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Abstract

A computational fuel cell dynamics (CFCD) model is presented to elucidate three-dimensional (3D) interactions between mass transpor
and electrochemical kinetics in polymer electrolyte fuel cells with straight and interdigitated flowfields, respectively. The model features a
detailed membrane—electrode assembly (MEA) submodel in which water transport through the membrane with spatially variable transpor
properties and spatial variations of the reaction rate and ionic resistance through the catalyst layer are accounted for. Emphasis is plact
on obtaining a basic understanding of how three-dimensional flow and transport phenomena in the air cathode impact the electrochemic:
process in both types of the flowfield. Fully three-dimensional results of the flow structure, species profiles and current distribution are
presented for proton exchange membrane (PEM) fuel cells with an interdigitated cathode flowfield. The model results indicate that forcec
convection induced by the interdigitated flowfield substantially improves mass transport of oxygen to, and water removal from, the catalyst
layer, thus leading to a higher mass-transport limiting current density as compared to that of the straight flowfield.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction from the gas channel across the GDL to the catalyst layer
as well as along the flow channel direction was fully dis-
Approaching the limiting current density, cell polarization cussed. In a real PEM fuel cell geometry, there exists, how-
results mainly from the limit of oxygen transport through ever, the mass-transport limitation in the third dimension,
the air cathode in proton exchange membrane (PEM) fuel namely along the catalyst layer from the channel to under the
cells. The near-zero oxygen concentration at the cathodecurrent-collecting rib. This is so-called rib effect. As aresult,
gas-diffuser/catalyst—layer interface occurs due to the lowerthe average cell current density in the three-dimensional ge-
oxygen diffusivity (three to four times lower) than the hy- ometry is always lower than the two-dimensional prediction
drogen diffusivity. When pure oxygen is used instead of in which the mass-transport limitation is absent in the third
air, this mass-transport limitation can be relaxed. Alterna- direction.
tively, innovative flowfield designs such as the interdigitated  Building upon the model from the preceding work of
cathode are required to enhance mass transport through th&m et al.[1], the present work is focused on studying the
gas-diffusion layer (GDL) underneath the current collector mass-transport limitation between the channel and landing
and assist oxygen reduction reaction (ORR) within the cath- area over a length scale of approximately one millimeter,
ode reaction zone, resulting in improved cell performance. and the associated rib effect. In addition, the inclusion of the
In the previous model of Um et gl1], a computational  third dimension brings about an innovative flowfield design,
fuel cell dynamics (CFCD) model was used to understand called interdigitated flow. In the conventional straight flow-
the electrochemical and transport phenomena of PEM fuelfield, gas flows along the surface of GDL, thereby leading
cells in the two-dimensional (2D) situation. In particular, the to oxygen transport controlled predominantly by molecular
oxygen transport limitation in the through-plane direction diffusion through the GDL, but in the interdigitated flow-
field as schematically shown iRig. 1, two flow channels
around each current-collector shoulder have a dead-end, so
* Corresponding author. Tek:1-814-863-4762; fax:-1-814-863-4848.  the reactant gas is forced to flow through the porous GDL in
E-mail addresscxw31@psu.edu (C.Y. Wang). order to exit. This forced convection mechanism facilitates
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Nomenclature

effective catalyst area per unit volume

(cmélemd)

electrode geometrical area (&m
molar concentration (mol/ct
mass diffusivity of species (cffs)
Faraday constant (97487 C/mol)

gas channel height (cm)
current density (A/crf)
transfer current (A/c)
hydraulic permeability (cH)
cell length (cm)

electro-osmotic drag coefficient

pressure (Pa)

gas constant (8.314 J/mol K)

relative humidity

source term in transport equations/

current-collector thickness
time (s)

temperature (K)

velocity vector (cm/s)

inlet velocity calculated by
Egs. (1) and (2)cm/s)

cell potential (V)

cell coordinates

mole fraction

Greek letters

D R R R MR

transfer coefficient
porosity

phase potential (V)
volumetric flow rate (crivs)
ionic conductivity (S/m)
viscosity (kg/ms)

density (kg/crd)
stoichiometry

Superscripts

c cathode

eff effective value

m membrane phase
sat saturation value
Subscripts

a anode

c cathode

cell fuel cell

e electrolyte

in inlet

k species

oc open circuit

ref reference value

u momentum equation
o) potential equation

transport of reactants to, and products from, the catalytic re-
action layer, thus increasing the current density at a given
cell potential.

Experimental studies have demonstrated the effectiveness
of the interdigitated flowfield2—5]. However, the complex
flow structure induced by the interdigitated flowfield and
its impact on the transport and electrochemical processes
remain to be delineated. Several attem|@g] have been
made to develop two-dimensional mathematical models for
the problem, but the 2D models are limited in their ability
to capture the highly three-dimensional nature of the inter-
digitated flowfield.

Assuming single-phase transport in PEM fuel cells, a
number of 3D models have been published. Notable ones
include Dutta et al.[8], Um and Wang[9], and Zhou
and Liu [10]. The present model features a single-domain
formulation without requiring boundary conditions at in-
terfaces internal to the fuel cell, thus facilitating imple-
mentation into a commercial computational fluid dynamics
(CFD) package. In addition, the model contains a detailed
membrane—electrode assembly (MEA) submodel where the
water content distribution within the membrane and spatial
variations of reaction rate and ionic resistance within the
catalyst layer are fully resolved.

In the present work, the CFCD model developed by Um
et al.[1] is extended to study electrochemical kinetics, cur-
rent distribution, fuel and oxidant flow, and multi-component
transport in a PEM fuel cell with both a straight and an inter-
digitated air cathode. Fully three-dimensional computations
are performed, and results of the flowfield, species profiles
and current density distribution are presented with emphasis
on the air cathode. Polarization curves for conventional and
interdigitated flowfields are simulated and compared.

2. Numerical model

Fig. 1 schematically shows a PEM fuel cell and its vari-
ous components: the anode gas channel, gas-diffusion anode,
anode catalyst layer, ionomeric membrane, cathode catalyst
layer, gas-diffusion cathode, and an interdigitated cathode
flow channel. Dry air is fed into the cathode channel, whereas
humidified hydrogen is supplied to the anode channel. Hy-
drogen oxidation and oxygen reduction reactions are con-
sidered to occur only within the active catalyst layers where
Pt/C catalysts are intermixed uniformly with recast ionomer.

The fuel and oxidant flow rates can be described by a
stoichiometric flow ratioZ, defined as the amount of reactant
in the chamber gas feed divided by the amount required by
the electrochemical reaction. That is,

P. 4F

lc= Xog,inﬁc,in ﬁ.m (1)
P, 2F

fa= XHz,inﬁa,in 2 (2)

ﬁ]refA
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Fig. 1. (a) Three-dimensional schematic diagram and (b) geometrical description of a PEM fuel cell.

whered is the inlet volumetric flow rate to a gas chanriel, e
andT the pressure and temperatuReand F the universal

gas constant and Faraday'’s constagt the current density, o
andA the electrode geometrical area. The subscripts ‘c’ and e
‘a’ denote the cathode and anode sides, respectively. The
stoichiometric flow ratios defined ikqgs. (1) and (2)are
chosen to be based on a fixed reference current density ofe
1 Alcn? in the present work. Thus, flow rates of the fuel and
oxidant are constant.

2.1. Model assumptions

The present model assumes:

isotropic and homogeneous electrodes, catalyst layers and
membrane;

constant cell temperature;

negligible ohmic drop in the electronically-conductive
solid matrix of porous electrodes, catalyst layers, and the
current collectors; and

existence of liquid water in small volume fraction and as
finely dispersed droplets (i.e. mist flow) so that it does
not affect the gas flow, transport, and electrochemical
processes. This single-phase assumption then allows for
super-saturation of water in the gas phase, namely the wa-
ter activity greater than unitfd1].

2.2. Governing equations

e ideal gas mixtures;
e incompressible and laminar flow due to small pressure
gradients and Reynolds numbers;

The 3D flow and electrochemical simulations described in

the following are based on the single-domain fuel cell model
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Table 1
Source terms for momentum, species, and charge conservation equations in various regions of a polymer electrolyte fuel cell

Source terms

Flow channels GDL Catalyst layers Membrane
Momentum S, =0 = f%ezﬁ i=0 i=0
i — - v (M) —_y.(™
Species S =0 S =0 Sk_.v (Fle> oF Sy =—V (Fle)
Charge Sy =0 Sy =0 Sp =] Sy =0

developed by Um et @]1]. The model consists of non-linear, where subscript M.M. represents the mid-section in the
coupled partial differential equations representing the con- membrane. The average current density is then determined
servation of mass, momentum, species, and charge with elecfrom

trochemical reactions. 1

The conservation equations are written in the vector form, favg = Z/A (y.2)dA (8)
as[1]
3(ep) whereA is the electrode geometrical area.

PV - (epi) =0, (3) -

ot 2.3. Boundary conditions
d(epit) o off oo 4 ' .

o + V- (epuu) = —eVP + V- (en”" Vu) + 8y, (4) Egs. (3)—(6)form a complete set of governing equations

for (m + 5) unknowns where m is the physical dimen-

d(eck) 4V - (siir) = V - (DEVer) + Se, ®) sion of the problemii, P, cy,, co,, cH0, and e. Due to

ot the single-domain formulation, boundary conditions are re-
v. (Kgffvtpe) 4 Sp=0 ©6) quired only at the external surfaces of the computational

domain. At the fuel and oxidant inlets, the following condi-
whereii, p, ¢, and @e denote the intrinsic fluid velocity ~ tions are prescribed:

vector, pressure, molar concentration of chemical spdcies

and the phase potential of the electrolyte membrane, respec¥in.anode= Uain, tin,cathode= Uc,in;

tively. Details of the various source terms are summarized cH, anode= CH,,a, CO,,cathode= CO,,c, CH,0,anode

in Table 1
. . . = CH,0,a, CH,0,cathode= CH,0,c (9)
The local current density in the mid-section of the mem- 2 2 2
brane can be calculated as follows: The inlet velocities of fuel and oxidant can also be ex-
i 0D pressed by their respective stoichiometric flow ratios gike.
(5] . .
I(y, 2) = —kg O (7) and¢. at the fixed reference current density of 1 Afcmt
x=M.M.
12 | | ] | ]
B Exp. Data
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T,,=70°C, 2/2 atm,
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Fig. 2. Comparison of three-dimensional simulation with an experimental polarization curve.
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Table 2
Electrochemical kinetics
Description Anode Cathode
Open circuit potentia[16], Voc (V) Vaoc =0 Vcoc = 0.0029 + 0.2329
Exchange current density times reaction surface agg (A/m3) 1.0 x 10° 3 x 10° exp[0.0141897 — 353)]
Transfer coefficienty aa +oc =2 ac=1
Faraday constant (C/eq.) 96487
Table 3
Transport properties
Property Value Reference
1 1
lonic conductivity of membrane; (S/m) (0.513% — 0.326) exp[1268(ﬁ — ?ﬂ Springer et al[11]
Electro-osmotic drag coefficienty 1 Zawodzinski et al[17]
H,0 diffusion coefficient in membrane), (m?/s) DI = 3L 107TAE — 1 e=D, foro<1=3 Yeo and Eisenberffl8]
2 w W) 417 x 10831+ 161e) e~2349D otherwise
T\¥? /1
Ho diffusivity in gas, Dy, (m2/s) 11x 104 <3—53) <F) Perry et al.[19]
T\¥%% /1
0, diffusivity in gas, Do, (m?/s) 32x10°° (ﬁ) (F) Perry et al.[19]
Hy diffusivity in membrane,Dﬁ2 (m2/s) 2.59x 10710 Bernardi and Verbruggf0]
O diffusivity in membrane, DG, (m?/s) 1.22x 10710 Bernardi and Verbruggg20]
e T\¥ /1
H,O diffusivity in gas, Du,o (M?/s) 735x 10°° <ﬁ>,> (F) Perry et al.[19]

the outlets, both anode and cathode channels assumed suffidomain by using the large source term technique originally
ciently long so that velocity and species concentration fields proposed by Volle[13]. For instance, no hydrogen virtu-

are fully developed. ally exists in the cathode side of the computational domain

in which a sufficiently large source term is assigned to the

2.4. Numerical procedures hydrogen transport equation, freezing the hydrogen mole
fraction at zero.

The conservation equation&gs. (3)-(6) were dis- Stringent numerical tests were performed to ensure that

cretized using a finite volume meth@tP] and solved using  the solutions were independent of the grid size. A390x

a general-purpose computational fluid dynamic code. De- 40 mesh (or, about 160,000 grid points) was found to provide
tails of the numerical solution procedure and the code have sufficient spatial resolution. The coupled set of equations
been given in previous workl]. It should be mentioned was solved iteratively, and the solution was considered to
that although some species are practically non-existing in be convergent when the relative error in each field between
certain regions of a fuel cell, the species transport equationtwo consecutive iterations was less tharm1.0

can still be applied throughout the entire computational

Table 5

Table 4 Cell operating conditions

Cell design parameters

— Description Symbol Value
Description Symbol Value

Cell temperature°C) Teell 80
Cell/electrode Ie.ngth (cm) L 7.112 Pressure at the anode gas channel Py 15
Gas channel height (cm) H 0.0762 inlet (atm)
Gas channel width (cm) w . 0.0762 Relative humidity of inlet fuel RHa 100
Current-collector width (cm) S (=%H) 0.01905 stream (%)
Anode GDL thickness (cm) GDL 0.0254 Reference current density (A/@Nn  lref 1
Porosity of anode GDL €a 04 Anode stoichiometry la 15
Anode catalyst layer thickness (cm) £l 0.001 Pressure at the cathode gas Pc 15
Porosity of anode catalyst layer &Cla 0.112 channel inlet (atm)
Membrane thickness (Nafion 117) (cm) XMW 0.0178 Relative humidity of inlet air RH¢ 0
Cathode catalyst layer thickness (cm) CL 0.001 stream (%)
Porosity of cathode catalyst layer ecLe 0.112 Cathode stoichiometry Ze 1.8
Porosity of cathode GDL €c 0.4 Inlet nitrogen—oxygen mole XS /XS i 0.79/0.21
Cathode GDL thickness (cm) GRL 0.0254 fraction ratio “ “
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Fig. 3. Various polarization curves dte = 80°C, and the anode/cathode stoichiometry of 1.5 and 1.8 at 1.0%/cm

3. Results and discussion interdigitated flowfields to be studied by simply changing
the flow inlet and outlet locations on the cathode side. The

In addition to the validation process in the previous study physical and transport properties as well as the electro-

[1], a set of experimental polarization data measured at Pennchemical kinetics used in the present work are summarized

State Electrochemical Engine Center (ECEC) is comparedin Tables 2 and 3

to the present three-dimensional CFCD model. The present A Nafion 117 membrane is chosen for the following com-

model predicts very close results to the experimental data asputational study because this membrane has been used in the

shown inFig. 2 majority of prior modeling work$11,14,15] Important ge-
Fig. 1 schematically shows the cell domain in this ometrical parameters are listedTiable 4and schematically

three-dimensional study. The geometry consisting of a pair shown inFig. 1(b)for clarity. Cell operating conditions are

of channels is unit cell allowing for both straight flow and given inTable 5
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Fig. 4. Interdigitated effect on the electrolyte potential fieldVas = 0.2 V.
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3.1. Comparison of polarization curves the air cathode. In this range, the positive role of the inter-
digitated flowfield becomes apparent. It is seen that the in-
Fig. 3 shows the effect of the interdigitated flowfield on terdigitated flowfield improves the local current density by
the cell performance. There is little difference in the cur- 40% atV¢e = 0.3V, compared to that of the straight design,
rent densities between a conventional and an interdigitateda result of enhanced mass transfer of oxidizer to the catalyst
cathode until the cell voltage of 0.6V, because the cell po- layer.Fig. 3also displays a polarization curve generated by

larization for current densities below 0.8 A/énis domi- the two-dimensional model that does not take the rib effect
nated by cathode kinetic polarization and ohmic resistanceinto account. The two-dimensional simulation overpredicts
through the membrane. Fage >0.8 Alcn?, the cell polar- the current density, because the landing area obstructing the

ization curve begins to be limited by mass transport within gas transport is neglected.

oy TR P L
Y
AL, 2
%5
22

Fig. 5. Flow streamtraces across the cathode gas channel and GDL: (a) straight flow and (b) interdigitated/dlgws &2 V.
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Fig. 6. Velocity profiles in the interdigitated flowfield: (a) on tkey plane in the lower channel at= H/2; (b) on thex-y plane in the upper channel
at z = 7H/4; and (c) on the«z plane aty = L/2. The cell operating conditions are the same abigs. 4 and 5

3.2. Membrane potential distribution (z = (7/4) H), respectively. It is seen that the slope of the
potential profile (i.e. the current density) greatly increases
Predicted electrolyte phase potential profiles across thein the area under the land & (9/8)H) in the interdigi-
membrane and the anode and cathode catalyst layers ar¢ated design due primarily to the enhanced oxygen supply
illustrated in Fig. 4 for the mid-plane of the land (i.e. by forced convection. However, the potential curve slope
z = (9/8)H) and the half-plane of the upper channel in the area under the upper exiting channeH (7/4) H)
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Fig. 7. Oxygen mole fraction distributions grz plane at the cathode reaction surface: (a) straight flow and (b) interdigitated flgyat 0.2 V. The
shaded area is underneath the current-collecting land.
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becomes smaller in the interdigitated design than the straightThis graph is also indicative of strong forced convection
channel design due to more depleted oxygen. along the reaction surface (on the far left of the figure).

3.3. Flowfield 3.4. Concentration fields

Fig. 5 shows the predicted flowfields within the porous  Fig. 7 shows the oxygen mole fraction distribution on the
cathode and its adjacent flow channels for conventional y-z plane at the cathode reaction surface for both conven-
and interdigitated flowfields, respectivelyig. 5(a) shows tional and interdigitated air cathodes. The oxygen contour in
straight streamtraces in the conventional flow channel. In the conventional straight channel decreases monotonically
contrast, the streamtraces shownFig. 5(b) for interdig- along the gas channel direction as the electrochemical reac-
itated flow channels indicate that air comes in along the tion proceeds. For the interdigitated flow, however, the oxy-
lower channel, penetrates through the porous GDL, merges,gen mole fraction becomes larger in the region underneath
and exits through the upper channel. During this process,
oxygen is brought to the cathode catalyst reaction site by
forced convection rather than by diffusion as in the con-
ventional design. Forced convection also enhances watel
removal compared to the conventional design. As a result,
flooding of the cathode GDL is likely less severe, and better X
cell performance in the mass-transport control regime may o
be achieved with the interdigitated flowfield design. 0.45942

Fig. 6 illustrates 2D vector plots in three representative g.js
planes of the cathode GDL and flow channel for the inter- 0.35
digitated flowfield.Fig. 6(a) corresponds to the mid-plane Y 03
of the lower channel. It can be seen that the velocity is max- 0.25
imum at the inlet and gradually diminishes along the flow 0.2
channel until reaching zero at the far end. The velocity scale g' }5
within the GDL (separated by a dashed line) is several or- 0.05
ders of magnitude smaller than that in the open channel and, 0
thus, cannot be clearly displayed fig. 6(a) Fig. 6(b)il-
lustrates the flowfield in the mid-plane of the upper channel.

The front end of the channel is closed and thus has a zera
velocity. But the fluid is continually supplied from the GDL
X

and thus the flow velocity increases along the axial direc- X
tion. The bypass flow around the current-collecting land is @ (b)
evident from the velocity field on the-z plane aty = L/2 Fig. 9. Water vapor mole fraction contours on the plane at; = 7H/4:

(the mid cross-section of the fuel cell) displayedrig. 6(c) (a) straight flow and (b) interdigitated flow &ey = 0.2V.
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the current-collector rib due to enhanced transport by forced is higher in the interdigitated flowfield than in the conven-
convection. Notice that the current density distributions (to tional flowfield, despite a steeper gradient across the GDL
be shown inFig. 11) closely follow those of the oxygen resulting from the higher current density. But this trend re-
mole fraction shown irFig. 7. verses in the catalyst layer under the exiting channek (

Fig. 8 displays the predicted local oxygen mole fraction (7/4)H) due to more depletion of oxygen in the upstream.
profiles in the GDL and its neighboring gas channel at two In addition, interdigitated flow produces the larger oxygen
selected axial locations. In the conventional flowfield, the mole fraction in the inlet channel than that in the conven-
oxygen distributions in the lower and upper channels are tional straight design, while this is reversed in the exit chan-
symmetric, and the concentration gradients occur only in nel as shown irFig. 8 As seen frontig. 6(c) forced con-
the x-direction. However, in the interdigitated flowfield, the vection induced by the interdigitated design carries most of
oxygen concentration profile becomes asymmetric in the oxygen to the catalytic reaction area under the land, which
z-direction. On average, the oxygen mole fraction on the is an ineffective zone in the conventional straight design due
cathode reaction surface under the inlet channet (H/2) to slow diffusion of the oxidant.

[;ua/y] Ansuaq juaim)y [eao|

[uopy | Asua(] wonny) jeao

(b)

Fig. 11. Local current density distributions grz plane at the cathode reaction surface: (a) straight flow and (b) interdigitated flgyat 0.2 V. The
shaded area is underneath the current-collecting land.
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In the interdigitated flowfield, however, production of wa- where cell current densities are hidgtg. 9displays the wa-
ter vapor is greatly increased by the enhanced reaction rateter vapor mole fraction distributions along the axial direc-
Fig. 9 displays the water mole fraction contours in straight tion of the fuel cell on the—y plane at; = 7H/4. Clearly,
and interdigitated flow, respectively. Note that the maximum the exit stream contains much more water vapor in the in-
mole fractions of water vapor in both cases exceed the sat-terdigitated designHig. 9(b) than that in the conventional
urated vaIueXSH";tO = 0.3118 at a cell temperature of 8G design Fig. 9(a).
and 1.5 atm), indicating that vapor condensation takes place. Fig. 10 displays the predicted local water vapor mole
But condensation is confined to a very small region. Also fraction profiles in the cathode GDL and its neighboring gas
the resulting volume fraction of liquid water can be expected channel at two selected axial locations, ye= L/4 and
very small. Thus, the present simulations showrFig. 9 (3/4)L. Interdigitated flow predicts the higher water vapor
can still be considered a good approximation. For more ac- mole fraction in the exit channel than that in the conven-
curate predictions, a two-phase flow analysis is warrantedtional straight design and vice versa in the inlet channel.
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Fig. 12. Current density profiles averaged in: fajirection and (b)y-direction atVee = 0.2 V.
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The different characteristics of water distribution is a direct of the flow structure, oxygen and water concentration dis-
result of the altered flow structure between straight and in- tributions. It is shown that there exist profound interactions

terdigitated designs. between the flowfield and the current and species dis-
tribution in PEM fuel cells. The fully three-dimensional
3.5. Current distribution model of electrochemical reactions, current distribution,

gas dynamics and multi-component transport as presented

Fig. 11 depicts the current distribution on the reaction herein is shown to be able to: (1) understand the many
surface (on theg~z plane). For the conventional flowfield, interacting, complex electrochemical and transport phe-
the current density contours are symmetric about the center-nomena that cannot be studied experimentally; (2) iden-
line of the current-collector rib with the minimum located tify limiting steps and components; and (3) provide a
in the region under the rib. Along the flow direction (i.e. computer-aided tool for design and optimization of future
y-direction), the local current density decreases as the oxy-fuel cell engines with much higher power density and lower
gen concentration is reduced. In the interdigitated flowfield, cost.
the local current density is very high near the entrance of the A detailed study of water transport throughout a PEM
inlet channel because the oxygen concentration is the high-fuel cell under low-humidity operation using the same
est. This is followed by decreasing current density along the single-domain model will be presented in a separate publi-
flow channel direction, due to the reduced oxygen concentra-cation.
tion. Figs. 11(a) and (b3harply contrast the current density
distributions in the region underneath the current-collecting
land between the conventional and interdigitated flowfields. Acknowledgements
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