also, trace amounts
hydrogen related. Fuel cells, in particular proton exchange of carbon monoxide in the hydrogen feed have a deleteri-
membrane fuel cells (PEMFC), are expected to play a major ous effect on the platinum based catalyst typically used in
role in a future hydrogen economy. Fuel cells are particularly PEMFCs.
attractive for use in vehicles as a replacement to the com-  Fuel cell modeling has received much attention over the
bustion engine. The low temperature operation of a PEMFC past 15 years in an attempt to better understand the phenom-
(typically <90°C) allows for easy start up and quick response ena occurring within the cell. Parametric models allow engi-
to changes in load and operating conditions. neers and designers to predict the performance of the fuel cell
However, a number of issues need to be resolved beforegiven geometric parameters, material properties and operat-
fuel cells can be commercially viable. Typical proton ex- ing conditions, such as temperature, pressure and humidity.
change membranes require precise water management, whicBuch models are advantageous because experimentation is
is difficult under the variable load associated with automobile costly and time consuming. Furthermore, experimentation is
driving conditions. Dehydration of the membrane results in limited to designs, which already exist, thus does not facili-
tate innovative design. Given the highly reactive environment
mpondmg author. Tel.: +1 305 348 3556; fax: +1 305 348 6142. within the fuel cell, it is often impossible to measure critical
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2. Categories of fuel cell models

Nomenclature
A fuel cell model may fall into one of three cate-

a effective catalyst surface area per unitvolume  gories: analytic, semi-empirical, or mechanistic (theoreti-
(m~h) cal). Table 1categorizes the models reviewed in this paper

c concentration (mol m°) according to their areas of investigation and dimension of

Cy1, G2 integration constants study.

D; diffusion constant of speciegm?s-1)

Di,j diffusivity of gas paiii—j in a mixture (nf s71) 2.1. Analytical models

E potential (V)

f FIRT(V™Y) Examples of analytical modeling are those reported

F Faraday’s constant (C equivaleny by Standaert et al[2,3]. Many simplifying assumptions

[ ionic current density (A m?) were made concerning variable profiles within the cell in

| cell current density (A m?) order to develop an approximate analytical voltage versus

kp hydraulic permeability (%) current density relationship. This model also predicted water

Ky electro-kinetic permeability (A) management requirements. This was done in the case of

Ki Henry’'s law constant for speciesi isothermal and non-isothermal cells. However, analytical
(Pan?mol~?) models are only approximate and do not give an accurate

P pressure (Pa) picture of transport processes occurring within the cell.

R universal gas constant (J molK %) They are limited to predicting voltage losses and water

T temperature (K) management requirements for simple designs. They may

v pore water velocity (m's') be useful if quick calculations are required for simple

Vs superficial water velocity (ns) systems.

Xi mole fraction of specieis

z charge number of speciés 2.2, Semi-empirical models

Greek letters

. . . Semi-empirical modeling combines theoretically derived
aga, oc  anodic and cathodic transfer coefficients P 9 y

differential and algebraic equations with empirically deter-

Y concentration parameter in Butler-Volmef 1,04 relationships. Empirical relationships are employed
equation o ) when the physical phenomena are difficult to model or the
sik  volume fraction of speciesin regionk theory governing the phenomena is not well understood.
¢ stoichiometric flow ratio Springer et al[4] developed a semi-empirical model for
K lonic clonduct|V|ty of the membrane use in a fuel cell with a partially hydrated membrane (as
(mhont™) . , 1 opposed to a fully hydrated membrane). Empirically deter-
m pore water dynamic viscosity (kgmhs™) mined relationships were developed correlating membrane
P water molar density (mol ¥) conductivity and electrode porosity with water content in the
o electrical conductivity (mho ) Nafior® membrane. Most of the models subsequently devel-
® potential (V)

oped used these correlations to determine the conductivity of
the Nafiol® membrane.

Amphlett et al.[5] used semi-empirical relationships to
estimate the potential losses and to fit coefficients in a for-
transport models, which accurately predict the flux and con- mula used to predict the cell voltage given the operating cur-
centration of multiple species are required. Such information rent density. This model accounted for activation and ohmic
is useful, for example, in the loading of catalysts. Transport overpotentials. The partial pressures and dissolved concen-
models can be used to predict the pH within the cell in or- trations of hydrogen and oxygen were determined empirically
der to identify the optimum operating conditions for certain as a function of temperature, current density and gas chan-
catalysts, and also to identify where most of the electrochem- nel mole fractions. Subsequently, the reversible cell voltage,
ical reactions take place. The performance of ceramic-basedactivation overpotentials and cell resistance were correlated
catalysts is pH dependent. Transport models can determinewith temperature, partial pressures, dissolved concentrations
the pH in the catalyst regions based on tieddncentration. and operating current density. Pisani et[6]. also used a
This would help designers to optimize the cell for effective semi-empirical approach to study the activation and ohmic
catalyst usage and utilization. losses as well as transport limitations at the cathode reactive

This paper reviews some of the work done in PEMFC region.
modeling over the past 15 years, discusses contemporary Maggio et al.[7] studied the water transport in a fuel
trends and compares various approaches to modeling in reell using a semi-empirical approach. They modeled the
cent times. concentration overpotential effect by allowing the cathode
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Table 1
PEMFC model categorization based on areas of investigation

Feature Analytical ~ Semi-empirical Mechanistic

2 3 4 5 6 7 8 9 10 11 12 14 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

Dimension 11 2 3 3
Polarization v VAIVAIAN VANV AN
Transport phenomena VNN NNV
Thermal effects

Water management v

Concentration effects N v
CO kinetics v Vi
Catalyst utilization v v

Flow field effects AN NN NN NN
Membrane conductivity v

FC stacks Vv Vi

gas porosity to be an empirical function of current den- 2.3. Mechanistic models

sity (since current density is related to water production).

The effective gas porosity was assumed to decrease lin- Mechanistic modeling has received the most atten-

early with increasing current density. This is due to the in- tion in the literature. In mechanistic modeling, differ-

creasing percentage of gas pores occupied by liquid water.ential and algebraic equations are derived based on the

Their results indicate that dehydration of the membrane is physics and electro-chemistry governing the phenomena

likely to occur on the anode side rather than the cathodeinternal to the cell. These equations are solved using

side. some sort of computational method. Mechanistic models
Chan et al[8] studied the effect of CO kinetics in the can be subcategorized as multi-domain models or single-

hydrogen feed on the anode reactive region. When hydro-domain (or unified) modelsFig. 1 gives a chronology

gen is obtained from reformed fuel, there are trace amountsof the development of mechanistic modeling. It shows

of CO present which act as poison to the platinum catalyst. the evolution of PEMFC modeling as it increased in

The CO is preferentially adsorbed onto the catalyst surface complexity.

instead of hydrogen, whereby decreasing the catalyst surface

area available for hydrogen dissociation. An empirical fac- 2.3.1. Multi-domain approach

tor was determined which represented the fraction of catalyst  pMulti-domain models involve the derivation of different

sites occupied by CO at the anode. The result is larger acti-gets of equations for each region of the fuel cell, namely the

vation 0verp0tentials on the anode side due to slow eleCtrOdeanode and cathode gas diffusion regionsy anode and cath-

kinetics. ode gas flow channels, membrane and catalyst layers. These
Semi-empirical modeling has also been used to model equations are solved separately and simultaneously.

fuel cell stacks. Maxoulis et a]9] used such an approach One of the early mechanistic models fora PEMFC was the

to model a fuel cell stack during automobile driving cy- pioneering work of Bernardi and Verbrugg®0,11} They

cles. They combined the model of Amphlett et[&] with  developed a one-dimensional, steady state, isothermal model

the commercial software ADVISOR, which was used to which described water transport, reactant species transport,
simulate vehicular driving conditions. They studied the ef- 35 well as ohmic and activation overpotentials. Their model
fects of the number of cells per StaCk, electrode kinetics assumed afu"y hydrated membrane at a"times] and thus cal-
and water concentration in the membrane on the fuel con- cyjated the water input and removal requirements to maintain
sumption. They concluded that a larger number of cells per fy|| hydration of the membrane. The model equations were
stack result in greater stack efficiency resulting in better fuel gerived using the Stefan Maxwell equations to describe gas
economy. phase diffusion in the electrode regions, the Nernst—Planck
Semi-empirical models are, however, limited to a narrow equation to describe dissolved species fluxes in the membrane
corridor of operating conditions. They cannot accurately pre- and catalyst layers, the Butler Volmer equation to describe
dict performance outside of that range. They are very useful electrode rate kinetics and Schlogl's equation for liquid wa-
for making quick predictions for designs that already exists. ter transport.
They cannot be used to predict the performance of innovative  This model was used primarily to predict the polarization
designs, or the response of the fuel cell to parameter changesffects (due to ohmic and activation overpotentials) and the
outside of the conditions under which the empirical relation- water management reduirements_ The model Computed the
ships were developed. Empirical relationships also do not required water input at the anode side and required water
provide an adequate physical understanding of the phenomremoval rate at the cathode side necessary to maintain full
ena inside the cell. They only correlate output with input. hydration of the NafioR membrane at all times.
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Fig. 1. PEMFC mechanistic modeling evolution.

Their model also predicted the dissolved hydrogen and ditions or statements of continuity need be defined. The only
oxygen concentrations within the catalyst layers and it was difference is that material properties and source terms assume
found that at sufficiently high current densities most of the different values for the two regions. This forms the basis of
electrochemical reactions occurred on the outer surface of thethe single-domain approach.
catalyst layer. This information is vital to designers of fuel Instead of combining two regions into one domain, the
cells. It allows them to economically distribute the catalyst single-domain approach combines all the regions of interest
where it is most needed. Considering that the platinum cata-into one domain. Conservation equations are defined which
lystis one of the largest expenses in a fuel cell, this could help govern the entire domain of interest, typically the entire fuel
reduce the cost. Although their model was basic and many cell (gas flow regions and the membrane electrode assembly).
improvements have been made since, this work served as dn eachregion, the differences are accounted for by source and
foundation for PEMFC modeling. sink terms. All equations are written in the form of a generic

Gurau et al[12] developed a two-dimensional model to  convection—diffusion equation, and all terms, which do not
determine species concentrations within the fuel cell and thefit that format are dumped into the source or sink term. This
effect on fuel cell performance of gas diffuser porosity, air formulation allows for solution using known computational
flow rates in the gas channel and temperature. This modelfluid dynamics (CFD) methods.
is based on the multi-domain approach with three domains  The principles of CFD were first applied to fuel cells
considered: gas diffusers/gas flow channels, catalyst layersby Wang et al[13] and Zhou and LiJ14]. In the unified
and membranes. The gas diffusers and gas flow channelsapproach, all the governing differential equations were ar-
were combined into one domain by writing the governing ranged into a standard form, which could be discretized using
equations for each region in a similar form. As a result the the principles of CFJ15] or solved using a CFD software
solution methodology was able to accommodate both regionspackage.
into one domain. 90
o = V(®) +V(I'VP) + S
2.3.2. Single-domain approach The respective terms in above equation represent transient,

Gurau et al[12] showed that since the governing differen- convection, diffusion and source. The general variable may
tial equations in the gas flow channels and the gas diffusion refer to potential, temperature, pressure, velocity, concentra-
electrodes are similar, the equations can be combined for bothtion or phase fraction. For steady state operation the transient
regions. The computational effect is that both regions can beterm vanishes. This general equation is a conservation equa-
considered as one domain where no internal boundary con-tion, where the source term represents material consumption
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and generation (at catalyst layers), phase change and any Baschuk and Lj17] developed a one-dimensional model,
other term, which cannot fit the general format, but must be which accounted for cathode mass limitation effects by al-
accounted for. The application of CFD to fuel cells has paved lowing variable degrees of flooding at the cathode catalyst
the way for the subsequent development of multidimensional layer/backing region. They account for concentration over-
models. potential as a result of the decreased concentration of dis-
solved oxygen in the catalyst region due to the excessive
water content. Darcy’s law is used to obtain the drop in par-
3. Modeling considerations tial pressure of the oxygen at the cathode catalyst layer, and
Henry’'s law is used to determine the dissolved oxygen con-
Mechanistic modeling (single and multi-domain) has centration. Their modeled results showed excellent agree-
been utilized to study a wide range of phenomena mentwith experimental results. The model also predicted that
including polarization effects (activation, ohmic and con- increasing the cell pressure lowers the limiting current den-
centration overpotentials), water management, thermal man-sity. High pressures result in maximum flooding occurring
agement, CO kinetics, catalyst utilization and flow field at lower current densities, and this effect is more significant

geometry. than the increase in partial pressure of the oxygen. The results
also showed, predictably, that increasing the temperature in-
3.1. Parametric models creases the limiting current density.

Um et al.[18] developed a transient model based on the
All models are parametric in that they predict the output unified approach, which studied the effects of hydrogen dilu-
performance for various input parameters, typically temper- tion along the anode gas channel. The two-dimensional model
ature, pressure and humidity. Wang et[&b] developed a  considered flow perpendicular to the membrane electrode as-
three-dimensional parametric model, considering the effectssembly (MEA) cross-section, as well as in the direction of
of temperature, humidity and pressure. It was found that the flow in the gas channels. As hydrogen diffuses from the gas
performance of the fuel cell improved with increasing tem- channel into the gas diffusion region, its concentration along
perature if the inlet gases are fully humidified. If the gases are the gas channel decreases resulting in a two-dimensional con-
not fully humidified, dehydration of the membrane is likely centration gradient in the gas diffusion electrodes. The result
to occur resulting in reduced conductivity values, hence re- is that mass transport limitations are seen on the anode side
duced cell performance. They also found that at low current especially at high current densities, and when reformed fuel
densities anode humidification is required, but not at higher is used instead of pure hydrogen. At high current densities,
current densities. This is because at high current densities hydrogen is extracted from the flow channels at a much fast
sufficient water is produced at the cathode to keep the mem-rate than at low current densities. With reformed fuel, the
brane hydrated. partial pressure of the hydrogen is already lowered by the
Their results further show that cathode humidification is presence of carbon dioxide in the gas feed, so as itis used up
not significant at all, especially at high current densities. This toward the end of the gas channel, the partial pressure of the
is because dehydration is likely to occur on the anode side hydrogen may be too low and it may not be able to diffuse
and flooding on the cathode side. Therefore, humidifying the to the anode catalyst layer fast enough. The result is anode
cathode gas stream adds no benefit. side mass transport limitations. Such phenomena cannot be
Finally, increasing the pressure of the inlet gases was seerstudied using one-dimensional models.
to improve performance by increasing the activation currents ~ Zhou and Liu[19] developed a 3-D model of a PEMFC
and the partial pressures of reactant gases. taking into account CO effects in the anode gas stream. The
The authors report that at higher current densities, their model accounts for poisoning of the catalyst as well as hy-
model overestimates the cell current density compared to ex-drogen dilution due to the inert gases. An interesting result is
perimental results. The reason for this is that the model did that along the anode gas channel the hydrogen concentration

not take into account mass transport effects. increases in the direction of flow because the CO is depleted
at a faster rate due to preferential adsorption at the catalyst
3.2. Mass transport effects sites. They also found that the optimum porosity of the gas

diffusion layer is much lower for a fuel cell using reformate
Mass transport limitations or concentration overpoten- than one using pure hydrogen.

tials are caused when the reactants cannot be supplied fast
enough for the required rate of chemical reaction to take 3.3. Thermal management
place. This happens especially at high current densities when
large amounts of liquid water are produced at the cathode. The electrochemical reactions taking place in a fuel cell
Liquid water has a two-fold effect. It dilutes the reactants are exothermic, i.e., they give off heat. Heat is also produced
thus reducing its concentration near the catalyst sites, and itby irreversibilities in the cell such as activation losses and
reduces the effective gas porosity thus “blocking” the reac- ohmic effects. Heat removal is a critical design issue for fuel
tants from reaching the catalyst layer. cells. Excessive heat generation may result in dehydration of
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the membrane resulting in decreased conductivity, and ther- The model of Wohr et al[23] showed that for fuel cell
mal stresses resulting in mechanical failure. Various models stacks water management becomes even more difficult and
have accounted for non-isothermal effects and heat transfersis strongly related to thermal management. The temperatures

Berning et al.[20,21] used the unified approach to de- of the inner cells of the stack are higher than the outer cells
velop a three-dimensional non-isothermal fuel cell model. resulting in membrane dehydration. Water management is
The model studied reactant concentrations, current densitystrongly interrelated with thermal management/heat removal.
distributions and temperature gradients within the cell as well Other strategies for effective water management involve the
as water flux and species transport. For gas flow fields sepa-geometry of the gas flow field, e.g., counter flow versus co-
rated by current collecting plates, three-dimensional effects flow, and using serpentine and interdigitated flow fields rather
were observed due to the unevenness of the hydrogen andhan straight channel flow fields.
oxygen supply. These effects were pronounced under the col-
lector plate land areas. These effects may result in transport3.5. Flow field geometry
limiting conditions at high current densities.

The development of a non-isothermal model was intended  One of the advantages of computational modeling over
to study the heat transfers within the cell. It was observed that experimentation to assess the performance of a fuel cell is the
a temperature difference of 2—3 K existed within the cell. Yan ability to evaluate innovative designs. One area where this is
et al.[22] performed a similar study and found a temperature evidentis in the consideration of flow field geometry. Models
variation within the cell of the same magnitude. However, the have been developed for straight flow channels, serpentine
magnitude ofthe heattransfer was notreported soitis difficult flow channels and interdigitated flow fields.
to compare the magnitude of the conductive heat transfer Ge and Yi[25] developed a two-dimensional model to
relative to the total heat transfer. This information would have study the effects of flow mode in straight gas channels, i.e.,
helped justify the need for non-isothermal modeling. If the counter flow versus co-flow. It was found that the flow mode
heat transfer by conduction were small compared to otheronly made a difference when dry or low humidity inlet gases
heat transfers, then a temperature difference of 2—-3 K couldwere used. For such cases, counter flow operation produced
hardly be significant. better results since by so doing the reactant gases were suf-

Wohr et al[23] investigated heat management for fuel cell ficiently humidified internally. If the inlet gases are already
stacks. In their one-dimensional, non-isothermal model they humidified, the flow mode makes little difference. The reason
considered the gas diffusion region to be a homogeneous disfor this is that for high humidity gases, the increase in mem-
tribution of cylindrical pores, through which transport was brane conductivity due to the high humidity is counteracted
governed by the “dusty gas model”. Water transport in the by the increase in cathode concentration overpotential due to
electrodes was assumed to occur by surface diffusion or cap-the presence of liquid water. This is the case whatever the flow
illary effect. They considered the heating effects due to ohmic mode. However, for low humidity gases, counter flow opera-
resistance in the membrane and heat generation due to the ertion allows for internal humidification of the gas streams. For
tropy of reaction. In the absence of any heat removal strategy,co-flow low humidity gases, the membrane dehydrates. This
the temperature difference in a stack of four cells was 8 K. information gives the designers of fuel cells an alternative to
The temperatures of the innermost cells in the stack were thehumidifying the gas streams.
highest. The effect is that the membranes of the inner cells Dutta et al.[26] used the unified approach to study mass

would dehydrate. transport between the channels of a PEMFC with a serpen-
tine flow field. Their model is three-dimensional and allows
3.4. Water management for multi-species transport. They studied the effect of flow

channel width in the serpentine flow field on velocity distri-

Water management is another critical aspect of PEM fuel bution, gas mixture distribution and reactant consumption.
cells. At high current densities, excessive water transport Serpentine flow fields allow for a greater area for diffusion
across the membrane and water production at the cathodeof the supply gases. Their results show that for low humidity
result in flooding of the electrodes and mass transport limita- conditions, water transport is dominated by electro-osmotic
tions. At low current densities, dehydration of the membrane effects, i.e., water flows from anode to cathode at the side of
may occur at the anode side. Water must be supplied to thethe cell closer to the gas channel inlet. At the outlet side of
fuel cell at the anode and removed at the cathode in order tothe cell, water transport is dominated by back diffusion, and
maintain effective membrane humidification. it flows in the opposite direction. Thus the serpentine flow

The Bernardi and Verbrugge moddl0,11] determines field allows for circulation of the water within the cell.
the required water addition and removal necessary to Nguyen et al[27] developed a three-dimensional model
maintain full membrane humidification at a given current which accounts for mass and heat transfer, current and po-
density. Fuller and Newmaj24] developed a pseudo two- tential distribution within a cell using a serpentine flow field.
dimensional model, which predicted water and thermal man- Their results show that oxygen concentration along the gas
agement as well as fuel utilization for a fuel cell operating channels decrease in the direction of flow. Also, in the gas
with reformed methanol as the fuel. diffusion layer, the oxygen concentration is a minimum under
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the land area. At high current densities the oxygen is almost  For the interdigitated flow field, results show that the oxy-
completely depleted under the land areas. The resultis an ungen concentration is higher and liquid water saturation is
even distribution of oxygen concentration along the catalyst lower than those for a conventional straight channel flow
layer resulting in local overpotentials, which vary spatially. field. The higher oxygen concentration results in fast reac-
A unigue feature of this model is a voltage-to-current (VTC) tion rates and the lower liquid water saturation results in
algorithm, which allows for the solution of the potential field less concentration overpotential. It is also shown that the
and the local activation overpotential. Since the reactant con-local current densities are much more uniform with an in-
centration is not constant across the catalyst layer, the acti-terdigitated flow field than with a conventional flow field.
vation overpotential will not be constant. Their simulations However, the performance of a fuel cell with an interdigi-
show a variation in local activation overpotential from 0.31 tated flow field is only shown to be better than that for one
to 0.37V at a current density of 1.2 Acra This VTC al- with a conventional flow field if the inlet gases are well
gorithm however, comes with a computational cost. It slows humidified. This is because the interdigitated field aids in
down the solution requiring 6000-8000 iterations for conver- water removal, but does not aid in hydration of an already
gence. de-hydrated membrane. So, the internal gases need to be

Um and Wang[28] used a three-dimensional model to humidified.
study the effects an interdigitated flow field. The model ac-  Using the unified approach, Kumar and Re{Z] studied
counted for mass transport, electrochemical kinetics, specieghe effects of having metal foam in the flow field of the bipolar
profiles and current density distribution within the cell. In- plates. Their three-dimensional steady state model shows that
terdigitated flow fields result in forced convection of gases, decreasing the permeability of the gas flow field improves
which aids in liquid water removal at the cathode. This performance. This is because at low flow field permeability
would help improve performance at high current densities reactant gases are transported by forced convection rather
when transport limitations due to excessive water produc- than diffusion. Having many tiny gas channels results in a
tion are expected. The model shows that there is little to no lower permeability than having few large channels. However,
difference at low to medium current densities between an due to limitations in machining processes, the flow channels
interdigitated flow field and a conventional flow field. How- cannot be made too small. Placing metal foam in the flow
ever, at higher current densities, a fuel cell with an inter- field allows the flow field permeability to be lowered without
digitated flow field has a limiting current, which is nearly resorting to precise machining processes. They found that
50% greater than an equivalent cell with a conventional flow decreasing the permeability from19to 10-12m? increases
field. Because of the flow field, three-dimensional effects un- the “average current density” of their system from 5943 to
der the current collector land area, known as rib effects, are 8425 Ant2.
prominent.

Seigel et al[29] also modeled a fuel cell with an interdig-
itated flow field. Theirs was a two-dimensional steady state 4. Comparisons
model, which studied transport limitations due to water build
up in the cathode catalyst region. They considered water in  In this section, we compare the unified (single-domain)
three phases: liquid, gas and dissolved (membrane phase)approach with the multi-domain approach to solving the gov-
They found that treating the catalyst layer as a very thin in- erning equations. In Sectid) we saw that both approaches
terface underestimates the transport limitations due to waterhave been used to solve three-dimensional problems with
build-up. Hence, they modeled the catalyst layer as a finite very complex flow fields. The early mechanistic models were
region. Their model showed that 20—40% of the water build- all solved using the multi-domain approach. With the in-
ing up at the cathode catalyst layer comes from water which troduction of CFD methods to fuel cell modeling, the door
is transported across the membrane. This problem may beopened for multi-dimensional modeling. Most of the mod-
counteracted by applying a pressure differential to force back els developed over the past 5 years were solved using the
diffusion of water, i.e., from cathode to anode. single-domain approach.

Using the multi-domain approach Hu et@0,31]devel- Although both approaches have been used for multidi-
oped a three-dimensional two-phase model for a fuel cell. mensional models, the single-domain approach more easily
They gave boundary conditions, which could be used for lends itself to multidimensional modeling. With the multi-
straight flow channels as well as interdigitated flow fields. domain approach, internal boundary conditions or conditions
Unlike previous models, which assume separate flow chan-of continuity must be specified at each interface between re-
nels for gases and liquids, this model assumes a two-phaseions, which could become cumbersome in two- and three-
mixture. Water properties such as specific volume changedimensions.
depending on the degree of mixture. They used a CFD algo- The single-domain approach also more easily lends itself
rithm to solve for the flow field in the gas flow channels and to be implemented in commercial CFD codes since the so-
diffusion regions, and the fourth order Runge—Kutta method lution methods to CFD problems are well established. The
together with a shooting technique to solve for the flow field solution methods for the multi-domain equations are not as
in the catalyst layers and the membrane. standardized as those for the single-domain equations. As a
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result, the model development time is shortened using thethe anode gas diffusion region:
single-domain approach.

An interesting observation is that many of the earlier Ny, = S (1)
models developed by researchers with a chemical engineer- 2F
ing/chemistry background were based on the multi-domain I psat
approach, whereas most of the newer models developed byNW ~oF <p0_psat> @)
researchers with a mechanical engineering background are W
based on the unified approach. dosolid _ 3)
It is difficult to say which method converges faster since  d; ggff
that depends heavily on what is being modeled, and how
efficiently the programs are written. It has been reported that dj _ _ﬁvs (4)
the single-domain approach requires longer solution times dz kS
[29], however, a possible reason is that commercial codes e .
are very general and not computationally optimized for any In the cathode gas diffusion region:
specific situation. I 5
No, =4~ 5)
5. Case study I DEff -
Ny = —Exw 1—xw+ N, <D‘évgf02 _ ]_>] (6)
For the purpose of comparison, we solved the model devel- W.N2
oped by Bernardi and VerbrugfEl] using both approaches.  dvy,  1dNy
The same terminology as employed by the authbig is dz + p dz = @)
used together with the same material properties and operat-
ing conditions. The model is one-dimensional, the only di- dbsolid _ _ 8)
mension considered is that perpendicular to the MEA cross  dz ogff
section. The solution domain consists of the MEA, i.e., the
anode and cathode gas diffusion regions, catalyst layers an P _ —%Us (9)
the membrane. The assumptions of the model are: dz kg
e constant cell temperature (isothermal), in this case 353 K; dxn, RT [ No, Ny
e ideal and well-mixed gases in the gas chambers; T TN, | pef Dot (10)
¢ steady state operation; O2.N2 w.N2
e total gas pressure within each diffuser region is taken to | the membrane:
be constant since gas phase viscosity is small compared to )
liquid phase viscosity; Du dchp  dew, _ (11)
e inletgas streams (hydrogen and air) are saturated and gases 2 dz? dz
are assumed to be fully saturated throughout the cell; 4o de
¢ separate flow channels for gases and liquids in the porousDg, 22 %2 (12)
regions of the gas diffusion layers, i.e., liquid and gas dz dz
phases will be treated as separate single phase flows rather I
than a two phase mixture. H" =% (13)
The Nernst—Planck equation is used to describe the trans-dp I kg do
port of dissolved species in the membrane and catalyst layers.q, — _fpvs + szfch?z (14)
Transport of dissolved species occurs via diffusion, convec-
tion and migration. Schlolgl’s equation is used to describe the dj _ I —Feyv (15)
transport of liquid water via electro-osmotic drag and back dz —K
diffusion. The Stefan Maxwell equations are used to describe .
the diffusion of gases within the gas diffusion regions. The Inthe cathode catalyst layer:
Butler—Volmer equation is used to describe electrochemical dvs 1 di (16)
rate kinetics in the catalyst layers. dz ~  2pFdz
. . keff
5.1. Multi-domain approach %p _ _k%wr k%zfchjj 17)
Z p p Z
The multi-domain model is characterized by equations
(1)—(25)in each region as reported[itil]. Note that in these ﬂ — 2aig sinhf (¢solid — B)] (18)

equations, the current densityassumes a positive value. In  dz
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c Y0, c YHt+

. .ref[ €Oz H+

l0o=1p (Cref> (Cref > (19)
Oz HT

dzco dco 1 di

D 2 2 = — — 20

©27q,2 v dz 4eC F dz (20)
In the anode catalyst layer:
dUs
“°_0 21
dz (21)
dp oo kS dop
— =——v+ —zrcsF— 22
dz kafU + kgffzf I (22)
di L
@ 2aig sinhfef (¢solid — ¢)] (23)

c VHZ c YH+

. .ref[ CH2 H+

10 = lO (CI’E‘f) (Cref > (24)
Ho HT

d2CH2 dCH2 1 di
— — hd
22 dz 28 Fdz

(25)

At the cathode catalyst layer/gas diffuser interface:

pL
Csoazt = (1 — Xw — )CNZ)Kioz (34)

At the cathode gas diffuser/gas chamber interface:

-1
1 — xw + xK L 1 (35)
w N2 peff

pP=rpL (36)

sat 0 0o\ 1
D)
20 X0, 3 X0,

The algorithm used to solve the given system of equations
is shown inFig. 2 The fourth order Runge—Kutta method is
used to solve the equations in each region. Shooting tech-
nigues were used to obtain convergence. Three unknown
terms had to be initially guesseg, C; andC,. C; andC; are
parameters used in the solution of the second order equations
in the membrane and catalyst regions. So, three convergence

1
NW = _E.XW

The boqr_\dary condi_tions or conditions of continuity must loops were required. The program must converge to the ap-
be specified at each interface. At the anode gas Chamber/gaﬁropriate value ofi such that the pressure variable matches

diffuser interface:
Vs = Vg (26)
P = po (27)

whereuvg represents the required water input at the anode in

order to maintain full membrane hydration at all times. At
the anode diffuser/catalyst interface:

I i
vs=vo+ =— | ———
S= VOt oF (po — p3t

due to the condensation of vapor to liquid (28)
cﬁi‘ =(1—xw) 150 according to Henry’s law (29)
H2

At the anode catalyst/membrane interface:

den den
Deﬁ 2 > — (DH 2 > ,
( "2 d c fdz

i.e., continuous flux of dissolve hydrogen (30)

co, =0 i.e, nodissolved oxygen crossover in membrane
(31)

Similarly at the membrane/cathode catalyst layer interface:

cH, =0 (32)

dco dco
|: % de c “dz

the end boundary conditions. Similarly, the appropriate val-
ues ofC; andC, must be found for the dissolved hydrogen

and oxygen values to match the given internal boundary con-
ditions. A Newton—-Raphson method was used together with
the shooting technique to speed up the rate of convergence.

GuessVp

Until Pconverges

Vo

|

Solve Anode Gas Diffuser Equations

I

Solve Cathode Gas Diffuser Equations

|

Calculate the activation overpotentials

GuessCy

Cy

Until CH- converges

Solve Anode Catalyst Layer Equations

\], GuessC:
C:

)’

Solve Membrane Equations

I

Solve Cathode Catalyst Layer Equations

Until CO2zconverges

Fig. 2. Solution algorithm for the multi-domain method.
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5.2. Single-domain approach Until convergence
Guess the pressure field
The single-domain approach consists of conservation A\ i
equations, which govern the entire domain. The governing Solve the momentum equation fL:JonrR/ergence
equationg38)—(53)are shown. Note all units are molar quan- 3
tities.
L . Correct the pressure field using the
Continuity equation: comiﬁuiiy oo 9
V(p0) = S (38) v
where, Sy, refers to the production and consumption of b o ok
species at the catalyst layers. |
Sma= SH2 + Swa at the anode Catalyst |ayer (39) Solve the potential field equations
Smc = So, + Sw,c atthe cathode catalystlayer (40) Fig. 3. Solution algorithm for the single-domain method.
1
SHp = T 2F’ V(pvxw) = —V(Nw) + Sw,a+ Sw.c (51)
i.e., hydrogen consumed atthe anode catalystlayer  (41)where the diffusion flux is given by Fick’s law:
P Ni = —pD; jVx; (52)
0y = — 77
? AF Once again it is obvious that these are the same equations as
i.e., oxygen consumed at the cathode catalyst layer (42) the multi-domain approach just written in a different form.
Finally the potential field equation, which accounts for ohmic
1 poat and activation overpotentials, is given by:
Sw,a = ﬁ sat |’
PO — D V(op) = —1+ S, (53)
8., waterdissolving atthe anode catalystlayer (43) whereS, accounts for activation overpotentials at both cata-
I lyst layers.
Sw.e= = These equations are solved using a CFD finite volume
_ 2F method as described in Patanka®]. The momentum and
i.e., water produced atthe cathode catalystlayer  (44) continuity equations are solved first using the SIMPLE algo-
In one-dimensional form, equatio($1)—(47)are identi- rithm with a staggered grid system. In the pressure correc-
cal to equation$4), (5), (8), (9) and (17) tion subroutine, the tri-diagonal matrix algorithm (TDMA)
The momentum equation: is used to speed up the solution process. Then the species
- - ions ar Ivi fter which th ntial | lcula-
V(030 + P) + Sp = Sm? + Seo (45) equations are solved, afte ch the potential loss calcula

tions are made. The whole procedure is then repeated until
where the source term in the momentum equation for porousconvergence is achievelgig. 3shows the solution algorithm

media is given by Darcy’s Law: for the unified approach.
Sp=-L% (46)
kp

6. Results and discussion
The relatively small value of hydraulic permeability re-
sults in the source term dominating the momentum equation  In this section, results of both models are compared. The

and hence the problem reduces to equatlof. The electro- results of interest are polarization curves and water man-
osmotic transport of liquid water in the membrane is given agement predictions. Both models predict the voltage losses
by: hence the net cell voltage for a given current density, and

ke both predict the required water input and output required for
Seo = k—pszwap (47) maintaining full hydration of the membrane at all times.

Fig. 4 shows the polarization curves obtained using both
The transport of speciesHO,, N2 and HO vapor are given models as well as the experimental results obtained by Ti-
by the following conservation equations (48)—(51): cianellietal [33] for the same operating conditions. Saturated

. hydrogen at 3atm was used as fuel and saturated air (21%
V(pvxr,) = —V(NHp) + Sk, (48) oxygen, 79% nitrogen by mole ratio) at 5atm was used as
V(pixo,) = —V(No,) + So, (49) oxidant. The cell temperature was 80. Both model curves

are virtually indistinguishable from each other. This is not

V(pvxn,) = —V(NN,) (50) surprising since both models solve essentially the same sets
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1.2
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Cell Voltage (V)

0.4 4

0.2 A

0 T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
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Fig. 4. Polarization curves, theoretical and experimental.

of equations, just using a different technique. Both compare tion of the membrane at all times. At lower current densities
well with the experimental data in the activation and ohmic liquid water flows in the reverse direction, i.e., out through
overpotential regions. Both however, show signs of deviat- the anode hence the negative values. The reason for this as
ing from the experimental results at higher current densi- explained irff11]is that at low current densities, the effects of
ties. The reason for this is that the given model does not back-pressure are larger than the effects of electro-osmotic
account for concentration overpotential, which is expected drag. Since the cathode gas pressure is higher than the anode
to become increasingly prominent as the current density pressure, this pressure gradient forces the water to flow from
increases. cathode to anode. At higher current densities, the electro-

Fig. 5 shows the water management requirements as aosmotic effects dominate and water flows from the anode to
function of cell current density. It shows both the required in- cathode. Once again both model curves are very close. This
put of water at the anode and the required extraction rate at thes expected since the governing equations are essentially the
cathode for proper management, i.e., maintaining full hydra- same.
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Fig. 5. Water management requirements vs. current density.
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In this study, the single-domain solution converged much ever, for more complex flow regimes, such as interdigi-
faster than the multi-domain solution. There are a number of tated flow and serpentine flow channels, three-dimensional
reasons for this. The finite volume method used in the single- modeling is required to accurately describe the transport
domain solution entailed a larger computational error than the phenomena.
single step Runge—Kutta method used in the multi-domain so-
lution. The Runge—Kutta method requires up to four times as ,
many calculations. Secondly, the multi-domain model treated 7. Conclusions
the catalyst layer as a finite sized region whereas the single-
domain model treated the catalyst layers as infinitesimally
small interfaces where species are consumed and produce
For the purpose of this study, the only output parameters
of interest were the polarization curves and the water man-
agementinformation. Therefore, the treatment of the catalyst X
layer (i.e., as aregion or interface) was not significant. For de- each were d|scusse_d. . . :
tails of the transport phenomena, the treatment of the catalyst The smgle-domg_m IS less cum_l:_:ersome N .th"’?t no inter-
layer would be more significant. The single-domain simply nal boundary conditions and conditions of continuity need to

used a finer computational grid around the catalyst layers. t():?:gpec:jﬁed.pl\t is also (laas;]er t.o |n(;orpor%tel |3to clommerugl
This may have accounted for the multi-domain solution re- codes. As a result, the time for model development is

quiring extra time since the Butler—Volmer equation entails shortened.

more computationally expensive calculations. So, although The mo(;:lel odeerIna;dl a_nd L/errk:ruggbl] mas taBkeE as del
in this case the multi-domain solution required more compu- a case study and solved using both approaches. Both models

tational time, it gave more precise information about species accurately predicted the polarization effects and water man-

concentration in the catalyst layers. The actual convergenceagement requirements.

time for any model depends on the degree of accuracy and the
efficiency of the solution algorithm. It cannot be concluded Acknowledgement
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