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Abstract

This paper presents a two-dimensional, steady state, single phase, non-isothermal and complete model for a vertical, fully planar, Air Breathing
Proton Exchange Membrane Fuel Cell (AB-PEMFC) with hydrogen fuel supplied by forced convection at the anode. It is applied to a cell with an
active area of 6 cm? operating at ambient atmospheric conditions of 23 °C and 20% relative humidity. The transport characteristics in terms of the
velocity, and heat and mass transfer coefficients in the various components of the fuel cell are reported for several values of the operating current den-
sity. The effect of cathode height (1-5 cm) and operating atmospheric conditions (1040 °C and 20-80% relative humidity), on the cell performance
is also reported. Further, the applicability of the model to a non-planar AB-PEMFC is examined by comparison with available experimental data.

The average mass transfer coefficients for oxygen and water vapor at the cathode GDL surface are found to be of the order of 1073 ms~'. The
operating current density is seen to substantially affect the variation of the local current density distribution and the cathode surface temperature
along the height of the fuel cell as also the temperature variation across the MEA thickness. The maximum power density and the corresponding
current density, herein defined as the optimum current density, are found to increase with decreasing height of the fuel cell, decreasing ambient
temperature and increasing ambient relative humidity. However, the local cell temperature at high current densities is found to increase beyond
the safe operating limits for short fuel cells. Comparison of the model predictions with available experimental data points to its applicability in
the ohmic polarization zone of a non-planar cell. The cell performance at high current densities deteriorates due to mass transport limitation and

electrolyte dehydration.
© 2006 Published by Elsevier B.V.
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1. Introduction

In conventional PEM fuel cells, the fuel (hydrogen or
methanol) and the oxidant (air or oxygen) are supplied to
the anode and the cathode, respectively, by forced convection
through appropriately designed flow passages. Such fuel cells
need auxiliary devices like fans, compressors, humidifiers, and
mass flow controllers which occupy a considerable volume of
space, add substantial weight and parasitic power, while increas-
ing the cost of the complete fuel cell system. These requirements
generally increase with increasing fuel cell capacity making the
layout complex, maintenance difficult and operation involved.
While large capacity fuel cell systems may not be substantially
affected and may not be able to avoid this, the elimination of
these auxiliary devices may be expected to benefit small capacity
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fuel cell systems, the benefit being greater for smaller systems.
Thus, fuel cells which absorb one or both the reactants by natural
convection have great potential in avoiding the use of auxiliary
equipments and are ideally suited for low power applications.
One could then refer to the fuel cells in which both the fuel and
oxidant are taken in by free convection as “free breathing” or
“passive”, while those which take in only one reactant by free
convection as “semi breathing”. In particular, “air breathing”
cells are those where only the air is absorbed by free convection
at the cathode surface.

For a given fuel supply condition, the performance of these
air breathing fuel cells, characterized by the operating cell volt-
age and current density range, maximum power density, and
the optimum current density strongly depends on the rate of
oxidant supply at the cathode surface. The oxidant supply is
influenced by the free convection mass transfer coefficient at the
cathode GDL surface which in turn is dependent on the cathode
design and ambient operating conditions. Free convection has
smaller heat and mass transfer coefficients when compared to
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Nomenclature

a activity

cp specific heat Jkg—' K~1)

D diffusivity (m>s~!)

F faraday’s constant (96485 C mol~!)

hm mass transfer coefficient (ms~!)

I current density (A m~>)

Iy exchange current density (A m™3)

keft effective thermal conductivity (Wm~! K~1)
M molecular weight (kg mol~!)

n no. of electrons transferred

nd net drag coefficient

P pressure (N m™2)

R universal gas constant (8.314] mol 1 K1)
RH relative humidity

S entropy J kg™ K1)

Sm source term for continuity (kgm™=3s™1)
Smom  source term for momentum (N m~3)

Sh source term for energy (W m™)

Si source term for species (kgm™3 s 1)

t thickness (m)
T temperature (K)
\% cell voltage (V)
Y mass fraction

Symbols

o net water transport coefficient
0 density (kgm™3)

u viscosity (m?s™1)

B permeability (m?)

€ porosity

AS entropy change (Jmol ™! K~1)

n activation overpotential (V)

A water content in the membrane
o conductivity (Sm~1)
Subscripts

a anode

c cathode

cat catalyst

conc concentration

gdl gas diffusion layer

H,O  water vapour
lim limiting
mem  membrane
oc open circuit
0)) oxygen

w water

forced convection, and thus, restricts the maximum obtainable
current and power densities from the air breathing fuel cell. The
potential application of AB-PEMEFCs is therefore in small and
portable appliances like watches, mobile phones, laptop comput-
ers, UPS systems and small decentralized energy applications,
which need low to medium power capacities ranging from few

milli Watts to several Watts [1-4]. In the recent past consid-
erable interest has been shown by researchers in constructing
AB-PEMFC:s for investigation of their performance under var-
ious designs, in particular the cathode design, and operating
conditions for proper operation and possible optimization. Both,
passive Direct Methanol Fuel Cells and air breathing Hydrogen
(Hp)-air fuel cells have been studied.

In particular, in the case of air breathing H»-air fuel cells, var-
ious designs such as planar cathode, ducted cathode and ribbed
cathode have been considered for research and development. An
AB-PEMEFC is considered to be planar if the cathode GDL has
a perfectly planar surface without any protrusions or physical
disturbances and completely open to atmosphere as shown in
Fig. 1(a) for absorbing the required oxygen from air. However
the ducted cathode AB-PEMFC as shown in Fig. 1(b) is the most
frequently used design which consists of cathode ducts open to
atmosphere at top and bottom. The ribbed cathode AB-PEMFC
as shown in Fig. 1(c) has current collecting ribs on the cathode
GDL which reduce the effective open area to the atmosphere.
The reported literature is mainly focused on the experimental
studies of cell performance and parametric distribution which
is specific to certain operating conditions and the cell design
[5—14], while the reported theoretical analysis [15—19] is limited
to the analysis of multi-ducted non-planar cathode design.

Modeling of AB-PEMFCs differs from that of conventional
(forced convection) fuel cells in an additional buoyancy term
(due to both concentration and temperature difference) in the
momentum equation. The unknown parameter of air flow rate
due to free convection adds to the complexity of the model. It is
therefore a challenging process and involves complex transport
phenomena of multi-component, two-phase, multi-dimensional
combined heat and mass transfer through porous medium cou-
pled with electrochemical reactions.

To the best knowledge of the authors, Li et al. [15], Mennola
etal. [16] and Ying et al. [17,18] are the only theoretical studies
reported for vertical ducted cathode AB-PEMFCs while Rajani
and Kolar [19] attempted to model vertical planar cathode AB-
PEMEFC:s. Li et al. [15] treated the fuel cell cathode surface to
be a plate and invoked the heat and mass transfer analogy in
free convection to estimate approximately the current densities
as a function of oxygen and water vapour mass fractions. The
2D steady state isothermal model developed by Mennola et al.
[16] requires measured current density as input, and hence, can
be treated as a semi-empirical mass transport model applica-
ble only to a ducted cathode AB-PEMFC. Recently, Ying et al.
[17] developed a 3D steady state, single phase, non-isothermal
model for the complete AB-PEMFC with ducted cathode and
simulated the effect of duct spacing on the fuel cell performance.
They, however, did not report the numerical results at low current
densities (<100 mA cm—2), where the activation overpotential is
significant.

The present authors are not aware of any reported models on
planar air breathing fuel cells. As a first approximation, Rajani
and Kolar [19] utilized standard similarity profiles for combined
heat and mass transfer over a vertical plate and estimated the
performance and parametric distributions in the vertical pla-
nar cathode AB-PEMFC with limited success. The available
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Fig. 1. Air breathing fuel cells.

theoretical studies predict only the polarization curve without
giving the heat and mass transfer characteristics under differ-
ent atmospheric conditions which are expected to influence the
performance of the fuel cell.

The present study therefore aims at analyzing the perfor-
mance of a vertical planar Hy-air AB-PEMFC under various
operating conditions by using a 2D, steady state, single phase,
non-isothermal and complete fuel cell model involving both
flow and electrochemistry. It further describes the heat and mass
transfer characteristics and presents the parametric effects.

2. Complete fuel cell model (CFCM)
2.1. Assumptions

The model is 2D (along the cell height and across the cell
thickness perpendicular to the reactant flow direction) and is
analyzed for the steady state conditions. The water generated and
transported is assumed to be in vapour phase only and the cell is
considered as non-isothermal. Gases are assumed to be ideal and
ideal-gas mixing law is used for mixture properties like viscosity
and thermal conductivity. The catalyst layer is considered to be
very thin and is analyzed in 1D (along the height). The cell is
vertically oriented and the anode flow passage is straight. The

H, gas enters at the top and exits at the bottom of the anode flow
passage transferring Hy by forced convection.

2.2. Physical model

Fig. 2 (not to scale) presents the physical model for a
vertical planar cathode fuel cell. It shows the complete sin-
gle fuel cell structure that includes the membrane flanked by
anode and cathode catalyst layers, gas diffusion layers (GDLs),
anode flow duct and flow field plate together with an extended
domain.

2.3. Mathematical model

The Complete Fuel Cell Model (CFCM) consists of
three complementary sub-models: flow/transport sub-model,
membrane sub-model and electrochemical sub-model. The
flow/transport sub-model involves the solution of conservation
equations of continuity, momentum, species and energy with
appropriate source terms. The membrane sub-model involves the
calculation of membrane characteristics like membrane proton
conductivity and net water transport coefficient. The electro-
chemical sub-model involves the calculation of current density,
overpotentials, voltage and power density.
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Fig. 2. Physical model for planar AB-PEMFC considered in CFCM.

2.3.1. Flow/transport sub model

The governing equations are based on the conservation of
mass, momentum and energy for a 2D, steady state, single-phase
case and include the convection, diffusion and the applicable
source terms. Modeling of AB-PEMFCs differs from that of
conventional fuel cells in that an additional buoyancy term (due
to both concentration and temperature difference) appears in the
momentum equation. The governing equations are as follows:

ey

The source term for continuity is applicable only for the catalyst
region.

Continuity :  V(pv) = Sp

1 ol
Anode catalystlayer : Sy = ~ 5 M, — FMHZO 2
Cathode catalystlayer : S = ——Mo, + S22y
athode catalystlayer : Sy = —-—Mo, 5F H,0
(3)

In other zones, i.e., in ducts, GDL and membrane, Sy, =0.

1 1
Momentum : =V (pvv) = =Vp+ -V (uVv) + pg + Smom
e &

“

The source term is applicable only for porous medium where
Darcy’s viscous resistance term is included. Due to very low
flow rates, the inertial loss is considered to be negligible. The
source term is thus given by,

J7,

Smom = _F (5)
In other zones, i.e., in ducts and membrane, Syom =0.

Species :  V(pvY;)) = —VJi+ S; (6)
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where species flux is given by:
Ji = —pD;mVY; @)

The source terms are applicable only to the catalyst layer and
are as given below:

Hydrogen source term at anode catalyst layer :
I

—M
o7 MH ®)

S, = —

Water source term at anode catalyst layer :
al

SHzO,a = _?MHQO (9)
Oxygen source term at cathode catalyst layer :
1
So, = ——=M, 10
0, 15 Mo, (10)
Water source term at cathode catalyst layer :
(1 +2a)1
SH0,c = —Hp Mo (11)
In other zones, i.e., ducts, GDL and membrane, S; =0
Energy :  V (pcpvT) = V (ketVT) + S (12)

St is the heat source term and is applicable at the cathode catalyst
only and is given by:

TAS
Sh = (_ + Vact) I

4F (13)

In other zones, i.e., ducts, GDL and membrane, S, =0
2.3.2. Membrane sub-model

The electrolyte membrane conductivity, ‘o, is an important
property that depends on the water content of the membrane,
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‘A’. It is always desired to maintain the membrane under fully
humidified condition in a PEMFC to obtain the highest ‘A’. The
net water content in the membrane is the resultant of water trans-
port by three main processes—(i) the electro-osmotic drag due
to protons from anode to cathode, (ii) the back diffusion from
cathode to anode due to concentration difference and (iii) the
net flow of water due to the pressure difference. In the present
model, the water transport due to pressure difference is not con-
sidered, as the operating pressures are atmospheric. Springer
et al. [20] proposed a 1D model for calculating the membrane
characteristics as given below:

The water content in the membrane (1) is based on the activity

of water and can be expressed as:
A =0.043 + 17.8a — 39.854> + 364>, if0<a<1 (14
A=144+14@-1), ifl<a=<3 (15)

where, activity at anode and cathode:

XH,0P
q = 207 (16)
Psat
The concentration of water at catalyst—-membrane interface:
Cy = Pmdry (17)
Mm,dry

Eq. (17) is applied for both anode (Cy,) and cathode (Cy)
catalyst-membrane interfaces where membrane density (om, dry)
and equivalent weight of membrane (M, ry) are considered to
be 2000kgm~> and 1.1 kgmol™!, respectively. The net drag
coefficient (nd) is defined as the number of water molecules
dragged per proton from anode to cathode and is expressed as a
function of water content as:

d 2.5\ (18)
nd=——
22
The net water transport coefficient («) is given by:
Cwe—C
o=nd— (FDW““> (19)
Itcat Imem

where water diffusion coefficient in membrane, Dy, (m?s~!) is
given as:

1 1

Dy =55x10""nd 2416 [ —— — — 20

- X n exp( <303 T)) (20)
The membrane proton conductivity is strongly dependent on its
water content and is expressed as:

[0.514)1 — 0.326] 1268 ! ! (21)

om = [0. - 0. ex —_—— =

" P 303 T
The present analysis calculates the above membrane properties
and uses them further with the flow model for the prediction of
the local parametric distribution.

2.3.3. Electrochemical sub-model
The local current density is calculated using Butler-Volmer
Eq. (22) and the exchange current density (Ip) is calculated as a

function of temperature Eq. (23), as follows:

COZ,cat/mem g FVyct —0tc FVyet
I=Iy | —=——— | [ exp —exp| ———
COZ,ref RT RT
I I AE 1 1 23)
= exp| — | =— — =
0 0(Trer) p R Tref T

where AE—activation energy is 72,000]J mol !, Trer used
is 353K (80°C), Iy at 353K is 10Am™> and Co, ref 18
3.39molm—3 [21].

The open circuit potential is considered as a function of tem-
perature as given by Parthasarathy et al. [22],

Voc = 0.0025T + 0.2329 24)

The voltage losses considered in calculating the net cell volt-
age (Vcen) include the activation overpotential, ohmic losses (in
membrane, GDL and current collectors), and the concentration
losses based on limiting current density. The net cell voltage is
hence given by,

Ttcart gdl
Ogdl

Itcattmem _

Vcell = Voc - Vact -

Tteact :
_ tlcat!flow_plate 4 Veone (25)

Oflow_plate

The activation overpotential is the voltage loss associated in
overcoming initial activation barrier. The ohmic losses are the
IR losses associated with the resistance offered to the flow
of electrons and are dependent on the proton conductivity of
the membrane and the electrical conductivity of GDL, current
collectors and the end plates. The concentration overpotential
(Veone) 18 associated with the voltage loss due to mass trans-
port limitation which can be significant and contributes to the
decrease in the cell voltage. For air breathing fuel cells, the
concentration overpotential is mainly associated with the oxi-
dant availability, and hence, it is defined based on the limiting
current density and is given by,

Veore = 2L (10 (1 = Hoa (26)
conc — 4F Ihm

where the limiting current density, /iy, is the maximum current
density that can be derived from a fuel cell and is given by,

. 4FCo,, 0
(tgd1/ Do, ett) + (1/ hm,i)
The local mass transfer coefficient for the species i, iy ; used

in the above expression is at the GDL surface and is calculated
using,

27

Liim

_ Dy(@Y; /)| gpr.
(Yi6pL — Yieo)

Y; gpL is mass fraction at GDL surface, Y; o is the mass fraction
in the ambient.

(28)

m,i
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2.4. Boundary conditions

2.4.1. Anode
The anode inlet conditions are specified with the input mass
fractions, temperature and pressure of Hy.

Atanodeinlet :  Yg, = YH,in; Tn, = Tin;
PHZ = Lin (29)
aY;
At anode outlet : o = (30)
X

2.4.2. Cathode

At cathode inlet, cathode outlet, GDL surface and GDL-
catalyst interface, boundary condition specified is of ‘interior’
type. An interior boundary condition is taken as internal face
zone and does not require any additional input. It calculates by
applying flux balance.

The remaining edges are specified as walls which means

Y, =0, v; =0. (€20

At extended domain, mass fractions and pressure are specified
to that of the undisturbed ambient.

Yi = Yoo, P = Py (32)

2.5. Solution methodology

The physical model (Fig. 2) is created and meshed using
GAMBIT. An extended domain is considered around the fuel
cell such that the pressure at the boundaries is equal to that of
the undisturbed atmosphere. The dimensions of the extended
domain are varied and are finally fixed at values for which the
computation time is reduced and with no compromise on the
accuracy. Fluent 6.1 incorporated with User Defined Functions
(UDFs) is used as a platform for computation. The solution algo-
rithm is as shown in Fig. 3. The computation procedure follows
a single domain or unified approach for solving the conservation
equations of continuity, momentum, energy and species govern-
ing the entire domain of interest, i.e., GDL, catalyst layer and

Table 1
Reference diffusivities used in the model

(m%s™1)
Dy, -n,0 9.15e-5
Dy, -0, Te-5
Do, -N, 2.2e-5
DHZ—NQ 6.8e-5
Do,-n,0 2.82e-5
D}.{zo,N2 2.56e-5

extended domain with relevant source terms accounting with
in the cell. The hydrogen inlet operating conditions (mass flow
rate, temperature, pressure and relative humidity) and the ambi-
ent conditions (ambient temperature and relative humidity) are
given as input parameters.

The solution starts with a specified value of activation over-
potential and with initial guessed values of mass fractions in the
computation domain viz., catalysts, GDL, and extended domain.
The governing equations are solved using Finite Volume Method
(FVM) and the solution is based on pressure correction method
and uses SIMPLE algorithm [23]. The second order upwind dif-
ferencing scheme is used for momentum, species and energy
equations. The mixture is considered to be ideal gas and the
effective properties of viscosity and thermal conductivity are
based on ideal-gas mixing law. Multi-component diffusion is
considered and the effective diffusivity of the mixture is cal-
culated at different temperatures and pressures based on the
experimental reference diffusivities reported by Guvelioglu and
Stenger [24] and are given in Table 1. The solution is iterated till
the required convergence of average current density, cell voltage,
species concentrations, velocity and temperature is obtained.

This method is repeated for different activation overpoten-
tial values in order to obtain the overall polarization curve of
the cell. The activation overpotential values start from 0.1 V and
increase initially in steps of 0.05 or 0.1 depending on the cur-
rent densities obtained. At high current densities, it is increased
in steps of 0.002—0.005 as the variation in activation polariza-
tion at high current densities, i.e., in ohmic and concentration
overpotential zones is not substantial. The model can also be
modified to take either an average current density or cell voltage

Specify activation overpotential using UDF. Interpret the UDF and
hook the macros to lhe appropriate equations

Initialize the catalyst, GDL and channil zones with guessed species distribution

I Calculate local current densities, other overpotentials, cell voltage,

Update species
mass fractions,
temperatures and
velocities.

membrane characleristics and other parameters

Calculate source terms using these current densities

Solve the conservation equations for species velocities, mass

fractions, and temperaiules with the relevant source terms
Check for the convergence of average voltage, average current

If not
converged

density, velocities, species concentrations and temperatures

If converged

stop

Fig. 3. Solution algorithm for CFCM.
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as input parameters instead of activation overpotential. However,
the current density or cell voltage input method involves an addi-
tional inner loop for solving the activation overpotential as both
the quantities (current density and activation overpotential or
cell voltage and activation overpotential) are interdependent on
each other. Incorporation of an additional loop complicates the
analysis, and hence, the present simpler model of considering
the activation overpotential as an input is used. Further informa-
tion regarding the meshing, solving and post processing can be
found in reference [25] and Kumar and Reddy [26] is the recent
article published on the analysis of conventional fuel cells using
Fluent.

3. Results and discussion
3.1. Heat and mass transfer characteristics

The heat and mass transfer characteristics involve the analysis
of the distribution of species concentrations, temperature and
mass transfer coefficients in all the components of a fuel cell
viz., cathode surface, GDL, catalyst layer and membrane. In
addition to this, the transport characteristics involve the study
of velocities and local current densities. This study would help
in understanding the physics involved and further in identifying
the practical operating conditions. Figs. 4—11 illustrate the heat
and mass transfer characteristics in a single planar fuel cell of
design and operating conditions same as that of Hottinen et al.
[12] as given in Table 2.

3.1.1. Local variation at medium and high current densities

Figs. 4-7 show the velocity, species concentration and tem-
perature profiles at medium and high average current densities
of 258 mA cm~2 and 926 mA cm ™2, respectively.

Fig. 4(a) and (b) show the resultant air velocity profiles at the
cathode GDL surface. At both the current densities, an increase
in the boundary layer thickness together with the corresponding
increase in the maximum velocity can be observed along the

Table 2
Design and operating parameters of Hottinen et al. [12] experiments used for
comparison of planar cathode model

Design parameters

Cell height 2.45cm

Cathode GDL thickness 1.5mm

Membrane thickness 50.8 wm

Hj; duct cross section 1mm x 1 mm

Permeability of catalyst layer 1.76e-12 m?

Active area 6cm?

Anode GDL thickness 420 pm

Catalyst layer thickness 10 pm

Permeability of GDL 1.8e-18 m?
Operating parameters

Ambient and Hy temp 23°C

Rel. Humidity of H, 0% (dry)

Cathode pressure 1 atm. (abs.)

Ambient Rel. Humidity 20%

H, flow rate 9.3e-10kgs~!

Anode pressure 1 atm. (abs.)

—e—exit, at 2.45cm from inlet

O e at 2.2cm from inlet
0.12 4 at 2cm from inlet
' ——oe—at 1cm from inlet
- 0.1 4 —%— at 5mm from inlet
"g —o——at imm from inlet
= 0.08 1
=
7}
L2 0.06 4
O
= ]
0.04 4 /&
0.02
0 - - T ]
0 0.002 0.004 0.006 0.008
Distance normal to the cell, m
(a) at current density 258mA/cm?®
0.2- —e— exit, at 2.45 cm from inlet
N at 2.3 cm from inlet
—a— at 2.2 cm from inlet
—x—at 2 cm from inlet
0.15 ——e—at 1 cm from inlet
® at 5 mm from inlet
£ —a—at 1 mm from inlet
z
S 011
o
[
>
0.05 4

0 0.001 0.002 0.003 0.004
Distance normal to the cell, m

(b) at current density 926mA/cm?

Fig. 4. Resultant air velocity profiles at the cathode GDL surface.

height indicating the upward buoyancy induced in the air flow.
The maximum velocity at the exit can also be found to increase
with increase in the current density. However, at both the current
densities, the maximum resultant velocity is observed to shift
towards cathode GDL surface after a height of about 2 cm from
the inlet. A possible reason might be the end effect at the exit
where the fresh atmospheric conditions exist. Fig. 5 illustrates
the variation of mass fractions of O, and H,O along the cathode
GDL surface. The decrease in the oxygen mass fraction and the
corresponding increase in the water vapour mass fraction can
be clearly observed along the fuel cell height and also at two
different current densities. The consumption and production of
species is more at high current densities when compared to that
at low current densities.

The variation of local current density and the cathode GDL
surface temperature along the fuel cell height is shown in Fig. 6.
The O mass fraction is high but the air velocity is low at
the inlet when compared to that at the exit. Due to this, there
is a slight increase in the current density close to the inlet.
Further, the increase in the concentration boundary layer thick-
ness along the cathode GDL surface increases the resistance
offered to the diffusion of the gas. Hence, the local current
density decreases after a certain height. The variation in local
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Fig. 5. Variation of O, and H,O mass fraction on the surface of the cathode
GDL along the height of fuel cell.

surface temperature follows that of local current density as the
heat produced in the electro-chemical reaction is dependent on
the operating current density. The variation in surface tempera-
ture is observed to be about 5 °C for medium current densities
and about 10 °C for high current densities, which is significant
enough to confirm the non-isothermality of the single planar
AB-PEMEFC.

Fig. 7 illustrates the temperature variation across MEA which
includes membrane sandwiched between catalyst coated anode
and cathode GDLs. The maximum temperature across MEA can
be observed at the cathode catalyst—electrode—electrolyte inter-
face (three-phase boundary) as it is the active reaction site for
complete fuel cell reaction, and hence, the heat generation. The
temperature drop is high in the cathode GDL when compared to
that in the anode GDL. The cathode GDL surface has a free con-
vective atmospheric air which has low heat transfer coefficient
when compared to the forced convective heat transfer coefficient
of H; at the anode GDL surface. In addition to the difference in
the convective heat transfer, the GDLs also differ in the thick-
ness. The cathode GDL is thicker than that of the anode. The
temperature gradient in the cathode GDL is found to be high at
positions close to the inlet and is low near exit. This difference
points to the effect of heat transfer coefficients and heat trans-
fer on both sides (anode and cathode) along the height of the
fuel cell. The temperature variation across MEA is about 3 °C
for medium current density and is about 7 °C for high current
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Fig. 6. Variation of local current density and the cathode GDL surface temper-
ature along the height of the fuel cell.

density indicating that at high current densities, the temperature
variation across MEA is substantial. Thus, the cell can be con-
sidered to be isothermal at low current densities and should be
considered as non-isothermal at high current densities.

3.1.2. Comparison at different current densities

Figs. 8-11 compare the mass transfer coefficients, O» con-
centration, catalyst layer temperature and local current density
distribution for a range of current densities from 143 mA cm™2
to 926 mA cm™2.

Fig. 8 illustrates the local O, mass transfer coefficients at the
cathode GDL surface for four different current densities. The
local mass transfer coefficients are found to be of the order of
1073 ms~! with highest value at the bottom edge of the fuel cell
and are observed to decrease with height along the cathode sur-
face. Further, the increase in the mass transfer coefficients can
be clearly observed with increase in the current density indicat-
ing the increase in the O diffusion fluxes. Another important
observation is that the deviation at the exit is predominant at high
current densities when compared to that at low current densities.

The decrease in the mass transfer coefficient represents the
decrease in the diffusive mass flux which in turn decreases the
local current density. Fig. 9 shows the variation of local cur-
rent densities at different average current densities. It can be
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observed that the variation is significant at high current densi-
ties and is not substantial at low current densities. This is due
to the huge variation in the O, mass fractions at high current
densities as shown in Fig. 10. The catalyst layer temperature
depends on the operating current density, and hence, its vari-
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Fig. 8. Variation of O, mass transfer coefficients along the height of the fuel
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ation is also substantial at high current densities as shown in
Fig. 11. The catalyst layer temperature variation along the fuel
cell height is found to be about 10 °C at high current densi-
ties where as it is about 4°C at low current densities. This
confirms the fact that a non-isothermal model is essential to pre-
dict the performance of the fuel cell especially at high current
densities.

3.2. Parametric effects

The parameters considered for planar cathode AB-PEMFC
are the fuel cell height and the atmospheric conditions.
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Fig. 11. Variation of catalyst layer temperature along the height of the fuel cell.
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3.2.1. Effect of fuel cell height

The fuel cell heights considered are 1cm (short), 2.45cm
(medium) and 5cm (tall) while keeping the active area
unchanged at 6 cm?. Fig. 12(a) and (b) illustrate the comparison
of polarization and power density curves, respectively. It can be
observed that there is no significant difference in the voltage and
power density at low operating current densities. However, the
maximum power density attained is observed to increase with
decrease in the fuel cell height. Further, the operating current
density range and the optimum current density (corresponding
to the maximum power density) are also found to increase with
decrease in the fuel cell height.

The improvement in the performance characteristics for the
short fuel cell in the present study can be explained in terms of the
boundary layer effects on the three polarization effects, namely,
concentration overpotential, ohmic overpotential, and activation
overpotential. The free convection boundary layer thicknesses
on the vertical cathode surface (the velocity boundary layer 4y,
the thermal boundary layer §;, the concentration boundary layer
d8¢) increase gradually along the fuel cell height resulting in a
decrease in the velocity, temperature and concentration gradients
at the surface. This in turn results in the increased resistance
offered to the transfer of heat and oxidant between the cathode

surface and the ambient air. Hence, the average heat and mass
transfer coefficients will be high for short cells compared to the
tall cells.

High mass transfer coefficient for oxygen transfer implies
low concentration overpotential for short fuel cells resulting in
some improvement in their performance. In the present study,
the concentration overpotential at a current density of about
390 mA cm™? is observed to be 0.684mV for the short 1cm
fuel cell compared to 1.07 mV for the tall 5 cm fuel cell.

The short fuel cell, with its higher average heat transfer coef-
ficient has a higher heat transfer rate, surface area being held
constant as that of the tall cell, and hence, a better cooling effect.
This implies that for the same operating current density (and
hence, for the same amount of heat generation in the fuel cell),
the short cell will be at a lower temperature. Lower the cell
temperature, better the hydration state and higher the protonic
conductivity of the membrane. Thus, the ohmic overpotential
is low for short cells further leading to their improved perfor-
mance. In the present study, the average cell temperatures are
observed to be 88 °C and 50 °C for the 5 cm and 1 cm high fuel
cells, respectively, at a current density of about 390 mA cm™—2.
The corresponding ohmic voltage losses for a 5cm and 1cm
high fuel cells are observed to be 0.198 V and 0.021 V.

The activation overpotential varies logarithmically with cell
temperature and is high at low temperatures. The cell tem-
perature is low for short cells, and hence, their activation
overpotential is high. In the present case, the activation overpo-
tential is about 273 mV for the short 1 cm fuel cell and 261 mV
for the tall 5 cm fuel cell.

The combined effect of decreased ohmic and concentration
overpotentials and the increased activation overpotential results
in the short fuel cell performing better than the tall fuel cell.
While this observation holds good in the present range of exper-
iments, it is expected that the physical explanation can be applied
to other experimental conditions and appropriate conclusions
drawn.

Another important observation from the heat transfer analy-
sis is that the local cell temperatures at high current densities
exceeded the operating temperature limit of 100°C. It is
observed that for a 1cm high fuel cell, the cell temperature has
crossed 120 °C at current densities of about 600 mA cm~2. This
may imply the inadequacy of free convective heat transfer under
these conditions. Thus, despite better performance in terms of
the operating current density range and power density for a short
fuel cell, it is advisable to operate it at low current densities to
ensure safe operating temperature limits.

In summary, it can be inferred from the above discussion that
the shorter the cell the better the performance. In addition to this,
one should also consider the practical and allowable operating
current densities and the cell temperatures corresponding to the
particular fuel cell height.

3.2.2. Effect of atmospheric conditions

The atmospheric operating conditions are not steady over the
day and the AB-PEMFC gets subjected to the dynamic atmo-
spheric conditions. It is therefore required to study the behavior
of the AB-PEMFC under normal range of atmospheric condi-
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tions. The present study includes low, medium and high values
of atmospheric temperatures (10 °C, 23 °C and 40 °C) and rela-
tive humidities (20%, 50% and 80%). Figs. 13 and 14 illustrate
the effect of atmospheric temperature (at 80%RH) and relative
humidity (at 40 °C), respectively, on the performance of planar
AB-PEMFCs operating under similar design conditions.

It can be observed from Fig. 13 that, at low current densi-
ties, the decrease in the activation overpotential with increase in
temperature hardly affected the power density indicating that at
low current densities, the temperature has no significant effect
on the power density. However, the maximum power density is
observed to decrease with increase in temperature. The maxi-
mum power density at 10 °C is about 20% higher when compared
to that at 40 °C. It is observed from the heat transfer analysis that
the cell temperature attained at a current density of 600 mA cm >
is 107 °C at an ambient temperature of 40 °C and that at an ambi-
ent of 10 °C, the cell temperature is 70 °C. It is therefore clear
that the fuel cell operating at 40 °C could not operate at much
higher current densities as it exceeds the safe operating temper-
ature limit of 100 °C, and hence, the phenomenon of membrane
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Fig. 14. Effect of atmospheric RH on planar cathode AB-PEMFC performance.

dehydration is prone to occur. Thus, the optimum current density
increases with decrease in atmospheric temperature. In addi-
tion to this, the reduction in the free convection air flow due
to reduced temperature gradients limit the power density and
current densities for fuel cells operating at high atmospheric
temperatures.

Fig. 14 illustrates the effect of atmospheric relative humidity
on fuel cell performance. It can be observed that at low current
densities, the difference in the activation drop is negligible with
change in the atmospheric relative humidity. However, at high
current densities, a slight improvement in the power density is
observed with increase in relative humidity and is due to the
net increase in the membrane moisture content, and hence, the
membrane conductivity. Thus, it can be observed that the effect
of relative humidity on fuel cell performance is less significant
when compared to that of atmospheric temperature.

Hence, it can be concluded from the above discussion that
an effective performance can be achieved from a planar cath-
ode AB-PEMEFC of approximately 2-3 cm height operating at
atmospheric conditions of low temperatures and high relative
humidities.

3.3. Comparison with published experimental data

In the absence of experiments on a fully planar cathode
cell in the literature, the present 2D planar CFCM is tested
for its applicability to non-planar cathode cells. The experi-
mental data of Hottinen et al. [12] on a vertical multi-ribbed
cathode (non-planar cathode) AB-PEMFC with design and oper-
ating parameters as given in Table 2 is used for comparison. To
facilitate a meaningful comparison, the ohmic resistance offered
by the ribs of the non-planar cathode of Hottinen et al. [12] is
incorporated in the total ohmic resistance of the planar model
calculations. Fig. 15 illustrates the comparison.

The polarization plot is such that it can be approximately
sub-divided into three zones: zone I (activation overpotential
zone from 0 to 50 mA cm™2), zone II (ohmic overpotential zone
from 50 to 800 mA cm™2) and zone III (concentration overpoten-
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Fig. 15. Comparison of present CFCM predictions with Hottinen et al. [12]
experiments on ribbed cathode AB-PEMFC.
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tial zone for current densities above 800 mA cm™2). The present
model slightly under-predicts the voltages in the activation over-
potential zone. This deviation can be attributed to the difference
in the physical structure of the present cathode design with that
of the actual experimental model. Some of the contributing fac-
tors can also be the anode duct shape which is considered to
be a straight duct in the present model when compared to the
actual z-type flow field in the experiments. Moreover, the effect
of ribs and channels are eliminated for flow calculations and the
surface is considered to be completely planar.

Despite these limitations in the zone I, the present model pre-
dictions are in good agreement with experimental data in zone II
probably due to the predominant effect of ohmic overpotential
which varies almost linearly with current density. In the con-
centration overpotential zone (zone III), the sudden drop in the
voltage as predicted by the model at around 800 mA cm ™2 is also
observed experimentally. This may be attributed to the combined
effect of the insufficient supply of the reactants at the reaction
site and the membrane dehydration.

Thus, it can be concluded, that the present CFCM for fully
planar cathode is also applicable to a multi-ribbed cathode
AB-PEMFC only in the ohmic overpotential zone with little
error.

4. Conclusions

The prediction of a 2D, steady state, non-isothermal, sin-
gle phase, complete PEMFC model for a fully planar cathode
air breathing fuel cell is presented, perhaps for the first time to
the best knowledge of the authors. Based on the present model
predictions, the average mass transfer coefficients for a planar
AB-PEMEFC are found to be of the order of 103> ms~! with
ambient conditions as the reference. The variations in param-
eters like current density, mass fractions and temperature are
substantial at high current densities when compared to that at low
current densities. The cell temperature variation at high current
densities is found to be about 10 °C along the fuel cell height and
about 7 °C across the MEA indicating the non-isothermality of
the fuel cell. The current density range and the maximum power
densities are observed to increase with decrease in the fuel cell
height. The atmospheric temperature is found to have significant
effect on fuel cell performance while the effect of atmospheric
RH is observed to be negligible. The maximum power density
is found to decrease by about 20% with about 30 °C increase in
atmospheric temperature. Based on the present parametric study

on a 6 cm? cell, it can be inferred that the acceptable power den-
sity and current density can be achieved by an air breathing
fuel cell with short cell operating at atmospheric conditions of
low temperatures and high relative humidities. In addition to the
above, the present planar model is found to predict the perfor-
mance in the ohmic overpotential zone of a non-planar cathode
AB-PEMFC with little error.
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