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Abstract

Athree-dimensional computational fluid dynamics model of a PEM fuel cell with serpentine flow field channels is presented in this paper.
This comprehensive model accounts for the major transport phenomena in a PEM fuel cell: convective and diffusive heat and mass transfer,
electrode kinetics, and potential fields. A unique feature of the model is the implementation of a voltage-to-current (VTC) algorithm that
solves for the potential fields and allows for the computation of the local activation overpotential. The coupling of the local activation
overpotential distribution and reactant concentration makes it possible to predict the local current density distribution more accurately.
The simulation results reveal current distribution patterns that are significantly different from those obtained in studies assuming constant
surface overpotential. Whereas the predicted distributions at high load show current density maxima under the gas channel area, low load
simulations exhibit local current maxima under the collector plate land areas.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction mass transport and electrochemical kinetics. From 1993
to 1998, several two-dimensional models were published
Because of the highly reactive environment of a fuel cell it by Nguyen and Whitg3], Fuller and Newmar{4], and
is not possible to perform detailed in situ measurements dur-Gurau et al[5]. Most of these assume some concentration
ing operation. Yet such detailed information is required in profile of reactant species along the channel except for
order to improve understanding of water and species trans-Gurau’s model, which accounts directly for convective mass
port and of thermal effects. Modeling and simulation tools transport.
that can provide such information and predict the effect of The application of CFD methodology to fuel cell
various operating and material parameters would contribute modeling has spurred significant progress including
to significantly shorter design and optimization cycles. The three-dimensional capabilitiefg] and two-phase trans-
development of comprehensive and reliable computational port [7—9]. In order to simplify the numerical proce-
models is a challenging task because the processes involvelure and make the problems computationally tractable,
multi-component, multi-phase, and multi-dimensional flow, multi-dimensional CFD models have relied on the lineariza-
heat and mass transfer with electro-chemical reactions; alltion of the Butler—Volmer equation by assuming a constant
occurring in irregular geometries including porous media. surface overpotential. In addition, most fuel cell models
Extensive research efforts have been devoted to developpresented to date use straight gas flow channel configura-
realistic simulation models in the past decade. The first tions, whereas serpentine flow channels are commonly used
two models were published in the early 1990s by Springer in many fuel cell flow plate design.
et al. [1] and Bernardi and Verbruggg?]. These mod- This paper presents a three-dimensional model with ser-
els are one-dimensional and only account for diffusive pentine gas flow channels. The model accounts for detailed
species mass transport, heat transfer, potential losses in the
T gas diffusion layers (GDL) and membrane, and electro-
* Corresponding author. Tel#1-250-7216034; fax#1-250-7216051. . . . -
E-mail address. ndjilali@uvic.ca (N. Djlali) chemical kinetics. In ad<_j|t|on to the complex geometry,_th_e
L Currently at the Institute for Material Technology, Group of Electro- Model features an algorithm that allows for a more realistic
chemistry, NTNU Trondheim, Norway. representation of the local activation overpotentials which
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C02
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Ecell
Erev

l-ref
0,a

l-ref
o,c

area of the MEA (crf)

cross sectional area of flow channel @m
active surface per unit volume (érom~3)
local hydrogen concentration (mol)
reference hydrogen concentration
(molm~3)

local oxygen concentration (molTA)
reference oxygen concentration
(molm~3)

specific heat capacity (Jk§K—1)
diffusion coefficients (rAs™1)

cell operating potential (V)

reversible cell potential (V)

Faraday’s constant 96487 (C md)
total specific enthalpy (J kg)

cell operating current density (A crd)
anode volumetric current density (A cr¥)
cathode volumetric current density (Acd)
anode reference exchange current
density (Acnr3)

cathode reference exchange current
density (AnT3)

hydraulic permeability ()

channel length (m)

molecular weight of oxygen (kg mot)
molecular weight of hydrogen (kg mo)
molecular weight of water (kg mof)
net water flux across the membrane
(kgm—2s71)

number of electrons transfered
pressure (Pa)

heat generation (W r?)

universal gas constant (8.314 J mbK 1)
specific entropy (Jmolt K1)
temperature (K)

velocity vector (ms?)

molar fraction

mass fraction

charge transfer coefficient

porosity

concentration parameter
overpotential (V)

effective electrode thermal
conductivity (W nT1K~1)

thermal conductivity of

graphite (WnT1K-1)

electrode electronic conductivity (STh
membrane protonic conductivity (STh)
viscosity (kgnTts1)

density (kg nT3)

stoichiometric flow ratio

leads to improved prediction of the local current density
distribution.

2. Model development
2.1. Model assumptions

In common with many detailed three-dimensional models,
steady state operation under fully humidified conditions is
assumed. While transients are encountered in practice, this is
beyond the scope of this work. The model is also restricted to
single-phase water transport in the gas diffusion electrodes
and gas flow channels and assumes operation under ideal
heat and water management ensuring the membrane remains
fully humidified. Issues related to two-phase transport and
water condensation are discussed in R&f.

Both humidified air and hydrogen behave as ideal gases
and since the characteristic Reynolds number in the gas
channels are low the flows there are assumed laminar.

Other assumptions used in the model are as follows:

e Anode and cathode gases are not permitted to crossover,
i.e. the membrane is impermeable.

e Ohmic heating is neglected as heat generation is assumed
to be predominantly associated with the cathodic electro-
chemical reactioif10].

e Water is assumed to exist in the vapor phase, only consis-
tent with the assumption of single-phase water transport.

e The potential drop in the bipolar plate is negligible since
graphite is a good conductor.

2.2. Computational domain

A computational model of an entire cell would require
very large computing resources and excessively long simula-
tion times. The computational domain in this study is there-
fore limited to one turn of a serpentine channel as shown
Fig. 1

2.3. Governing equations

The governing Egs. corresponding to the various regions
of the fuel cell are given below.

The flow in the reactant gas channels is governed by the
Navier—Stokes equation.

Continuity equation:

V-(pu)y=0 (1)

Momentum equation:

V. (pu®U—pVu) ==V(p+5uV-u)+ V- [u(Vu)']
)

Energy equation:

V. (puh) — V- (kVT) =0 (3)



P.T. Nguyen et al./Journal of Power Sources 130 (2004) 149-157 151

The balance between the electro-osmotic drag of water
(from anode to cathode) and back diffusion (from cathode
to anode) yields the net water flux through the membrane

i
Nw = ”dMHZOf — V- (pDwVYw) (10)

whereng is the electro-osmotic drag coefficient abg, is
I the water diffusion coefficient in the membrane.
! ' ; - The bipolar plates conduct heat and current. Electron con-

Brane Air | X duction is assumed to be very fast in graphite and is not
|Inlet |/ Y modeled here. Heat conduction in the bipolar plates is gov-
iy Z erned by

M ‘Anode CL
V. (kggVT) =0 (11)
Cathode CI

Fig. 1. Geometry of serpentine flow channel fuel cell and boundaries of The potential distribution in the gas diffusion layers is gov-

the computational domain. (GDL is gas diffusion electrode; CL is the erned by
catalyst layer).

V- eVV) = Se (12)
Mass transport: Potential loss in the membrane is due to resistance to
V- (puY;) — V - (pDgiiyVY;) = V - (pD(ijy V) 4) p.rotlon transp_ort across the membrane, and is governed by a

similar equation,
where the subscript denotes oxygen at the cathode side

V- (OmVV) = Sm (13)

and hydrogen at the anode side, gnid water vapor in
both cases. The diffusion coefficienBy;;, and D;; are ] S
Stefan—Maxwell ternary diffusion coefficients and are ob- 2:4. Electrochemical reaction kinetics

tained following Taylor and Krishngl1]. The gas mixture is ) ) .
assumed well mixed at the molecular level, with all compo- ~ 1he consumption of reactant species and the production

nents sharing the same velocity, pressure, and temperatur®f water and heat are modeled as sink and source terms in

fields. the catalyst layers. The mass consumption rate of oxygen
Transport in the gas diffusion layer is modeled as trans- Per unit volume is given by:

port in a porous media. The continuity equation in the gas Mo,

diffusion layers becomes: 0 =77l

(14)

V- (peu) =0 (®) The production of water is modeled as a source term based

The momentum equation reduces to Darcy’s law on the local current density,

Muy,0.

u= —%Vp (6) SHzo == oF Ic (15)
and the mass transport equation in the GDL becomes At the anode catalyst layer, hydrogen is consumed to pro-
duce electrons and protons. The consumption of hydrogen
V- (peuY;) — V- (peDiiVY;) =V - (peDjjVY) (7 is given by
In order to account for geometric constraints of the porous My, |
media, the diffusivities are corrected using the Bruggemann SH, = Topla (16)

correction formula . o .
In this model, heat generation is assumed to be predomi-

eff _ . 15
D" = Djj x & (8) nantly due to the electrochemical reactions, and ohmic heat-
should be noted that the Bruggemann correction and the al-and Fomino[10] showed that heat generation from the an-
ternative correction based on tortuosity are essentially equiv-0de reaction is negligible compared to the cathode reaction,
alent for low tortuosities and porosities in the range 0.4-0.5. @nd hence only cathodic heat generation is considered:
Heat transfer in the in the gas diffusion layers is governed T(—As) _
by, 9= | F + Nact | lc (7)
e

V. (psuh) =V - (ketteVT) = ¢ S, (9)

whereT is the local temperaturehs is the entropy of the
where§; is the source term for heat exchange to and from chemical reactiomye is the number of electrons transferred
the solid matrix of the porous media. per mole of hydrogemyact is the activation overpotential.
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The local current density distribution in the catalyst layers RT aH,0
is modeled by the Butler—Volmer equation. Erev=E° - PTiA — 2 (21)
C Y0, anF AHz40,
i = zref < S;) |:exp<L77actc> The ohmic and protonic overpotentials ky. (20) are
C RT calculated from the potenti&qgs. (12) and (13)sing
F - —
_ exp(— aF‘;T ’Iath>i| (18) Nohmic = VcL — Vief (22)
Nohmic = VcL,c — VeL,a (23)
Chy, \ 2 F
=i [ =2 [exp(aa Tlacta) whereVc, is the potential at the catalyst layer aWgy is
=\ et RT the reference potential taken at the interface between the gas
diffusion layer and the bipolar plate.
— exp(——nac,;aﬂ (29) The anode activation overpotential is small and assumed
RT to be uniform. It is calculated from a conditional Ioop An

rent densityira andac are the cathode anodic and cathodic from the average local current density at the anode side,
charge transfer coefficients respectively; and an empiri- ~ Using the Butler-Volmer equatioreq. (19). An updated

cal concentration parameter. The values of the electrochem-value of the anode activation is then computed based on the
ical transport parameters are taken frfi] and are listed ~ Charge conservation condition

in Table 1 The variation of the exchange current density Ne Na
With temperature was computed using the empirical relation 7., = Zic’j x Vj= Ziaf x Vj (24)
given by Parthasarathy et §1.4]. =1 =1

Given an input cell potentidt.e, the local cathode acti- .
vation overpotential is calculated from y\/hereNC andNj, are the total number of computano_nallcells

in the cathode and anode catalyst layers respectivglys
Nactc = Erev — Ecell — Nohmicgdl — Mprotonicmem — Nacta the computational cell volume.
(20) It should be noted that in many previous studies the cur-
rent is prescribed and a constant surface overpotential is

whereE;ey is obtained from the Nernst equation assumed in order to linearize the Butler—\Volmer equation.
Table 1
Model parameters
Parameter Symbol Value
Channel length (mm) L 50
Channel width (mm) w 1
Channel height (mm) h 1
Land area width (mm) w 1
Gas diffusion layer thicknessu(n) tgal 260
Wet membrane thickness (Nafion 117)nf) tmem 230
Catalyst layer thicknessum) tel 28
Membrane porosity £ 0.28
Electrode porosity 3 0.4
Membrane ionic conductivity (humidified Nafion® 117) (St Am 17
Electrode electronic conductivity (estimate) (St e 570
Cathodic charge transfer coefficient for cathode reaction dcc 2
Anodic charge transfer coefficient for cathode reaction Qac 2
Cathodic charge transfer coefficient for anode reaction Qca 1
Anodic charge transfer coefficient for anode reaction Qaa 1
Hydrogen reference concentration (molci C{ff 5.64 E-5
Oxygen reference concentration (molci C{§2 3.39 E-6
Oxygen concentration parameter Y0, 0.5
Hydrogen concentration parameter YHa 0.25
Cathode reference exchange current density (A3m i[fg 1.0 E-5
Anode reference exchange current density (A8n i{f; 1.4 E5
Membrane thermal conductivity (WM K~1) Km 0.455
Electrode thermal conductivity (Ballard AvC&P150) (W nT1K-1) Keff 1.3
Membrane hydraulic permeability &n Ko 1.8 E-18

Electrode hydraulic permeability @n ko 4.73 E-19
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Table 2

Base case operating conditions

Parameter Symbol Value
Anode pressure Pa 3atm
Cathode pressure Pc 3atm
Cell temperature T 353K
Relative humidity of inlet fuel ©a 100%
Relative humidity of inlet air ©c 100%
Air stoichiometric ratio &c 2

Fuel stoichiometric ratio &a 2

In this work, the local activation overpotential distribution
is calculated by using the iterative Voltage-to-Current algo-
rithm described irSection 3

2.5. Boundary conditions

The inlet velocities of air and fuel are calculated based
on the cell current and stoichiometric flow ratio as follow,

&1 Avea RT
neF ACh )C,'P,'

Uinlet = (25)

whereng equals 2 for the anode flow side and 4 for the
cathode side.

153

equations. A reference potential is applied at the interface
between the GDLs and the bipolar plate (land area).

The geometric and physico-chemical parameters are listed
in Table 1, and the base case operating conditiorEable 2

3. Solution algorithm

The governing equations and appropriate boundary con-
ditions were implemented and solved upi;n 3 Dcommer-
cial Computational Fluid Dynamics package (CFX-4.3) that
employs a finite volume formulation. The discretized sets
of algebraic equations are solved using the full field Stone’s
method for the momentum and scalar transport equations,
and an algebraic multi-grid method for the pressure and en-
ergy equations. The properties are updated after each global
iterative loop based on the new local gas composition and
temperature using the relations given in Hél.

The computational mesh consisted of a body-fitted grid
with 351000 computational cells. The Fortran user subrou-
tines developed previous[¥] to solve the electrochemical
component of the model were adapted and a new VTC al-
gorithm was implemented.

A unique feature of the iterative VTC algorithm devel-
oped in this work is its capability for accurate calculation of

Pressure boundary conditions are prescribed at the outletghe local activation overpotentials, which in turn results in

to simulate the operating pressure of the fuel cell. Symme-

try boundary conditions are applied in tikey plane of the
computational domain. Zero heat flux is applied at the
plane of the conducting boundary surfaces.

A combination of Dirichlet and Neumann boundary con-

improved prediction of the current density distribution. This
algorithm is capable of predicting the cell current density
based on a target cell operating voltage. The flowchart for
the algorithm is shown iifrig. 2

The improved predictive capabilities of the iterative VTC

ditions are used to solve the electronic and protonic potential algorithm come with the penalty of higher computational

Begin

:

Input Cell Potential (0.2-0.93V)
Initialize local current densities,
species mass fractions, and flow rate

'

Update air and fuel
flow rates

Solve the continuity and momentum equations for uv.w, p

v

Solve s
Update source terms

Solve fol

&

pecies transport equations for mass fractions
of water, oxygen, hydrogen, nitrogen
r scalar equations of enthalpy, potential fields

[ Update p, U ]

[

Calculate activation overpotentials
Local current densities
Cell current density

v

If not converged Che

mass fractions, potential fields, current density

ck for convergence of momentum, energy,

If Converged

{ Stop >

Fig. 2. Voltage-to-current (VTC) algorithm.
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Fig. 3. Comparison of model and experimental polarization curves. ETA

T '0.3724

. . . . -~ 0.3659

costs. Depending on the prescribed operating voltage, sim- ¢ 0.3503

ulations with the VTC algorithm require about 6000—-8000 § e

iterations to achieve convergence; the higher the load the = 0.3398

O 0.3332

slower the convergence. 0.3267

-0.04 -0.03 -0.02 -0.01 03202
Cell Length (m) 0.3137

(

4. Results and discussions Fig. 5. Activation overpotential (in volts) distribution in the first catalyst
layer for two loading conditions: (a) 0.3ActA and (b) 1.2 Acm?2.

o
~

The simulation results for base case operating conditions
were verified against measurements of RE5] obtained for
the same conditionsTéble 2. The computed polarization  cannot be accounted for. In addition to this flooding effect,
curve shown irFig. 3is in good agreement with the exper- anode drying can also be a contributing factor to the reduced
imental polarization curve in the low load region. However, performance at high current density.
the model cell current densities in the mass transport limited  The detailed distribution of oxygen mass fractions for two
region (>1.25 A crm?) are higher than the experimental val- different loading conditions is shown Fig. 4 Oxygen con-
ues. This discrepancy is a common feature of single-phasecentration decreases from the inflow channel to the outflow
models where the effect of reduced oxygen transport duechannel. In the GDL, oxygen concentration under the land
to water flooding at the cathode at high current den@lty =~ area is smaller than that under the channel area. This effect

X02

0.1898
0.1688
0.1478
0.1267
0.1057
0.0847
0.0636
0.0426
0.0216
0.0005

Chanel Height (m)

—_
Y
L=

X02

0.1898
0.1687
0.1477
0.1267
0.1057
0.0846
0.0636
0.0426
0.0216
0.0005

Chanel Height (m)

(®) Cell Width (m)

Fig. 4. Oxygen molar fraction distribution in the cathode side for two loading conditions: (a) 0.3Aand (b) 1.2 Acm?.
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is more pronounced for high load conditions, where oxygen CURRENT
under the land area is almost completely depleted. E 0.004 .112223
The variation of the cathode activation overpotentials is £ 0.003 1.421
shown inFig. 5. For both loading conditions, the distribution £ 0002 Jen
patterns of activation overpotentials are similar, with higher 3 it
values under the land area. This uneven distribution is due © ‘ 0415
-0.03  -0.02 -0.01 0 0.214

to lower ohmic losses under the land area than under the 0.013

channel area. Since the activation overpotential has an ex-
ponential effect on the magnitude of local current, the con- CURRENT

Cell Length (m)

O

ditions for generating current under the land area are more g 0.004 s
favorable in the absence of oxygen transport limitations. The £ 0.003 :
enhanced capability for producing current under the land = 0.002

areas when oxygen transport is not limited is illustrated in ?) ke _
Fig. 6 which shows distribution patterns that are quite dif- T R S W % 3'3};

ferent from those obtained in previous studies in which a
constant overpotential is assumed. For the low load case il-
lustrated, oxygen diffusion is not limiting, and the current Fig. 6. Rela_tive curr_e.nt d_ensity distri.'b?ution in the first (Z:atalyst layer
fjensity is higher under the Ia_nd_ area. However, as IoadingLogntsvi\;?eéoﬁg'rrrfaﬁ;:; 'g;nfdéi)c%i Acnt and (b) 1.2Acm* (current
increases, oxygen transport limitations under the land area
become significant, resulting in the shift of higher current
density towards the channel area where oxygen concentratakes place, i.e. the current flows along a longer path along
tion is higher. the width -direction) rather than across the GDL. Ohmic
Ohmic overpotential is the loss associated with resistancelosses are thus higher than under the gas diffusion layer.
to electron transport in the gas diffusion layers. For a given Fig. 7 shows ohmic overpotential distribution patterns that
load, the magnitude of this overpotential is dependent on are similar for both loading conditions. However, the mag-
the path of the electrons. The longer the path, the larger thenitude of the potential loss increases with cell loading.
potential drop. Under the channel area the catalyst layer is As indicated earlier, heat generation is only considered
farthest from the collector plate and locally ‘edge’ collection from the electrochemical reaction on the cathode side since

Cell Length (m)

—
(=
~

E
=
5
(7]
I
(a)

OHMIC

0.0524

0.0466

0.0407

0.0349

0.0291

_ 0.0233

E 0.0175

= 0.0116

5 0.0058

= 0.0000

(b)

Fig. 7. Ohmic overpotential in the cathode gas diffusion layer and channel for two loading conditions: (a) 0:3 foyri.2 Acnr2.
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356.1

3556
3551

354.6
354.0
353.5
353.0

Cell Height (m)

—
Y
~

T(K)

360.3
359.5
358.7
357.8
357.0
356.2
355.4
3546
353.8
353.0

Cell Height (m)

(b)

Fig. 8. Temperature distribution in the cell for two loading conditions: (a) 0.3 A%iib) 1.2 AcnT2.

the activation is negligible in the anode side. The temperaturefield. Rather than assuming a constant surface overpotential
distribution inside a fuel cell is highly dependent on the over the entire fuel cell, the spatial variation of the cathodic
loading conditions and associated electrochemical activity. surface overpotential is computed locally, resulting in im-
Temperature distributions for the intermediate and high load proved prediction of the local current density distribution.
conditions are shown iRig. 8 In both the cases, the highest The current density distribution patterns are found to vary
temperatures are located at the cathode catalyst layer. Sincavith loading conditions. At low load, the current density
the membrane conductivity is quite low and there is no heat is higher under the land area. As the load is increased, the
generation on the anode side, the anode side temperature isurrent density maxima shift towards the center of the chan-
quite uniform and equal to the anode gas stream temperaturenel. These local current density distribution patterns are
On the other hand, the cathode gas temperature close to theadically different from those obtained with models that do
channel gas diffusion layer interface is from 1 taZhigher not account for the non-uniformity of surface overpotential.
than the nominal operating temperature.
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