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a b s t r a c t

A three dimensional, steady state, non-isothermal, single phase model was developed and simulations
were carried out in order to find the effect of cathode channel dimensions (width, depth and height) on
the performance of an air-breathing fuel cell. The model was solved using commercial CFD package
Fluent (version 6.3). Separate user defined functions were written to solve the electrochemical equations
and the water transport through the membrane along with the other governing equations. Analyses were
carried out for three different channel widths (2, 4 and 6 mm), for three different channel depths (2, 6
and 10 mm) and for three different cell heights (15, 30 and 45 mm). Cell characteristics like current
distribution, species distribution, oxygen mass transfer coefficient, cell temperature, cathode channel
velocities and net water transport coefficients are reported. The results show that the cell performance
improves with increase in cathode channel width, channel depth and with decrease in cell height.
Maximum power density obtained was 240 mW/cm2 for a channel width of 4 mm and channel depth of
6 mm. When the channel depth was 2 mm the performance was limited mainly due to the resistance
offered by the channel for the buoyancy induced flow. For channel depths higher than 2 mm, the
diffusion resistance of the porous GDL also contributed significantly to limit the performance to low
current densities. At low current densities the fuel cell is prone to flooding whereas at high current
densities ohmic overpotential due to dehydration of the membrane significantly contributes to the
overall voltage loss.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

Cells that take up oxygen, for the cathode reaction, from
ambient air by passive means are known as “air-breathing” fuel
cells. In an air-breathing fuel cell, air flow along the cathode surface
take place because of concentration and temperature gradient
between the cell and the ambient. Air-breathing fuel cells have
great potential as power source for low power portable electronic
devices as it eliminates the use of compressor/blower and humid-
ifier on the cathode side, thus making the system simple, light and
compact.

Limited studies, both numerical and experimental, are available
on the various factors that affect the performance of an air-
breathing fuel cell such as ambient conditions [1e11], cathode
structure and MEA properties [7e19], cell orientation [15e20],
anode operating conditions [15,21,22], and long term operation
[17,19,23] of the fuel cell. Few studies have been reported on the
performance of air-breathing stack [24e26].
mar).
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Since an air-breathing fuel cell take up oxygen, by natural
convection, directly from the surrounding air, the ambient condi-
tions play a very important role on the cell performance. Therefore
most of the studies done so far have concentrated on the effect of
ambient conditions on the cell performance. Another important
factor that affects the cell performance is the cathode design. There
are basically two different cathode designs that are widely used for
air-breathing fuel cells, channel (ducted) and planar (ribbed). Most
of the studies till now have concentrated on the planar fuel cell
design. Experimental and modeling studies available in literature
on channel cathode design are very few. Channel cathode design is
important as they are more suitable for building air-breathing fuel
cell stacks.

Mennola et al. [27] developed a two dimensional, isothermal
and steady state model for the cathode side of the fuel cell. From
the mass fraction distribution of water vapor they could conclude
the formation of liquid water inside the cell and hence the impor-
tance of developing a two-phase model for better prediction of the
results. Ying et al. [13] developed a two dimensional, steady state,
single phase model of a complete fuel cell and from their studies
they concluded that the channel width and rib width has to be
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Nomenclature

a activity
cp specific heat (J kg�1 K�1)
Cw molar concentration of water (mol m�3)
D diffusivity (m2 s�1)
E Nernst voltage (V)
Eo Nernst voltage at standard conditions (V)
F Faradays constant (96 485 C mol�1)
g Acceleration due to gravity (9.81 m s�2)
GDL Gas Diffusion Layer
hm mass transfer coefficient (m s�1)
I current density (A m�3)
Io exchange current density (A m�3)
J mass flux (kg m�2 s�1)
k thermal conductivity (W m�1 K�1)
M molecular weight (kg mol�1)
_m mass flux (kg m�2 s�1)
n number of electrons transferred
nd net drag coefficient
P pressure (N m�2)
R universal gas constant (8.314 J mol�1 K�1)
Rcell cell resistance (ohm-m2)
S entropy (J kg�1 K�1)
Sm source term for continuity (kg m�3 s�1)
Smom source term for momentum (N m�3)
Sh source term for energy (W m�3)
Si source term for species (kg m�3 s�1)
t thickness (m)
T temperature (K)

V cell voltage (V)
v velocity
Y mass fraction

Greek symbols
a net water transport coefficient
ac cathode charge transfer coefficient
b permeability (m2)
r density (kg m�3)
m viscosity (m2 s�1)
3 porosity
l water content in the membrane
s conductivity (S m�1)

Subscripts
a anode
act activation
amb ambient
c cathode
cat catalyst
conc concentration
gdl gas diffusion layer
H2 hydrogen
H2O water vapor
lim limiting
mem membrane
mix mixture
O2 oxygen
oc open circuit
sat saturation
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optimized for the best performance of the cell. They also developed
a three dimensional, steady state, single phase model and validated
the model with experiments [3,28]. They reported different cell
characteristics at a constant current density of 150 mA/cm2. Wang
and Ouyang [30] gave a numerical expression for calculating
Sherwood number as a function of Grashof number and diffusional
Grashof number. Rajani and Kolar [5] developed a two dimensional,
non-isothermal, steady state, single phase model for an air-
breathing fuel cell with ducted cathode. They used the model to
study the effect of ambient conditions on the cell performance.
Effect of operating conditions on the performance of an air-
breathing fuel cell was studied by Manoj and Kolar [6] from which
they concluded that cathode conditions significantly affects the cell
performance as compared to that of anode operating conditions.
Tabe et al. [16] conducted experiments to study the effect of
cathode structure on the cell performance. They conducted
experiments with cells of planar and ducted cathode structure and
their results shows that the cell performance is better with ducted
cathode. Their results show that the channel dimensions signifi-
cantly affects the cell performance and is the basis of the present
work. Matamoros and Bruggeman [29] developed a three dimen-
sional, non-isothermal model and their results show that cell
performance is mainly limited due to slow oxygen transport to the
active sites at low current densities and at current densities above
0.15 A/cm2 ohmic overpotential also significantly contributes to the
performance loss.

In a channel cathode fuel cell design, the channel dimensions
play an important role on the performance of an air-breathing fuel
cell. In this paper the effect of channel width, depth and height on
the cell performance is studiedwith the help of a three dimensional
model developed using commercial CFD package Fluent
(version 6.3).
2. Mathematical model

The model developed here is a three dimensional, steady state,
non-isothermal, single phase model for a single channel of a fuel
cell with channel (ducted) cathode design. The continuity,
momentum, energy and species equations are solved along the
electrochemical equations and membrane equations for obtaining
the solution.

2.1. Model assumptions

The following are the assumptions made for the numerical
solution of the present model:

a) The water exists as vapor throughout the computational
domain.

b) The entropic heat generation and irreversible heat generation
in the cathode catalyst layer only is taken into account in the
energy source term.

c) Gases are assumed to be ideal and ideal-gas mixing law is used
for mixture properties like viscosity and thermal conductivity.

d) The membrane is considered as solid in the model and the
water transport across the model is taken into account using
empirical relations available in literature.

e) A constant value for contact resistance is assumed for all the
channel dimensions considered in the model.
2.2. Fuel cell geometry and computational domain

The fuel cell geometry and the computational domain used in
the model are shown in Fig. 1. The fuel cell geometry consists of



Fig. 1. Fuel cell geometry and computational domain.

Table 2
Operating parameters.

Ambient temperature (�C) 20
Ambient relative humidity (%) 30
Temperature of hydrogen (�C) 20
Relative humidity of hydrogen (%) 0
Pressure at anode inlet (atm.) 1
Hydrogen stoichiometry 2.5
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anode and cathode flow field plates, flow channels, GDL layers,
catalyst layers and the electrolyte membrane. The design and
operating parameters used in the study are similar to that given by
Tabe et al. [16] and are given in Tables 1 and 2. Since the flow taking
place on the cathode side is due to buoyancy, the velocities at the
inlet of the cathode are unknown. To take this into account, an
extended computational domain is considered in the present study.
The domain is extended so that atmospheric conditions prevail on
the extended domain boundaries. The computational domain
consists of the fuel cell along with the extended domain.
2.3. Governing equations and boundary conditions

The complete fuel cell model can be divided into three sub-
categories namely a) Flow/Transport submodel, b) Membrane
submodel and c) Electrochemical submodel. The governing equa-
tions for each of these submodels are given below.

2.3.1. Flow/transport submodel
The governing equations are based onmass, momentum, energy

and species conservation and include the applicable source terms.
Table 1
Fuel cell design parameters.

Cell height, L (mm) 15, 30, 45
Gas channel depth, D (mm) 2, 6, 10
Gas channel width, W (mm) 2, 4, 6
Rib width (mm) 1
Anode GDL thickness (mm) 0.54
Cathode GDL thickness (mm) 0.54
Anode catalyst layer thickness (mm) 0.01
Cathode catalyst layer thickness (mm) 0.01
Membrane thickness (mm) 0.051
Porosity of anode GDL/catalyst 0.6/0.4
Porosity of cathode GDL/catalyst 0.6/0.4
GDL/Catalyst layer permeability (m2) 1e-12
Rcontact (U cm2) 0.25
Voc (V) 0.92
Additional buoyancy term has to be included in the momentum
equation due to natural convection flow on the cathode side of the
cell. The porous nature of the GDL and catalyst layers are taken into
consideration by using additional source terms in the momentum
equation in the standard fluid flow equations. Only Darcy's viscous
resistance term is considered in the source term as the inertial
resistance term can be neglected since the velocities are very low.
Oxygen and hydrogen are consumed during the electrochemical
reactions taking place at the cathode and anode catalyst layers
respectively and water vapor is formed at the cathode catalyst layer
during the electrochemical reaction. These are included as source/
sink terms in the respective species transport equations. The gov-
erning equations are as follows:

Continuity : V$ðrvÞ ¼ Sm (1)

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

Anode catalyst layer : Sm ¼ � I
2F

MH2
� aI

F
MH2O (2)

Cathode catalyst layer : Sm ¼ � I
4F

MO2
þ ð1þ 2aÞI

2F
MH2O (3)

In all the other zones, i.e., in channel, GDL and membrane,
Sm ¼ 0.

Momentum :
1
32
V$ðrvvÞ ¼ �Vpþ 1

3
V$ðmVvÞ þ rg þ Smom (4)

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,

Smom ¼ �mv
b

(5)

In other zones, i.e., in channel and membrane, Smom ¼ 0

Species : V$ðrvYiÞ ¼ �V$Ji þ Si (6)

where, species flux is given by,

J
!

i ¼ �rDeff
i;j VYi (7)

and

Deff
i;j ¼ 31:5

�
P0
P

�1:0� T
T0

�1:5
Dref
i;j (8)

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

Hydrogen source term at anode catalyst layer: SH2
¼ � I

2F
MH2

(9)

Water source term at anode catalyst layer : SH2O;a ¼ �aI
F
MH2O

(10)
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Oxygen source term at cathode catalyst layer : SO2
¼ � I

4F
MO2
(11)Water source term at cathode catalyst layer :

¼ ð1þ 2aÞI
M ð12Þ
H2O;c 2F H2O

In other zones, i.e., channel, GDL and membrane, Si ¼ 0.

Energy : V$
�
rcpvT

� ¼ V$ðkeffVTÞ þ Sh (13)

Sh is the heat source and is applicable at the cathode catalyst
only and is given by,

Sh ¼
�
� TDS

4F
þ Vact

�
I (14)

In other zones, i.e., channel, GDL and membrane, Sh ¼ 0.

2.3.2. Membrane submodel
A thorough study of water transport in the membrane was done

by Springer et al. [31]. The water transport in the membrane is due
to: (i) electro-osmotic drag, which is due to protons carrying some
water molecules along with them as they move from anode to
cathode and (ii) back diffusion, which is due to difference in water
concentration across the polymer membrane. Taking both these
phenomena into account the net water transport coefficient (a)
across the membrane is given as:

a ¼ nd � F$Dw$

�
Cw;c � Cw;a

�
I$tcat$tmem

(15)

The water transport due to differential pressure across the
membrane is not considered in the model as the pressures on both
the anode and cathode side are equal to one atmosphere pressure.

The membrane water content, and thus the electro-osmotic and
diffusion coefficients, can be calculated using the activities of the
gas in the anode and cathode:

Activity,

a ¼ PH2O

Psat
(16)

The water content in the membrane is calculated using the
expression:

l ¼
�
0:043þ 17:81a� 39:85a2 þ 36a3; 0 < a � 1
14þ 1:4ða� 1Þ; 1 < a � 3

(17)

The electro-osmotic drag coefficient ‘nd’ and the water diffusion
coefficient ‘Dw’ are calculated using the expressions:

nd ¼ 0:0029l2 þ 0:05l� 3:4� 10�19 (18)

Dw ¼ Dl exp
�
2416

�
1

303
� 1
Tc

��
(19)

where,

Dl ¼

8>>><
>>>:

10�6; l < 2
10�6ð1þ 2ðl� 2ÞÞ; 2 � l � 3
10�6ð3� 1:67ðl� 3ÞÞ; 3 < l < 4:5
1:25� 10�6; l � 4:5

(20)

Thewater concentration at themembrane surfaces of anode and
cathode is a function of membrane water content and is given by:

Cw ¼ rm;dry

Mm;dry
l (21)
The membrane conductivity is calculated using the following
expression:

smem ¼ ½0:514l� 0:326� exp
�
1268

�
1

303
� 1
T

��
(22)

2.3.3. Electrochemical submodel
The reversible voltage of a fuel cell depends on the temperature,

pressure and composition of the reactants and is given by the
Nernst equation as:

E ¼ E0 þ RT
2F

ln

 
PH2

P0:5O2

PH2O

!
(23)

Due to internal currents and cross-over losses the open circuit
potential, Voc, is always less than the reversible voltage. When
current is drawn from a fuel cell there are some inherent voltage
losses such as activation, ohmic and concentration losses that are
always present and are given by:

Vact ¼ RT
acF

ln
�

i
io;c

�
(24)

Vohm ¼
�
Rcell þ

tmem

smem

�
I (25)

Vconc ¼ RT
nF

ln
�
1� i

ilim

�
(26)

where,

ilim ¼ 4FCO2 ;N

tgdl
Deff
O2

þ 1
hm;O2

(27)

Because of these inherent voltage losses that are present in
a fuel cell during its operation, the operating voltage of a fuel cell is
always less than the open circuit voltage and is given by:

Vcell ¼ Voc � Vact � Vohm � Vconc (28)

Boundary conditions:

At anode inlet : _mH2
¼ I

2F
SH2

; YH2
¼ 1; YH2O ¼ 0; Tan;in ¼ Tatm

At the extended boundary : YO2
¼ YO2;atm;

Y ¼ Y ; T ¼ Tatm
H2O H2O;atm

2.4. Solution strategy

Continuity, momentum, species and energy equations, along
with the equations for water transport through the membrane and
electrochemical equations were solved simultaneously to obtain
the results. The model was solved using commercial CFD software
Fluent (version 6.3) which takes into account the porous nature of
the computational domain. For solving the water transport equa-
tion in the membrane and the electrochemical equations separate
user defined functionwaswritten. The coupled set of equations was
solved iteratively until the scaled residuals for all variables reached
a convergence value of 10�8. The solution procedure involves taking
the average current density as input, solving for the various over-
potentials to obtain the operating cell voltage and hence the
polarization curve of the cell. The performance of the cell is pre-
sented in terms of the polarization curve and the power density
curve.



Fig. 3. Effect of extended domain.
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3. Results and discussion

3.1. Grid independence and extended domain study

Fig. 2 shows the grid independence study conducted for the
model. The plot is for the cell with cathode channel dimensions of
2 mm width, 6 mm depth and 45 mm height and for a current
density of 100 mA/cm2. Grid was refined in steps to obtain a final
computational grid of 858,700 cells, refinement beyond which the
computational results were not affected.

Fig. 3 shows the effect of extended domain on the model solu-
tion. Atmospheric temperature and humidity boundary conditions
were applied to the extended domain boundary. Fig. 3 shows that
when the extended boundary is three times the cell height the
boundary conditions at the extended boundary didn't affect the
model solution. Therefore the extended domain was chosen to be
three times the cell height for further parametric studies.

3.2. Model comparison

The three dimensional model results are compared with the
experimental results of Tabe et al. [16] and are shown in Fig. 4. The
results show that the model results match well with that of
experimental results in the activation overpotential region and in
the ohmic overpotential region. The model predicts higher limiting
current densities compared to the experimental results. The devi-
ation at high current densities may be due to the liquid water
formation in the cell which is not accounted in the model.

3.3. Effect of channel width and depth

Fig. 5(a)e(c) shows the effect of channel depth on the perfor-
mance of an air-breathing fuel cell for channel widths of 2 mm,
4 mm and 6 mm respectively. The channel height considered for
the study is 45 mm.

Fig. 5(a) shows the effect of channel depth on the cell perfor-
mance for a channel width of 2 mm. It can be seen from the figure
that the performance was limited to very low current densities
(z190 mA/cm2) for a channel depth of 2 mm. The buoyant force is
not enough to overcome the resistance offered by the channel for
the flow. Where as, with channel depth of 6 mm and 10 mm flow
can easily take place through the channel and hence the cell
operates at high current densities. There is not much difference in
the performance when the channel depth is 6 mm and 10 mm.
Fig. 5(b) shows the effect of channel depth on the cell performance
for a channel width of 4 mm. For a channel depth of 2 mm the
Fig. 2. Grid independence study.
limiting current density is low (z385 mA/cm2). At high current
densities the buoyancy is not enough to push the flow through the
channels. Cell with 6 mm channel depth performs better compared
to 10 mm deep channel. This is due to low activation overpotential
and lower concentration overpotential. Cell with 6 mm channel
depth offers more resistance for the air flow compared to 10 mm
channel depth due to smaller hydraulic diameter of the channel.
Since the amount of air that is flowing is less for the cell with 6 mm
channel depth, the amount of heat carried away will be less. Hence
the cell temperatures are high for 6 mm depth channel and
the activation overpotential is low. At high cell temperatures, the
species diffusivities are high. Hence the mass transfer coefficient is
high and the concentration overpotential is low. Fig. 5(c) shows the
effect of channel depth on the cell performance for a channel width
of 6 mm. The performance is similar to that of 4 mmwide channel.

Maximum power density obtained with a channel width of
2 mm is 210 mW/cm2 for a channel depth of 6 mm. For a channel
width of 4 mm, the peak power density obtained is 240 mW/cm2

for a channel depth of 6 mm. Similarly for channel width of 6 mm,
the peak power density obtained is 240 mW/cm2 for a channel
depth of 6 mm. For a given channel depth, the performance
improved with increase in channel width. The limiting current
density was improved from 190 mA/cm2 to 430 mA/cm2 when the
channel depth was 2 mm. For channel depth of 6 mm and 10 mm
Fig. 4. Model comparison.



Fig. 5. Effect of channel depth on cell performance.
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also the limiting current density increased from 420 mA/cm2 to
780 mA/cm2.

Fig. 6(a) shows the variation of oxygen mass fraction in the
cathode catalyst layer and GDLechannel interface for a channel
with 2 mm width and 2 mm depth and for an average current
density of 175 mA/cm2, close to the limiting current density. Fig. 6
(b) shows the variation of oxygen mass fraction in the cathode
catalyst layer and GDLechannel interface for a channel with 2 mm
width and 6 mm depth and for an average current density of
400 mA/cm2 which is close to the limiting current density. In Fig. 6
(a) the mass fractions in the channel and in the GDLechannel
interface are nearly equal, whereas in Fig. 6(b) it can be observed
that the mass fraction in the GDLechannel interface is larger than
the catalyst layer. This shows that in the first case the performance
is limited due to the resistance offered by the channel for the
buoyancy flow, whereas in the second case the performance is
limited due to diffusion resistance offered by the porous media.

For all channel widths, the cell performance is limited due to the
flow resistance offered by the channel for a channel depth of 2 mm.
Whereas with cathode channel depths of 6 mm and 10 mm and all
channel width, the performance is limited due to diffusion resis-
tance offered by the porous media.
Fig. 6. Mass fracti
3.4. Cell characteristics

Cell characteristics such as local current density distribution,
oxygen mass fraction, water vapor mass fraction, temperature
difference between the cell and the ambient, oxygen mass transfer
coefficient, cathode channel velocity and net water transport
coefficient are given. They give better insight about the cell
behavior under given operating conditions. The legend in the
graphs show the channel dimensions (width � depth) and the
average current density for which the graphs are plotted are given
in parenthesis.

3.4.1. Current density
Fig. 7 shows the variation of local current density along the cell

height.
Fig. 7(a) shows the current density distribution along the cell

height for three average current densities and for a channel with
2 mm width and 2 mm depth. The current generation is almost
uniform along the height of the channel at low current densities. At
high current densities the current generation is more at the bottom
of the channel and it decreases along the height of the channel. At
the bottom of the channel, where the fresh air enters the channel
on of oxygen.



Fig. 7. Current density variation along channel height.
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due to buoyancy, oxygen concentration is more and hence the
current density is high. As the flow take place along the height of
the cell the oxygen concentration decreases due to consumption
during the electrochemical reaction and hence the current gener-
ation is less. Fig. 7(b) shows the current density variation along the
cell height for different channel depths (2, 6, 10 mm). The width of
the channel is 2 mm in all the cases. The results plotted are for an
average current density of 100 mA/cm2. The current generation is
more non-uniform in the case of 2 mm depth channel. When the
channel depths are high, more amount of air and hence oxygen
enters the cathode channel. Even though oxygen gets consumed
during the electrochemical reaction the oxygen concentration
doesn't change much from bottom to the top of the channel and
hence the current density is more uniform. Fig. 7(c) shows the
effect of channel width on the current density distribution along
the height of the fuel cell. It can be seen that the current distribu-
tion is more uniform with large channel widths. With larger
channel width more the amount of oxygen enters the channel and
hence more uniform the current density distribution. Fig. 7(d)
shows the current generation from the portion of the catalyst layer
beneath the channel and that is beneath the rib. The results given
are for a 2 mm width and 6 mm depth channel and for an average
current density of 400 mA/cm2. For the portion of catalyst layer
lying directly under the cathode channel, oxygen can easily diffuse
and reach the catalyst layer. Where as for the portion of catalyst
layer which lay below the ribs the oxygen has to diffuse laterally
and reach the catalyst layer. Hence the oxygen concentration is high
for the portion of catalyst layer lying just below the channel and
hence the current generation is also high.

3.4.2. Oxygen mass fraction
Fig. 8 shows the variation of oxygen mass fraction along the

channel height.
Fig. 8(a) shows the variation of oxygen mass fraction along the
cell height for different current densities. The variation is more
uniform along the cell height at low current densities and the non-
uniformity increases with increase in current density. Fig. 8(b)
shows the oxygen mass fraction variation for different channel
depths at an average current density of 100 mA/cm2. For a 2 mm
depth channel the non-uniformity is very high, where as for 6 mm
and 10 mm deep channels the mass fraction variation is more
uniform. With increase in channel depth more amount of oxygen
can enter the cell and hence the mass fraction variations are more
uniform. Fig. 8(c) shows the oxygen mass fraction variation along
the cell height for different channel widths. The variation is
uniform for larger channel width due to more amount of air
entering the channel with higher channel width. Fig. 8(d) shows
the variation of oxygen mass fraction for the portion of the catalyst
layer which comes under the channel and under the rib. The
oxygen can easily diffuse and reach the catalyst layer below the
channel area and hence higher the mass fraction of oxygen. Where
as for the portion of catalyst layer which lie below the rib the
oxygen has to diffuse through a long way laterally and then reach
the catalyst layer and hence lesser the oxygen mass fraction. The
current generated is a strong function of oxygen concentration in
the catalyst layer. Hence the current density profiles are very
similar to the oxygen concentration profiles.

3.4.3. Mass transfer coefficient
The mass transfer coefficient is calculated using the expression:

hm;i ¼
Di;j

h
vYi
vx

i
GDL�

Yi;GDL � Yi;N
� (29)

Fig. 9(a) shows the variation of average mass transfer coefficient
based on average mass fraction of oxygen in the channel with



Fig. 8. Variation of oxygen concentration along channel height.
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current density for different channel depths. It can be seen that the
mass transfer coefficient is high for the cell with cross-section
2 mm � 2 mm. This is because the velocities and the species
diffusivities are high for the cell with 2 mmwidth and 2 mm depth.
The amount of air that flow into the channel is less due to small
hydraulic diameter of the channel. This small amount of air can
carry only a part of the total heat generated and hence the cell
temperature is high for the cell with cross-section 2 mm � 2 mm.
From equation (8) it can be seen that species diffusivities are
a function of temperature, higher the temperature higher the
species diffusivities. Since the cell temperature is high, the buoy-
ancy force is high and hence the flow velocities are high. Fig. 9(b)
shows the variation of average mass transfer coefficient with
current density for different channel widths. There is not much
difference in themass transfer coefficient in this case. Averagemass
transfer coefficients (0.005e0.025 m/s) are very low in this case
due to natural convection on the cathode side, which is one of the
Fig. 9. Variation of oxygen mass transfe
reasons why the performance of air-breathing fuel cells are limited
to low current densities.

3.4.4. Mass fraction of water vapor
Fig. 10 shows the variation of water vapor mass fraction along

the cell height.
Fig. 10(a) shows the variation of water vapor mass fraction for

a 2 mm width and 2 mm depth cell at current densities of 15 mA/
cm2, 100 mA/cm2 and 175 mA/cm2. Water vapor is generated in the
cathode catalyst layer due to electrochemical reactions and hence
the water vapor mass fraction increases along the cell height.
Higher the average current density, higher the water vapor gener-
ated due to the electrochemical reaction and hence the water vapor
mass fraction increases with increase in current density as seen in
Fig. 10(a). Fig. 10(b) shows the water vapor mass fraction variation
along the cell height for a channel width of 2 mm and for three
different cathode channel depths. Mass fraction of water vapor is
r coefficient with current density.



Fig. 10. Variation of water vapor concentration along channel height.
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high in the catalyst layer for the cell with 2 mm depth. When the
cathode depth is 2 mm the amount of air that enters the cell is less.
The water generated due to electrochemical reaction dilutes this
small amount of air and hence the mass fraction of water vapor is
Fig. 11. Relative humidity in t
high in this case. Fig. 10(c) shows the water vapor mass fraction
variation for a channel depth of 2 mm and for channel width of
2 mm, 4 mm and 6 mm. When the channel width is more, large
amount of air can enter the cell and hence less amount of dilution
he cathode catalyst layer.



Fig. 12. Temperature difference as a function of current density.
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takes place due to water addition. Fig. 10(d) shows the water vapor
mass fraction for the portion of the cathode catalyst layer that lay
beneath the channel and the rib. The mass fractions are more in the
catalyst layer that lay beneath the rib and these are the portions
where flooding is likely to happen.

Fig. 11 shows the average relative humidity variation with
current density in the cathode catalyst layer for different channel
widths and depths. A relative humidity value above 100% means
that the partial vapor pressure is above saturation vapor pressure
and hence the cell will flood due to liquid water formation. For all
the channel dimensions the relative humidity increases with
current density at low current densities and then continuously
decreases at higher current densities. Both water produced and
heat generated increases with increase in current density. At low
current densities the water produced dominates the increase in cell
temperature and hence the relative humidity increases with
increase in current density. Since saturation pressure is a non-linear
function of temperature, at high current densities the cell
Fig. 13. Cathode ch
temperatures are so high that the relative humidity continuously
decreases at high current densities.

Fig. 11(a) shows the variation in relative humidity for a channel
width of 2 mm. When the channel depth is 2 mm, the relative
humidities are very high and the chances of cell getting “flooded”
aremore. The relative humidities aremore than 100% for almost the
entire operating range of the fuel cell. Whereas, for channel depths
of 6 mm and 10 mm “flooding” can happen only at low current
densities. The relative humidities are less than 100% at medium and
high current densities indicating membrane dehydration to be the
major cause limiting the fuel cell performance. Fig. 11(b) shows the
variation of relative humidity for a channel width of 4 mm. For
channel depth of 2 mm, “flooding” can occur only at low current
densities. At high current densities water exists in vapor form as the
relative humidity is less than 100%. For channel depth of 6 mm and
10mm,water exists as vapor in the entire operating range of the fuel
cell. Fig. 11(c) shows the relative humidity variation for a channel
width of 6mm. The variation is similar to that of 4mmwide channel.
annel velocity.



Fig. 14. Net water transport coefficient.
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At current densities corresponding to peak power densities,
where the cells are expected to operate under practical conditions,
the relative humidities are less than 100% and hence cell doesn't
flood under those conditions.

3.4.5. Temperature difference
Fig. 12 shows the difference between the cell temperature and

the ambient as a function of current density. Temperature differ-
ence is very important as this is one of the two phenomena that are
responsible for buoyancy creation.

Fig. 12(a) shows the difference between the cell temperature
and the ambient temperature as a function of current density for
Fig. 15. Relative contribution of driving forces to buoyancy.
different channel depths. As the current density increases, more
heat is generated and hence the cell temperature also increases. For
the same current density it can be seen that the cell temperature is
high for the cell with 2 mm depth. Since the amount of air that
enters the channel is less, the heat that can be carried away is low
and hence the cell temperature is high. When the channel depth is
6 mm and 10 mm, the amount of air that enters the channel is high
and hence can take more amount of heat as it flows along the
cathode surface. Because of these reasons the cell temperatures are
low for channel depth of 6 mm and 10 mm. Fig. 12(b) shows the
temperature difference between the cell and the ambient for
different channel widths. In this case also the temperature differ-
ence is high for the cell with small channel width. As the channel
width increases the activation overpotential decreases and hence
Fig. 16. Effect of cell height.



Fig. 17. Cell characteristics.
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the irreversible heat generation decreases. Also as the air flow is
more, it can take up more heat along with it.

3.4.6. Velocity
Fig. 13 shows the variation of cathode channel velocities at mid

height of the channel.
Fig. 13(a) shows the cathode channel velocities for different

current densities and for the channel with dimensions 2 mmwidth
and 2 mm depth. The channel velocity increases with current
density. At higher current densities the heat generation and the
water vapor generated will be high. Thus the buoyancy force
induced will be more and hence velocity increases with current
density. It can be noticed from the graph that at the left end of the
graph which represents the GDLechannel interface the velocities
are non-zero indicating flow from the channel to the porous GDL.
These velocities are of the order of few millimeters per second.
Higher the current density higher is the velocity of flow into the
GDL. Fig. 13(b) shows the channel velocities for different channel
depths. The results shown are for an average current density of
100 mA/cm2. For channel depths of 6 mm and 10 mm the velocity
boundary layers are still in the developing stage and hence the
typical parabolic velocity profile is not visible in this case. Fig. 13(c)
shows the channel velocities for different channel widths. In this
case the velocity profile is parabolic in nature and hence flow is
fully developed. The velocities are higher for wider channels. When
the channel width is small the flow resistance offered by the
channel will be high due to smaller hydraulic diameter and hence
lower the velocity in the channel. The channel velocity is slightly
high for 4 mmwide channel than 6 mmwide channel since the cell
temperature is slightly high for 4 mmwide channel and hence the
buoyancy force is also high.

3.4.7. Net water transport coefficient
Fig. 14 shows the variation of net water transport coefficient

with current density. Negative values of net water transport
coefficient indicate that the net water transport is from cathode to
anode. As the current density increases the more and more water
moves from the cathode to the anode side of the fuel cell indi-
cating dominance of back diffusion over the electro-osmotic drag.
At very high current densities it can be observed that the net
water movement from cathode to anode starts decreasing indi-
cating that the electro-osmotic drag starts to dominate over back
diffusion.

3.4.8. Buoyancy forces
Buoyancy force that drives the flow through the cathode

channel is due to temperature gradient as well as the concentration
gradient between the cell and the ambient. The relative contribu-
tion of each of these driving forces is shown in Fig. 15. At lower
current densities the buoyancy force is mainly due to concentration
gradient, where as at higher current densities the contribution due
to temperature gradient is more.When the channel depths are high
the driving force is mainly the temperature gradient. As the channel
width increases the driving force due to temperature gradient
dominates the driving force due to concentration gradient.
3.5. Effect of cell height

Fig. 16 shows the effect of cell height on the performance of an
air-breathing fuel cell. The channel width and depth are 2 mm and
2 mm respectively. It can be seen that the performance increases
with decrease in cell height. The maximum power density
(210 mW/cm2) obtained is for the shorter cell. As the cell height
reduces the limiting current density increases.
3.5.1. Cell characteristics
Fig. 17(a) shows the current density distribution along cell

height. The plots are for an average current density of 100 mA/cm2.
As the cell height increases the non-uniformity in current genera-
tion increases along the cell height. Fig. 17(b) shows the variation of
oxygen mass fraction along cell height for different cell heights. For
shorter cells the non-uniformity in mass fraction is less when
compared to taller cells. This is because along the channel oxygen
gets consumed due to the electrochemical reaction and hence the
mass fraction decreases from bottom to top. Fig. 17(c) shows the
variation of mass transfer coefficient with current density. There is
not much difference in the mass transfer coefficient for different
cell heights. Mass transfer coefficient is slightly high for short cells
when compared to tall cells. Fig. 17(d) shows the variation of water
vapor mass fraction along the cell height. Water vapor mass frac-
tion in the cathode catalyst layer is high for taller cells and hence
chances of the cell getting flooded with liquid water also increase
with cell height. Fig. 17(e) shows the temperature difference
between the cell and the ambient for different cell heights. For the
same current density the cell temperatures are high for taller cells
when compared to shorter cells. This is because of the difference in
current generation in the cell and hence the heat generation. Also
the heat and mass transfer coefficients are high for short cells than
for tall cells. Fig. 17(f) shows the variation in cathode channel
velocity with cell height. Velocities are higher for taller cells as the
driving force is high in this case due to larger temperature differ-
ence. Fig. 17(g) shows the relative humidity in the cathode catalyst
layer for different cell heights. Results show that the cell can flood
at low and average current densities. At high current densities close
to peak power density, the relative humidities are less than 100%
and flooding doesn't occur at those current densities. Fig. 17(h)
shows the variation of net water transport coefficient with current
density. Negative value of net water transport coefficient indicates
net water transport from cathode to anode. As the cell height
decreases the amount of water getting transported from cathode to
anode decreases.

4. Conclusions

Following conclusions can be drawn from the present study:

1. The results show that the cell performance can be improved by
increasing the channel depth, channel width and by reducing
the channel height. All the three dimensions significantly affect
the cell performance. Increase in channel width may lead to
increase in contact resistance. It is recommended to increase
the channel depth or decrease the channel height for
increasing the cell performance of an air-breathing fuel cell.
Cell performance increased when channel depth was increased
from 2 mm to 6 mm and then decreased with further increase
in channel depth. Therefore there exists an optimum depth of
the channel beyond which the performance decreases with
increase in channel depth.

2. With a cathode channel depth of 2 mm the performance of the
cell is limited by the flow resistance offered by the channel,
whereas for channel depths of 6 mm and 10 mm the perfor-
mance is limited due to channel flow and diffusion resistance
offered by the porous media.

3. At low current densities cell is prone to flooding. At current
densities corresponding to peak power densities the cell
temperatures are very high and hence the cathode side relative
humidities are much lesser than the saturation level. At those
current densities, at which the fuel cell is expected to operate,
ohmic losses due to dehydration of the membrane contribute
significantly to the overall voltage loss. Since at medium and
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high current densities water exists only in vapor form, a single
phase study will be enough to study the performance of an air-
breathing fuel cell.

4. Rib width should be smaller for better performance of the cell.
Oxygen concentration is low in the catalyst layer portion that
lay under the ribs and hence the current generation is also
small. Since the water vapor mass fractions are high beneath
the rib they are more vulnerable for flooding.

5. Mass transfer coefficients of oxygen at the cathode
GDLechannel interface are low (0.005e0.025 m/s) which limit
the performance of air-breathing fuel cells to low current
densities. Increase in mass transport coefficient at the cathode
GDLechannel interface can significantly increase the cell
performance.

6. Both temperature and concentration gradient contributes
significantly to buoyancy induced flow.
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