
A

P
w
d
i
t
i
a
t
w
©

K

1

i
m
e
t
a
o
m
B
e
t
p
i

0
d

Available online at www.sciencedirect.com

Journal of Power Sources 180 (2008) 410–422

Advanced computational tools for PEM fuel cell design
Part 1. Development and base case simulations

P.C. Sui a, S. Kumar b, N. Djilali a,∗
a Institute for Integrated Energy Systems and Department of Mechanical Engineering,

University of Victoria, Victoria BC, V8W 3P6, Canada
b Ballard Power Systems, 9000 Glenlyon Parkway, Burnaby BC, V5J 5J8, Canada

Received 18 December 2007; received in revised form 6 February 2008; accepted 6 February 2008
Available online 14 February 2008

bstract

This paper reports on the development and numerical implementation of a comprehensive 3D computational fuel cell dynamics code for
EMFCs. The code solves a set of coupled non-linear conservation equations (mass, momentum, species, energy, electrical potential and liquid
ater saturation) for an entire unit cell. A phenomenological model for water transport in the membrane is solved separately for the membrane
omain, in conjunction with calculation of the water content on the boundary such that that water balance is satisfied on both sides of the membrane
nterface, and the numerical implementation of the model is validated against an analytical solution. The global polarization curve predicted with
he CFD code is found to compare favorably with reported data. A detailed validation of the CFD code against spatially resolved experimental data
s presented in a companion Part 2 paper, and in this paper base case simulations for a unit cell with straight channels are presented to illustrate

nd analyze basic physical features, transport of species along the channel and coupling between heat and mass transfer processes. Analysis of
he results shows that many of the variables of interest, including mass fractions and current densities, exhibit similar profiles along the channel,
hich suggests that reduced dimensional model based on appropriate similarity variables might be suitable for rapid calculations.
2008 Elsevier B.V. All rights reserved.
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. Introduction

The last few years have seen significant developments
n computational fuel cell engineering (CFCE) allowing

ulti-dimensional simulations of coupled transport in proton-
xchange membrane fuel cells (PEMFCs), e.g. [1–9]. CFCE
ools can provide invaluable assistance in analyzing thermal
nd water management problems in a fuel cell, in design and
ptimization, in guiding experimental investigations, and ulti-
ately in improving performance and achieving cost reductions.
ut many challenges remain [10]. One of the hurdles in firmly
stablishing the reliability of CFCE tools – a prerequisite for

heir systematic use in real design – is the lack of validation. In
rinciple, a numerical solution should be validated against exper-
mental data of equal dimensions for all the variables solved in
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he computation. This is impractical for most fuel cells because
f the limitations in existing experimental techniques and the
nherent difficulties of in situ measurements.

State-of-the-art multi-dimensional CFCE tools are typically
uilt on the well-established computational fluid dynamics
CFD) framework, which provides capabilities for numerical
iscretization and solution of coupled, non-linear convection-
iffusion equations that govern a variety of thermo-fluid
rocesses. In addition to the conventional CFD framework,
he CFCE tools often involve considerations of transport pro-
esses specific to PEMFCs, including multi-phase flows in
orous media and microchannels, electrochemical reactions,
nd transport of charged species and water in ionomer phase.
lthough most current commercial CFD codes can provide
umerically robust and physically reliable simulations of com-

on thermo-fluid problems, their capabilities in handling the

dditional complexities of a PEMFC problem still require great
are to ensure robustness. Furthermore, detailed assessment and
crutiny of some of the physical models implemented in cur-

mailto:ndjilali@uvic.ca
dx.doi.org/10.1016/j.jpowsour.2008.02.007
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Nomenclature

a water activity
�B body force (N)
CO2 oxygen concentration (mol m−3)
Cl

O2
oxygen concentration in GDL at cathode catalyst

layer (mol m−3)
Cref

O2
cathode reference water concentration (mol m−3)

Cp specific heat (J mol−1 K−1)
Cpi specific heat for ith species (J mol−1 K−1)
Di diffusion coefficient for ith species (m2 s−1)
D′ diffusion coefficient (m2 s−1)
Dλ water diffusion coefficient (mol m−1 s−1)
E0 equilibrium cell voltage
F Faraday constant, 96487C
g Gibbs free energy (J kg−1)
gi Gibbs free energy for species i (J kg−1)
h mixture enthalpy (J kg−1)
hi enthalpy of ith species (J kg−1)
h̃i sensible heat of ith species (J kg−1)
�i current density (A m−2)
�J mass flux (kg m−2 s−1)
j0 exchange current density (A cm−2)
M molecular weight (kg mol−1)
Mm equivalent weight of a dry membrane (kg mol−1)
ṁi mass flow rate of species i (kg s−1)
ṁl phase change rate (kg s−1)
NG number of gas-phase species
nd electro-osmotic drag coefficient
p pressure (Pa)
�q heat flux (W m−2)
R membrane resistance (Ω)
Ru universal gas constant (8.314 J mol−1 K−1)
RH relative humidity
Ṡh enthalpy source due to phase change (W m3)
(S/V)eff effective surface to volume ratio (m2 m3)
s saturation
T temperature (K)
t time (s)
�u bulk fluid velocity (m s−1)
V cell voltage (V)
x X-coordinate (between channel and land area)
y Y-coordinate (perpendicular to MEA)
Yi mass fraction of ith species
z Z-coordinate (axial)

Greek symbols
�h0

f enthalpy of formation (J mol−1)
α transfer coefficient
δ average pore size (m)
ε wet porosity
η activation overpotential (V)
k thermal conductivity (W m−1 K−1)
κ permeability (m2)
λ water content

μ dynamic viscosity (kg m−1 s−1)
ρ mass density of mixture (kg m−3)
ρdry density of dry membrane (kg m−3)
ρm density of a dry membrane (kg m−3)
σ electrical conductivity (S m−1)
τ Bruggeman factor
τpc phase change characteristic time (s)
�τ shear stress tensor (N m−2)
φ electrical potential (V)
ω̇i production rate of ith species due to electrochem-

ical reactions (kg m−3 s−1)
Λ Species concentration (mol m−3)

Subscript
0 reference state
a anode side of the membrane
b bulk property
c cathode side of the membrane
ch channel
l liquid
m membrane property
p pore property
rxn reaction
s solid
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Superscript
sat saturation

ent CFCE tools is required because these models lack either
enerality and/or rational foundations [10].

In this paper and its companion Part 2 [11] we report on
he development of a 3D simulation code for PEMFC and its
alidation using spatially resolved experimental data of local
urrent density and water mass in the MEA, with the pur-
ose of establishing the bounds of validity of state-of-the-art
FCE methodology and identifying critical issues to improve
delity and reliability. The paper begins with a description of

he governing equations, including the phenomenological mem-
rane model, and the coupling of these equations, followed by
description of the computational domain and boundary condi-

ions. In Section 4, the experimental setup and post-processing
f the computational results are first discussed. Detailed com-
arison of the numerical predictions with spatially resolved
xperimental data, as well as a parametric study and analysis
re presented in Part 2.

. Mathematical formulation

.1. Governing equations

The CFCE framework combines established CFD method-

logy, which solves the discretized conservation equations for
ass, momentum, species, and energy, with additional conser-

ation equations needed to account for electrochemical reaction
inetics and the transport of charged species, which in gen-
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ral appear as the potentials in the electrolyte phase and the
lectric conductor phase respectively. In addition, in a PEMFC
wo-phase flow and phase change of water are likely to occur,
hich necessitates another set of model conservation equations

o describe the transport of liquid water. The multi-phase, multi-
imensional non-isothermal CFCE framework developed here
s based on the following assumptions:

1) Ideal gas for all gas species.
2) No deformation in all parts of the cell (no swelling/shrinking

of the membrane, no deformation of the GDL under the land
area due to compression).

3) Phase equilibrium of water with the electrolyte. This allows
the use of membrane sorption isotherm using the water
activity at the membrane boundaries.

4) The unit cell operates at steady state.

Additional assumptions required in modeling specific trans-
ort processes in components will be discussed subsequently. A
ommercial CFD code, CFD-ACE+, is employed to solve the
omplete set of conservation equations for a unit cell geometry.

.1.1. Conservation of mass and momentum
The volume-averaged mass and momentum conservation

quations in a porous media are:

∂

∂t
(ερ) + ∇(ερ�u) = 0 (1)

nd

∂

∂t
(ερ�u) + ∇(ερ�u�u) = −ε∇p + ∇(ε�τ) + ε �B + ε2μ�u

κ
(2)

.1.2. Conservation of non-charged species
The mass conservation equations for the individual gas-phase

pecies, i = 1, . . ., NG, may be written as

∂

∂t
(ερYi) + ∇(ερ�uYi) = ∇ �Ji + ω̇i (3)

here in general, the species diffusion flux is given by the
tefan–Maxwell equation:

�
i = ρDi∇Yi + ρYi

M
Di∇M − ρYi

∑
j

Dj∇Yj − ρ∇M

M

∑
j

DjYj

(4)

he effective mass diffusion coefficients of species i within the
orous medium Di is related to the porosity via the Bruggeman
elation:

i = Di,0ε
ξ (5)

here the empirical exponent ξ is usually taken equal to 1.5.
he actual values used in this work are discussed in Section 4.
.1.3. Conservation of charged species and
lectrochemical reactions

Electro-neutrality dictates that the sum of all current flows
quals to zero, and conservation of charged species is thus given

d
t
h
c

ources 180 (2008) 410–422

y∑
=1,Nrxn

∇�ij = 0 (6)

n a PEMFC, charge transport consists of protonic and electronic
urrents, and Eq. (6) can be written as:

∇�iH+ = ∇�ie− = jT (7)

he transfer current density is non-zero only in the region where
lectrochemical reactions take place. Introducing an electrical
otential for each charged species and relating the potential to
urrent density using Ohm’s law, we have

(σm∇φm) = −∇(σs∇φs) = jT (8)

here φm and φs are the electric potentials of proton and elec-
ron, respectively. The transfer current, JT, can be described
nder normal conditions by the Butler–Volmer equation:

T,j = j0,j∏N
k=1[Λk,ref]αk,j

[
exp

(
αa,jF

RuT
η

)

−exp

(
−αc,jF

RuT
η

)] N∏
k=1

[Λk]αk,j (9)

here [Λk] represents the average interfacial molar concentra-
ion of the kth species and the overpotential for each reaction is
efined as η = φs − φm.

For an electrochemical reaction having the generalized form

NG

i=1

a′
ijAi ± e →

NG∑
i=1

a′′
ijAi for j = 1, 2, . . . , Nsteps (10)

he transfer current density is related to gas species concentration
y the so-called reaction-diffusion balance equation:
steps∑

j=1

Mi(a
′′
ij − a′

ij)
jT,j

F
= ρDi

Yi − YP,i

δ
(11)

here Yp,i denotes the species mass fraction in the pore-fluid,
hile Yi denotes the mass fraction at the pore-fluid/catalyst inter-

ace. The mass transfer in the pore level is assumed to be limited
y the diffusion from the pore to the catalyst sites, hence an
verage pore size is used for δ.

.1.4. Conservation of energy
The governing equations used in the present work differ from

hose reported in Mazumder and Cole [5,6] mainly in the energy
quation and the transport of liquid water (saturation). In [5] the
nergy equation is expressed and solved in terms of enthalpy,
hich consists of enthalpy of formation and sensible heat. In

he present study, sensible heat is the primary variable for the
nergy equation. While combining enthalpy of formation and
ensible heat in the energy equation is a common practice when

ealing with reacting flows such as combustion, this formula-
ion is not as robust for an electrochemical system involving
alf-cell reactions. The electrical power generated in each half-
ell reaction in this formulation should appear as a sink term in
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he conservation equation; however, this is not feasible because
he charged species (H+, e−) and electrically neutral species
H2, O2, and H2O) use different reference points, which makes
valuation of the Gibbs’ free energy for each half-cell reaction
ifficult. This ambiguity can be circumvented by considering
nly the conservation of the sensible heat of the neutral species.
ll potential losses then appear as heat source terms in the energy

quation, and the available electrical power is the outcome of
he computation. The conservation of energy is written as:

∂

∂t
((1 − ε)ρShS + ερh) + ∇ · (ερ�uh)

= ∇ · �q + ε�τ : ∇ �u + ε
dp

dt
+ jT

(
S

V

)
eff

η +

∣∣∣�i · �i
∣∣∣

σ
+ Ṡh (12)

here

� = λ∇T +
NG∑
i=1

�Ji(hi − gi) (13)

he quantity
∑NG

i=1
�Jigi − jT(S/V )effη is the electrical work

one during an electrochemical reaction. Note that

NG

i=1

�Ji(hi − gi) + jT

(
S

V

)
eff

η =
NG∑
i=1

�JiTsi + jT

(
S

V

)
eff

η (14)

here the first term on the right hand side represents reversible
eat generation and the second term represents irreversible heat
eneration. These losses are in addition to the Joule heating term,
hich also causes irreversible heat generation in the cell.
.1.5. Transport of liquid water
The transport of liquid water is described in terms of

onservation of liquid saturation, taking into account evapora-

m
s

p

able 1
onservation equations solved in the comprehensive numerical simulation

Convection Diffusion

ass ∇(ερ�u) –

omentum ∇(ερ�u�u) −∇P + ∇(ετ̄)

nergy εCpρ�u∇(T ) ∇(λ∇T ) +
∑

i

Ji

pecies ∇(ερ�uYi) ∇ �Ji
a

otential – ∇(σk∇Φk)

aturation ∇(εdρ�us) ∇[εdρlDc∇s]

ater content ∇
(

nd
F

�i
)

− ρm
Mm

∇(Dλ∇λ)

a �Ji = ρDi∇Yi + ρYi
M

Di∇M − ρYi

∑
j

Dj∇Yj − ρYi�M
M

∑
j

DjYj .

b V = max(Ud, U), Ud = Dw
L

, L =
[∑Nc

ic
C vol(ic)

Nc

]1/3

.

ources 180 (2008) 410–422 413

ion/condensation, capillary diffusion and gravity:

∂

∂t
(εdρls) + ∇(εdρ�us) = ∇(εdρlDc∇s)

−∇
(

s(1 − s)κ(ρl − ρg)

ν
�g

)
+ ṁl (15)

he evaporation/condensation rate is expressed as:

˙ l =
{

εdρ(Y sat
H2O − YH2O)/τpc

0; if s ≤ 0 and ṁl > 0
(16)

q. (15) is applied for flows in porous media as well as ordinary
uid flow for liquid water saturation, even though in the ordinary
uid phase, liquid saturation loses its physical meaning as vol-
me fraction of liquid water in the pore. The capillary pressure
ormulation used in [6] is adopted with a slight modification in
he rate of phase change.

.2. Membrane model

In Mazumder and Cole [5] the transport of non-vapor water
s modeled as liquid, and water movement due to the electro-
smotic drag (EOD) is included as a convective term in the
onservation equation for liquid water. One drawback with this
pproach is that it fails to account for water transport inside
he membrane phase when the vapor phase is at undersatu-
ated conditions. In the present study, a separate model for water
ransport in the membrane phase is adopted. The phenomeno-
ogical model describes the water movement due to the EOD
nd diffusion and is solved only for the membrane part of the
nit cell. The implementation of this model within the CFD
ramework requires special treatment for mass transfer on the

embrane–catalyst layer interface to ensure continuity of water

pecies.
The mechanisms for transport of water in the electrolyte

hase differ from those in vapor phase. The dominant water

Source

ṁ

−
(

ε2 μ
kp

)
�u

cp,i∇T

[
jTη +

NG∑
i=1

�ji(hi − gi)

](
S
V

)
eff

+
∣∣�i�i∣∣
σ

+ Ṡh + Q̇

ρDi
Yi−YP,i

δ

(
S
V

)
eff

j0,k

(
ck

ck,ref

)γk

(eαa,kfη − e−αc,kfη)
(

S
V

)
eff

εd
ρ
τ

(
mwpsat

mP
− Yw

)
b

–



4 wer Sources 180 (2008) 410–422

t
c
b
t
p
o
g
b
f
f
(
i

J

B
f

n

a

D

I
s
b
a
o
t
i
c
t

λ

w
o
e

σ

S
u
p
i
d
i
M
c
n
b
s
F

2
m

p
s

h
a
n
s
a
b
h
a
G
s
p
t
o
t
t
e
i

e

k

F
t
d
t
m
a
(
t

2

a
f

14 P.C. Sui et al. / Journal of Po

ransport mechanisms in the membrane include the EOD asso-
iated with the movement of charged species, diffusion driven
y gradient of chemical potential, and hydraulic permeation due
o pressure gradients. In the present work, the contribution due to
ressure gradient is assumed negligible based on experimental
bservation that the membrane permeability is extremely low for
as and liquid. The flux of water inside the membrane is replaced
y the net water flux given by a phenomenological model of a
orm similar to Eq. (4), consisting of an EOD term and a dif-
usion term. The flux, expressed in terms of water content λ

number of water molecules absorbed per sulphonic acid site),
s thus given as:

�
λ = nd

F
i − ρdry

Mm
Dλ∇λ (17)

oth the drag coefficient and water diffusion coefficient are
unctions of water content and temperature:

d = nd(λ, T ), (18)

nd

λ = Dλ(λ, T ) (19)

n the present study the water transport in the membrane is solved
eparately from the gas species equation. On the membrane
oundaries, the flux of water calculated using (17) enters the cat-
lyst layer domain, while the water content boundary condition
n the membrane boundaries is obtained through an adsorp-
ion isotherm for water in the electrolyte phase. The adsorption
sotherm is a phase equilibrium condition that relates the water
ontent to water activity and temperature in the vapor phase on
he membrane boundary:

= λ(a, T ) (20)

here the water activity (a) corresponds to the relative humidity
f water vapor. The ionic conductivity of the electrolyte is gen-
rally considered a function of water content and temperature:

= σ(λ, T ) (21)

ubstituting for the water flux in Eq. (3) with Eq. (17) and
sing transport properties of Eqs. (18), (19) and (21), and the
hase equilibrium relationship of (20), the transport of water
n the membrane is solved and coupled iteratively with the
omain outside of the membrane. Numerical analysis and behav-
or of this formulation is discussed in Sui and Djilali [12] and

azumder [13]. The properties reported by Springer et al. [14],
f. Appendix B, are used for the calculation unless otherwise
oted. More details regarding the phenomenological model can
e found in Janssen [15], and a critical examination and analy-
is of the transport models for polymer membranes is given in
imrite et al. [16].

.2.1. Anisotropic transport properties for solid and porous

edia
Most of the components of a PEMFC have anisotropic trans-

ort properties. The gas diffusion layer (GDL) in particular
hows significant differences in the transport of electricity and

v
F
o
t

Fig. 1. Coupling of conservation equations in PEMFC simulation.

eat in the in-plane and the through-plane directions. The cat-
lyst layer is a composite material that is constructed by two
etworks (electrolyte and carbon black respectively), which
hows some degree of anisotropy due to fabrication processes
nd also possibly due to preferred material orientation. The
ipolar plate that is made of graphite powder and resin binder
as some flaky structure that makes its transport properties
nisotropic. Among all these materials, the anisotropy in the
DL is believed to be the most influential because of its fibrous

tructure as well as the fact that it is subject to discontinuous
roperty change on one boundary, i.e. on the side that is in con-
act with the bipolar plate [17]. Furthermore, part of the GDL
n the GDL-bipolar plate interface is under compression and the
ransport through such regions is complicated [18,19]. Owing to
he complexity of coupled transport phenomena, analysis on the
ffects due to anisotropy in transport properties of the materials
n a PEMFC is best assisted by employing a simulation tool.

The transport property for a thermal or electrical conduction
quation takes the form of a tensor:

� ≡

∣∣∣∣∣∣∣
kxx kxy kxz

kyx kyy kyz

kzx kzy kzz

∣∣∣∣∣∣∣ (22)

or a conventional plate-and-frame type of membrane elec-
rode assembly (MEA) with coordinates X and Z as the in-plane
irection and Y as the through-plane direction, we assume the
ransport is limited in both planes, i.e. only diagonal terms in the

atrix remain. For a PEMFC problem, the anisotropy should
ppear in the conservation of species (diffusivity), momentum
permeability), energy (heat conductivity) and potential (elec-
rical conductivity).

.3. Coupling of transport equations

Table 1 summarizes the governing equations implemented
nd solved in the CFD code. One of the most challenging aspects
rom a computational view point is the coupling between the

arious transport phenomena within a PEMFC as illustrated in
ig. 1. Each circle represents a conservation equation and the
utward-pointing arrows represent the effects of the conserva-
ion equation in question on other equations. The conservation
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Fig. 2. Boundary condition on the membrane/catalyst layer interface.

Fig. 3. Numerical validation of the membrane model implemented in the sim-
ulation.
P.C. Sui et al. / Journal of Po

quation of gas species, water in liquid and solid (membrane)
hases, and energy are closely coupled with all other conserva-
ion equations. Among all the processes considered, the transport
f water, which exists in the system in the forms of vapor, liquid,
nd absorbed in solid, is central to all other coupled transport
rocesses. Unsaturated water in the vapor phase affects local rel-
tive humidity near the membrane, especially on the anode side,
nd thus affects water transport across the membrane as well
s electrical properties of the membrane, which in turn impacts
he solution for the electric potential. The transport of liquid
ater in the porous media affects mass transport of gas species,
hile liquid water in the gas channels changes the pressure field

nd may alter flow distribution in a unit cell. Transport of water
cross the membrane is a key phenomenon that links the trans-
ort processes between the anode and cathode sides. Therefore
odeling of water transport in the membrane phase is crucial to

he simulation capability development for PEMFC.
The electrical potential plays two roles in the coupling. On

he one hand it can be considered as representing conservation
f charged species (protons and electrons), and on the other
and it can be viewed as part of the conservation of energy, in
hich the electrical power converted from the electrochemical

eaction manifests in a potential. The electrical potentials are
onveniently solved separately from the species equations to
void the implicitness of the potential difference that appears in
he Butler–Volmer equation used for the reaction rate in the gas
pecies equations. This effectively decouples the two half-cell
eactions in the anode and cathode, and as a result convergence
n the gas species is not as robust as that in the conventional
reatment of chemical reactions in CFD. While it is possible to
nclude the potential into the energy equation, the difficulty is
hat the chemical energy and the electrical energy have different
eference points.

. Numerical implementation

To ensure continuity of water transfer across the membrane–
atalyst layer interface, the water content value on this interface
s calculated by

ρD
Yc − Yw

δc
= nd(λw)iw

F
− ρmDλ(λc)

λw − λm

δm
(23)

Fig. 2 shows the relation of the variables in Eq. (17) in the
icinity of the membrane boundary. The proper implementation
f the membrane model into CFD-ACE was checked against a
D solver for Eq. (1), cf. Sui and Djilali [12], with prescribed
urrent density and boundary condition values on the membrane,
ee Fig. 3. The predicted polarization curve obtained using the
ode with the membrane water transport model as well as the
urve predicted with the code described in Mazumder and Cole
5] are compared to the experimental data of Ticianelli et al.

20] in Fig. 4, showing a clear improvement in the predictions
ith the implementation of the membrane water transport model.
hese predictions were made by setting all model parameters to
orrespond to those given in [20].

Fig. 4. Comparison of polarization curves by experiment and 2D predictions
with and w/o Springer model for membrane. Springer model apparently predicts
the current more close to measurement because the water transport across the
membrane is better accounted for.



416
P.C

.Suietal./JournalofPow
er

Sources
180

(2008)
410–422

Table 2
Summary of properties and parameters used for the baseline calculation

Unit Bipolar
plate

Anode gas
channel

Anode GDL Anode catalyst layer Membrane Cathode Catalyst layer Cathode GDL Cathode gas
channel

Coolant
channel

Dimension m – 2.5 × 10−4a 2 × 10−4 3.5 × 10−5 5.4 × 10−5 3.5 × 10−5 2.4 × 10−4 3.9 × 10−5a 3.5 × 10−5a

Porosity – – 0.6 0.6 0.1 0.6 0.6 – –
Average pore

size
m – – 2.5 × 10−6 1 × 10−7 1 × 10−9 1 × 10−7 2.5 × 10−6 – –

Bruggeman ξ – – 1 2 13 2 1 – –
Permeability m2 – – 1 × 10−13 1 × 10−13 1 × 10−21 1 × 10−13 1 × 10−13

Thermal
conductivity

W m−1 K−1 – 20 20 20 20 20 – –

Electrical
conductivity

(� m)−1 – 200 80 – 80 200 – –

Protonic
conductivity

(� m)−1 – – – 5 Springer 5 – – –

Diffusion
coefficient

m2 s−1 – Sc = 0.7 Sc = 0.7 Sc = 0.7 Springer Sc = 0.7 Sc = 0.7 Sc = 0.7 –

Density kg m−3 1600 IG IG IG 1980 IG IG IG
Viscosity kg m−1 s−1 – MKT MKT MKT – MKT MKT MKT
Reaction – – – HOR – ORR – – –
Coefficients for

reaction
j0 = A m−3,
S/V = m−1

– – – αa = 0.5, αc = 0.5,
j0 = 1 × 10−9, γH2 = 1,
S/V = 1000

– αa = 1, αc = 1.2,
j0 = 5 × 10−6, γO2 = 1,
S/V = 1000

– – –

IG, ideal gas [21]; MKT, mixed kinetic theory [21]; HOR, hydrogen oxidation reaction; ORR, oxygen reduction reaction; Sc, Schmidt number. Unless otherwise stated, all other data obtained from [25].
a Hydraulic diameter.
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Fig. 5. Computational results of the baseline case.

.1. Computational domain and boundary conditions

The generic computational model was applied to simulate a
traight channel unit cell configuration related but not identical
o the Ballard Mk902 hardware, cf. Fig. 5. Properly designed
nd optimized, such straight channel configurations can offer
good balance between various thermo-fluid and manufactur-

ng requirements, and are becoming more common in industrial
tacks. The computational model corresponds to the experimen-
al cell which consists of an array of evenly spaced straight
hannels with a length of 0.6 m. The computational domain
ncludes the segment bounded by the center lines of two con-
ecutive land areas with the full length of the unit cell, which
ncludes the MEA, gas and coolant channels, all surrounded
y the bipolar material. All cases reported are with anode and
athode gases flowing in opposite directions (‘counter-flow’)
nd coolant flowing in the same direction as the cathode flow.
n adiabatic boundary condition is applied to all surfaces of

he computational domain except for the openings of the flow
hannels, which have prescribed temperature conditions.

.2. Post-processing of 3D data

The experimental data provides spatial resolution along the
hannel direction but the distributions are essentially averaged
n the spanwise direction. In order to allow direct comparison,
he 3D computational results are integrated in the appropriate
imensions. For the channel flows, the flow quantities are inte-
rated at each location over the channel cross-section using the
ollowing equations:

Mass flow rate:

˙ i(z) =
∫

ρuYi dAch, (24)
iquid water in gas channel:

˙ w(z) =
∫

ρwus dAch, (25)

I
a
l
o

ources 180 (2008) 410–422 417

ulk fluid temperature:

b(z) =
∫

ρuCpT dAch∫
ρuCp dAch

. (26)

he water balance is calculated using the inlet and outlet values
f water mass flow rates:

≡ (ṁH2O,OUT − ṁH2O,IN)anode

ṁH2O,generated

= (ṁH2O,OUT − ṁH2O,IN)anode

(ṁO2,IN − ṁO2,OUT)2MH2O/MO2

(27)

he average current density is calculated on the outer surface of
he cathode current collector:

(z) =
∫

i dAcc

Acc
(28)

embrane resistance:

(z) =
∫ ∫ ( 1

σ
dy
)

dAcc

Acc
(29)

he water weight per puck is calculated by adding the water in
he electrolyte phase and liquid water in the pore:

H2O,j(chop) =
∫

ρλεionomerλ dVj + rjsρH2O,

= GDL, CL, PEM (30)

. Results and discussion

.1. Parameter and properties used for the baseline case

Table 2 lists the parameter values and properties used for
he baseline calculations. The calculation method of standard
ransport properties (density, diffusion coefficient, viscosity,
hermal conductivity) for gas species are given in [21]. The per-

eability and porosity and the Bruggeman coefficient for the
embrane are chosen to effectively preclude permeation across

he membrane due to a pressure difference across the mem-
rane. The electrical conductivity of the GDL is isotropic for
he baseline case but calculations using anisotropic conductiv-
ties are possible. The protonic conductivity of the electrolyte
hase in the catalyst layers is set to a constant for the base-
ine for simplicity. The transfer coefficient for oxygen reduction
eaction (ORR), αc, is the only control parameter anchored to
t the polarization data. Once anchored at a particular con-
ition, the same value is used to generate the performance
urve.

.2. Baseline conditions

Fig. 5 shows some computational results of the baseline case.

n the 3D model, one can see gradient in species mass fraction
nd current flow in the direction between the channel area and the
and area. Although these gradients may have significant impact
n cell performance and durability, such gradients are not the
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Fig. 6. Mass flow rate of gas and liquid in the gas channels.

ocus of the present study; readers are referred to the recent
ork of Freunberger et al. [22] for a discussion of this issue. In

he present study, we focus on validation based on the gradients
n the axial direction (along the channel) to coincide with the
vailable experimental data. Figs. 6–9 show the computational
esults of the baseline case plotted in the axial direction of the
nit cell with the cathode inlet (anode outlet) located Z = 0 and
he cathode outlet (anode inlet) at Z = 1. The transport proper-
ies and dimensions used in the computation are summarized in
able 2. Operating conditions of the unit cell for the baseline
ase are: I = 1 A cm−2; P = 3 bars, RH = 55%, inlet tempera-
ure = 65.1 ◦C, and stoichiometric ratio = 1.71 for the cathode;
nd P = 3.2 bars, RH = 19%, inlet temperature = 73.9 ◦C, and sto-
chiometric ratio = 1.54 for the anode. Fig. 6 shows the mass
ow rates of gas species and liquid water along the channel

alculated using Eqs. (24) and (25), respectively. It should be
oted that the mass flow rates in the anode channel (right verti-
al axis in Fig. 6) are roughly an order of magnitude less than
n the cathode side (left axis in Fig. 6). The fuel and oxidant

Fig. 7. Relative humidity in the gas channels.

p
w
t
s

Fig. 8. Current density and membrane resistance.

ow rates appear to decrease almost linearly along the chan-
el, which indicates the local flow rate into the GDL/channel
nterface is nearly constant at any location of the channel. How-
ver this flow redistributes inside the MEA by diffusion based
n local potential distribution under the land area. The local
onsumption rates of the oxidant and the fuel thus become less
losely related to local current density distribution. The com-
on assumption made for along-the-channel type of models,

ee e.g. [23,24], whereby local reactant consumption is related
o local current density is therefore not valid. The water vapor in
he anode channel shows an increase near the inlet portion fol-
owed by a decrease downstream. The increase of water vapor
ow close to the inlet is mainly due to back diffusion from the
athode outlet, which is likely fully humidified. As the anode
hannel is gradually humidified, the EOD begins to take effect
nd drags increasingly more water into the cathode side; thus a

attern of net water recirculation forms within the unit cell. The
ater vapor flow rate in the cathode first increases slightly near

he inlet, and then stabilizes as the cathode stream becomes fully
aturated. Liquid water only appears in the cathode channel for

Fig. 9. Temperature profiles in the gas channels.
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he baseline case. As the cathode flow proceeds downstream, it
akes up more product water from the ORR, but near the cathode
utlet a slight decrease in the liquid flow rate is observed due
o back diffusion of water through the membrane to the anode.
ig. 7 shows the RH calculated based on bulk fluid tempera-

ure and vapor flow rate in the anode and cathode channels. The
ater diffusion across the membrane is primarily dependent on

he water activities on both sides of the membrane, which is
losely related to the RH in the channels. When RHA > RHC
approximately Z < 0.1 in Fig. 7), diffusion of water in the mem-
rane is in the same direction of the EOD, while in the rest of
he unit cell, water diffusion opposes water transport via the
OD. Near the anode inlet, where the difference in RH between
node and cathode is largest, back diffusion from the cathode
ide dominates water transport across the membrane and the net
ransport of water is from cathode to anode.

Fig. 8 shows the current density profile and membrane resis-
ance along the flow channels. Two higher resistance regions
an be observed near the anode and cathode inlets respectively
s a result of the low RH values in these regions. The higher
esistance causes a small current fall off near the cathode inlet
nd a larger drop near the anode inlet, where the high resis-
ance is compounded by lower oxygen concentration on the
athode side. Fig. 9 shows the bulk fluid temperature profiles
or the reactant and coolant channels. One can see that the
oolant temperature varies almost linearly along the coolant
hannel, with a temperature increase of about 8 ◦C. It should
e noted that in general serpentine flow channel cells would be
xpected to exhibit lower temperature differences due the lower
eometric aspect ratio and enhanced heat transfer due to the
nherent cross and counter flow feature of serpentine arrange-

ents.

.3. Similarity of computational results

The straight channel unit cell geometry considered here
nables not only less ambiguous profile measurement for com-
arison with numerical results, but is also convenient for
ssessing the validity of simplified models with reduced dimen-
ion. Since the length scale of the cell along the flow is much
arger than all other dimensions, the gradients in the axial direc-
ion are expected to be relatively smaller. This suggests that
ocally the solutions of all variables are dictated by the 2D cross-
ection perpendicular to the axial direction. Fig. 10 shows the
rofiles of oxygen and water mass fraction as well as current
ensity on the GDL/catalyst layer interface at ten evenly spaced
xial locations. For each variable shown in Fig. 10, these profiles
an be collapsed into one profile by normalizing the local pro-
le with the difference between the maximum and the minimum
alue of the profile, cf. Fig. 11.

The profile similarity suggests that a 2D computational
omain may be suitable for obtaining a base solution for the cou-
led transport, and with appropriate scaling of the base solution,

pproximate solutions can be obtained for a 3D geometry. This
pproach would considerably reduce computational resource
equirements and is attractive in the context of systematic para-
etric studies and optimization.

Fig. 10. Profiles at 10 axial locations along the channel: (a) O2, (b) H2O and
(c) and current density. The numbers in each figure indicate the location from
cathode inlet.
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Fig. 11. Normalized profiles for O2, H2O mass fraction and current density on
GDL/catalyst layer interface.
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Fig. A1. Illustration of energy balance in a fuel cell.

. Conclusions

We have presented the modelling framework and develop-
ent of a comprehensive 3D CFD based simulation code for
EMFC, with a focus on implementation and base case sim-
lations to illustrate the physical features, transport of species
long the channel and coupling between heat and mass transfer
rocesses. Analysis of the base case results reveals similarities
n the computed cross-sectional profiles along the axial direction
f the channels, indicating that dominant coupling of transport
henomena is in the 2D cross-section, This suggest that for unit
ells having parallel flow channels, reduced dimensional model
ased on appropriate similarity variables might provide a useful
nd fast turnaround alternative to full CFD for initial design and
r optimization cycles.

The implementation of a phenomological membrane water

ransport was shown to yield improved predictions of the global
olarization curve. In Part 2 of this work [11] a systematic vali-
ation of the CFD code against spatially resolved experimental
ata, including water mass balances and current distribution, is

S

∇

ources 180 (2008) 410–422

resented together with sensitivity and parametric analyses to
ully assess the reliability of the computational tool.
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ppendix A. Energy conservation in a PEMFC unit cell

The energy equation can be written as:

(ερ�uh) = ∇(−λ∇T ) − ∇
(

N∑
i=1

�Jigi

)
(A1)

here the Gibbs free energy can be expressed for each species
charged and neutral) in terms of enthalpy and product of tem-
erature and entropy to become:

(ερ�uh)=∇(−λ∇T )−∇
⎛
⎝∑

neutral

(�Ji(hi−Tsi))+
∑

charged

(�iiφi)

⎞
⎠
(A2)

he enthalpy in (A2) consists of the enthalpy of formation and
ensible heat:

i = �h0
f,i +

T∫
T0

Cp dT = �h0
f,i + h̃i (A3)

ubstituting (A3) into (A2) we have

∇
(

ερ�u
∑

i

(�h0
f,i + h̃i)

)

= ∇(−λ∇T ) − ∇
⎛
⎝ N∑

i=1

�Ji(�h0
f,i + h̃i − Tsi) +

∑
charged

(�iiφi)

⎞
⎠

(A4)

he species equation from (A4) in Table 1 can be written as

(ερ �VYi) + ∇ �Ji = ṁi (A5)

ultiplying the enthalpy of formation of each species to (A5),
e have

h0
f,i∇(ερ �VYi) + �h0

f,i∇(�Ji) = ṁi�h0
f,i (A6)
umming (A6) for all gas species, we have

(ερ �V
∑

�h0
f,i) + ∇(�Ji

∑
�h0

f,i) =
∑

neutral

ṁi�h0
f,i (A7)
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ubtracting (A7) from (A4), we have

(
ερ�u
∑

i

(h̃i)

)
= ∇(−λ∇T ) − ∇

(
N∑

i=1

�Ji(h̃i − Tsi)

+
∑

charged

(�iiφi)

⎞
⎠ (A8)

xpanding the electrical potential term in (A8), we have

⎛
⎝ ∑

charged

(�iiφi)

⎞
⎠ = (i∇φ + φ∇i)H+

+(i∇φ + φ∇i)e− =

∣∣∣�i�i∣∣∣
σ

+ (∇i)η (A9)

ith �i = jT, we have

Cpρ�u∇(T ) + ∇(λ∇T ) +
∑

i

Jicp,i∇T

=
[
jTη +

N∑
i=1

�ji(T�si)

](
S

V

)
eff

+

∣∣∣�i�i∣∣∣
σ

(A10)

ecause liquid water is treated as independently as a different
species”, the energy due to phase change appears as a source
erm in (A10). Including the source term for phase change and
dding any possible external heat sources, we have the conser-
ation of energy in terms of sensible heat as:

Cpρ�u∇(T ) + ∇(λ∇T ) +
∑

i

Jicp,i∇T

=
[
jTη+

N∑
i=1

�ji(T�si)

](
S

V

)
eff

+

∣∣∣�i�i∣∣∣
σ

+Ṡh+Q̇

(A11)

he electrical energy that comes out of the system can be cal-
ulated using the first law of thermodynamics:

out

in

(ṁihi)A +
out∑
in

(ṁihi)C + (ṁCp�T )coolant = IVc + Q̇wall

(A12)

c=
∑out

in (ṁihi)A +∑out
in (ṁihi)C + (ṁCp�T )coolant − Q̇wall

I

(A13)

ig. A1 illustrates the relationship among the inlet/outlet of the
ystem and heat/work in a PEMFC system.

[

[

[
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ppendix B. Properties of the
pringer–Zawodzinski–Gottesfeld membrane model

Water content in the electrolyte phase is related to water
ctivity:

= 0.043 + 17.81a − 39.85a2 + 36a3 (B1)

or the vapor phase on the membrane surface the water activity is
qual to the relative humidity. The drag coefficient is expressed
s a linear function of water content:

d = 2.5

22
λ (B2)

he diffusion coefficient given by Springer et al. is written as

w = λ

(1 + sλ)2a

da

dcw
D′ (B3)

here s = 0.126 is the swelling factor and D′ is fitted piecewise
s

D′ = 0.25λ, 0 < λ ≤ 2

D′ = 0.5 + 0.8125(λ − 2), 2 < λ ≤ 6

D′ = 3.75 + 0.267(λ − 6), 6 < λ

(B4)

he protonic conductivity of the electrolyte is given by

=(0.005139λ−0.00326)exp

(
1268

(
1

303

)
−
(

1

T

))
(B5)

embrane density ρm = 2000 kg m−3 and equivalent weight
w = 1.1 kg mol−1 are used in the calculation.
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