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Abstract

An air-breathing polymer electrolyte membrane fuel cell bears many advantages, which are important for portable-power applications.
However, several barriers must be overcome before an air-breathing PEMFC achieve commercially wide-scale adoption. In this paper, with
emphasis on improving the performance of air-breathing PEMFC, the simulation and experiment has been done simultaneously. Considering
the natural convection in the cathode side, electrochemical reaction in the catalyst layer, water transport in the membrane, a coupled three-
dimensional complex model has been developed in this work. The parameters which greatly affect the performance of an air-breathing PEMFC
have been calculated for the base case such as the distribution of water and reactant, temperature and electrochemical performance. To validat
the numerical result, the experiment test system have been designed to investigate the temperature distribution and cell performance. The
results from this work show that the performance of air-breathing PEMFCs is strongly affected by natural convection feature. The concentration
losses play a major role on the cell performance. The ambient relative humidity also has significant effect on the cell performance. The fields
of water, temperature, velocity and electrochemical reaction have strong interaction on each others.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction sity is accordingly changed based on ideal gas’s law. The
heated fluid becomes less dense and flows upwards, while
Small fuel cells have provided significant advantages in packets of cooled fluid become denser and sink because of
portable electronic applications over conventional battery buoyancy force. Therefore, the air in the ambient is induced
systems. However, the typical polymer electrolyte fuel cell into cathode channel like a breath and the cathode reactant
system with its heavy reliance on subsystems for cooling, is replenished. The convection caused by temperature differ-
humidification and air supply would not be practical in small ence or concentration gradient is called natural convection or
applications. The air-breathing polymer exchange membranefree convection. The PEMFCs in which the air is breathed into
fuel cells (PEMFCs) without moving parts (external humidi- cell by natural convection is so called air-breathing PEMFCs.
fication instrument, fans or pumps) are one of the most com- However, there are several problems should be envisaged to
petitive candidates for future portable-power applications. An attain a commercially viable portable-power generation sys-
air-breathing PEMFC design in our laboratory isillustrated in tem for air-breathing PEMFCs. In the natural convection,
Fig. 1L When this cell is working, the heat generated due to ir- the velocity profile depends on temperature and concentra-
reversibility of fuel cell. Meanwhile, the oxygen is consumed tion gradient which affected by electrochemical reaction and
and water is produced in catalyst layer. The gas mixture den-material properties. When the air flow rate in the cathode
channel is insufficient due to weak natural convection or the
* Corresponding author. Tel.: +82 42 860 3506: fax: +82 42 860 3739,  liquid water exists in cathode channel and diffusion layer so
E-mail addresswy82lee@kier.re.kr (W.-Y. Lee). that the gas way for oxygen transport is blocked when cell
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Nomenclature

specific area for control volume ém~3)
coefficient in concentration over potentia
equation

specific heat capacity at constant pressu
(K 'kg™)

effective diffusion coefficient of water in the
membrane

Faraday'’s constant, 96,487 C/equivalent
gravity (ms2)

mass transfer coefficient (M%)
local current density (A cim?)
concentration  limiting  current
(Acm™2)

exchange current density (A crf)
effective thermal conductivity
hydraulic permeability (cH)
characteristic length (m)

mass fraction

molar mass of gases (kg ma
electro-osmotic drag coefficient
gas constant, 8.314 JmalK 1
source term in governing equation
Sherwood number

membrane thickness (mm)
temperature (K)

velocity (ms™1)

voltage (V)

open circuit voltage (V)

Cartesian coordinates

density|

Greek letters

net water transfer coefficient per proton
changein..

porosity

over potential (V)

dynamic viscosity (kg m®)

density (kg nr3)

Superscripts and subscripts

anode
activation
ambient
cathode
concentration
hydrogen
water

Ohmic losses
oxygen
momentum source
vapor

water

re

working at high ambient humidity, the oxygen consumed in
catalyst layer could not be replenished. Thus the performance
of air-breathing PEMFCs could be greatly diminished due
to concentration losses. From previous research it is proved
that the concentration losses due to oxygen transport limita-
tion are much higher than typical forced convection PEMFCs
[1-6]. Water management is another problem which greatly
affects performance of air-breathing PEMFCs. When the air-
breathing PEMFC works at low humidity, because the all
water source is only from the water product in cathode re-
action and air humidity, the membrane is easy to be dehy-
drated in anode side. And then the proton transfer resistance
strongly increases because of low protonic conductivity of
membrane. Reversely, when air-breathing working at high
ambient humidity, the vapor water condensed into liquid and
then blocks the gas way resulting in serious oxygen trans-
port limitation. To further the development and improvement
of the air-breathing PEMFCs, understanding the phenomena
inside cell through the experiment and numerical calculation
is apparently significant.

In previous studies, many pioneers have contributed
to the modeling of fuel cells. Most early studying is one-
dimensional (1D) or two-dimensional (2D) floWg—13]
Undoubtedly, those works have provided useful insight
and fundamental understanding, but primarily analytic and
required a number of simplifications. The full solution for
fluid dynamics and thermodynamics equations could not be
included in those models due to limitation of numerical tech-
nigques. To predict the performance of fuel cells, investigate
the operation of fuel cells and optimize the distribution of
gas, recently some 3D models have developed and solved in
different extent of complexity including single or two-phase
modeling [23,24] in several papers using the methods of
computational fluid dynamicd4—19] However, surveying
available literatures, few Papers addressed to modeling
of the air-breathing PEMFC. Schmit20] developed a
two-dimensional isothermal model, and discussed the
different channel opening ratio’'s effect on the fuel cell's
performance. Li et al[21] studied mass transfer in a free
convection PEMFC using theoretical analysis being analogy
with heat transfer and experiment testing to investigation the
effect of mass transfer on cell performance.

The objective of this paper of this study is to develop a
three-dimensional model to account for the effect of flow
dynamic, heat/mass transport and electrode kinetics on the
performance of an air-breathing PEMFC. The model is vali-
dated via single cell experiment testing performed in fuel cell
center of KIER.

2. Mathematic models

Modeling of an air-breathing PEMFC is challenging,
because the processes involve many coupled physical
phenomena such as multi-component, multi-dimensional
flow, heat and mass transfer with electrochemical reactions,
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Fig. 1. Geometry of an air-breathing PEMFC.

natural convection in cathode, conjugate heat transferfor vapor water transport from anode to cathode in the fuel
between fluid and solid, and transport in porous medium. cells is considered: (i) electro-osmotic drag, which is cause
A better understanding of these transport processes willby proton transport from anode side to cathode side of the
provide efficient water management, alleviate mass transportmembrane; (ii) back-diffusion, which is due to the concentra-
limitation, and improve cell performance. All equations tion gradient of water created by water generation in cathode

included in this model are presented below. reaction.
To minimize the complexity of modelitis assumed that the
2.1. Governing equations gradient of water concentration across the membrane can be

approximated by a single-step linear difference between the
In the gas flow field, the flow is laminar steady state flow. concentration in cathode and in anode because the membrane
The governing equations of fluid flow represent mathematical in this studying is enough thin. The final expression net water
statements of the conservation laws of physics. Consideringmolecular per proton flux can be yielded as:
special coupled electrochemistry here, all governing equation
and source term is summarizedTiable 1 o = "0~ FDw(Cw.c — Cw.a) @

The momentum equation and energy equation are coupled Itm
via equation of state of ideal mixtures.

Here the diffusion coefficient, electro-osmotic coefficient

o= P 1) depends on water content in membrane that is decided by
RT (Z Xm/Mm) water activity. The detailed equations have already developed
In governing equatiors,is porosity for porous medium. It by Springer et alf9)].
is 0.4 for diffusion layer, 0.28 for catalyst layer, and 1.0 for
other region. 2.3. Electrochemical equations
2.2. Water transport in membrane In this model activity over-potential in catalyst layer,

ohmic resistance in membrane and oxygen transport lim-
Water exists in the form of vapor when the air-breathing ited over-potential in cathode reaction layer are involved
PEMFCs working in low ambient humidity. Two mechanisms in voltage losses. The detailed equation is described as

Table 1
Summary of governing equations in MEA
Conversation equation Source term
GDL Anode catalyst layer Cathode catalyst layer MEM
Mass V - (epu™®) = Sm 0 SH, + S,a_"zo So, + Sﬁzo 0
Momentum V. (ouu®®) = —-VP+V - (uVu®)+ Sy —% - ",fp - "L‘p 0
IM, A
Ha V- (somp,u™®) =V - (DﬁfszpmHz) + SH, 0 - szg = 0 . 0
0, V- (epmo,u™) = V - (DHV pmoy) + So, 0 0 —— 0
H.0 V- (epmuy0u™) = V - (D 5V pmo,) + So, 0 88 = —MyAnal/F S5 = —IMo,Aco/AF + IMyAcy/2F 0
+alMyAq/F

Energy V - (eocpu®T) = V - (k*TVT) + St 0 I1na Inc 1nm
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Table 2

Values for parameters and boundary condition used in the model

Parameters Symbol  Value Parameters Symbol  Value

Porosity in carbon paper and catalyst layers 0.4,0.28 Cathode channel height and width he, we 0.3cm

Average current density lavg 0.15AcnT? Relative humidity in air & 63% RH

Ambient temperature, pressure Th, P 299K, 101325 Pa Membrane dry density Pdry 1840kg nt3

Anode channel width, height wa, ha 0.1cm Membrane dry equivalent weigh Mary 1100 kg kmot?

Hy inlet temperature Ta 299K Membrane thickness tm 0.00508cm

H> flow rate in inlet Nh, 7.1986-08kgs !  Thickness of diffusion layer, catalyst layer tg, ts 0.026 cm, 0.001cm

Permeability in GDL ) 1.8E-18n? Oxygen/nitrogen ratio in air e 0.21/0.79

Permeability in catalyst layer Ko 1.76E-12n? Cathode channel length [ 47 mm

following: 2.5. Solution algorithm

Ve = Voc — Nact — Nohm — fconc 3) The governing equations and appropriate boundary con-

ditions were implemented and solved in commercial Com-

Dot = RT @) putational Fluid Dynamics software STAR-CD V3.15A that

act =

0.5F In(1/1°Po,) employs a finite volume formulation. All processes were op-

erated in LINUX. MARS (monotone advection and recon-

_tml ) struction scheme) and SIMPLE algorithm was used to solve

lohm = om the governing equations. The governing equations for elec-
trochemical reaction in the MEA and water transportin mem-

neonc = BT I <1 _ 1) 6) brane were simultaneously squed b_y user ;ubroutine inform
lim of FORTRAN code based on finite differential approach. The

) ) o source terms for mass and energy conservation equations
The dimensionless oxygen mass transfer coefficient Sher-yere calculated by a given value of average current density

wood number is calculated by: and estimated over-potential at the first. And then the mole
4021 fraction, temperature, and other parameters in fluid field were

Sh = - (7) obtained from the solution in STAR-CD, which were used to
Do, calculate the local current density, over-potential and net wa-

ter transport molecular in membrane for next iteration. Then
the source terms were upgraded using these calculated lo-
cal current density and over-potential. These processes were
< iterated until the residuals agree with the specified values.

At the limiting current density an electrochemical sys-
tem is under mass transport control. A surface concentration
of zero corresponds to the limiting current density condi-
tion, and then the limited current density equation become
[22]:

3. Experimental

4FDo,cg) Sh
- L 8) The aim of this experiment study is to demonstrate nu-
merical calculation for an air-breathing PEMFC. The perfor-
mance of the fuel cell was characterized with polarization and
current transient measurements. Because the temperature is

The numerical domain used here include full single cell vital parameters for natural convection, the temperature in
geometry region. In the cathode side, air is induced into cath- the anode plate and cathode carbon paper surface were also

ode channel from bottom opening and discharged from the €Sted-

top vent by natural convection. It is evident the velocity and 3 1 Experiment preparation

pressure values at the inlet and exit sections are not known

a priori. Hence computation domain was extended well be-  Fig. 1 shows the schematic of the air-breathing PEMFC
yond the geometrical configuration to free boundary condi- and temperature test position, the structure of the single cell
tion where the pressure must be equal to that of the undis-includes end-plates, gas flow distributor, current collectors,
turbed environment. The computation domain except the realmembrane electrode assembly (MEA). The gas distribution
physical domain is called reservoirs. The minimum vertical plate is made of stainless steel. The material of anode and
and horizontal size of reservoirs has been estimated as showiiathode end plate is aluminum. The gas distribution plates
in Fig. 1 The hydrogen flow rate in the inlet was calculated play a role as a current collector and flow field plate for
based on average current density and hydrogen stoichiometpxygen and hydrogen. The thickness of end plate is rela-
ric. Other detailed boundary condition used in the model can tjye thick to enable the measurement of cell performance and
be found inTable 2 temperature. For the single cell testing, the small thickness

L

2.4. Boundary and initial conditions
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Fig. 2. The schematic test system for an air-breathing PEMFC.

of end plate results in great internal resistance between MEAin the channel when the experiment is doing. Therefore, there
and plate. Thus the performance of cell strongly decreasedis not liquid water block in the channel and back diffusion
due to this contact resistance. The thickness of endplate islayer. From the results it can be seen that the cell operated
15mm, and internal resistance of 4T2mvas demonstrated at 53% RH has better performance in the mass limitation re-
through testing after preferable assembling. The temperaturegion (high current density). In this case, the oxygen transport
was measured with a temperature thermal couple located inlimitation mainly caused by weak natural convection but not
a hole drilled into the end plate and gas flow plate of cath- liquid water blocking. The performance for low current load
ode side. The 34 cfractive area MEA consisted of a Nafion  is improved when the ambient air humidity increases. When
112 and two electrodes, each comprising a catalyst layer andthe relative humidity of air is 63%, the performance is better
a gas diffusion layer. The catalyst layer contains dispersedthan 53% RH at low current load, but then it is decreased
platinum with a loading of 0.3 mgcnf. The gas diffusion due to liquid water effect. The most liquid water exists in
layeris carbon paper. The gas flow channel in cathode is com-diffusion layer and blocks the gas way from channel to ar-
posed of 23 uniformly straight parallel channels with width rive to reaction layer. However, when the air humidity rises
and thickness of 0.3 cm. Anode flow channel designed in ser-up to 77%, the liquid water can be observed in the cathode

pentine as-ig. 1 with square area of 0.1 cm0.1cm. channel and diffusion layer surface. The liquid water exists
in the form of small dew at first, and then it grows up to big
3.2. Measurement procedure dew blocking the gas way, at this time it can be seen that

the performance suddenly decreases. Fortunately, only short

All experiments were carried out in a fuel cell test facility time latter the water become a water film and then drop down
Hewlett Packard 34970A Data Acquisition/Switch unit made due to gravity forces because the cell arranged in vertical po-
by HP corp., which is designed to be mated with the 1 kW sition, while the performance sharply rises up. Therefore, in
electronic loads and HP VEE pro 6.0 program. A laptop was the case of high air humidity, liquid water also plays a great
used to control the test station and to record the measurementole in oxygen transport limitation. As a result that the tran-
data through VEE pro 6.0 software. Dry hydrogen was fed Sient performance of cell is really unstable when operated at
to the anode. The stoichiometry of 1 is used for hydrogen high humidity. These phenomena can be proved from tran-
flow rate. The air-supply to the cathode was spontaneoustSiem test results of the voltage and currenFig. 4. In the
obtained by natural convection from environmental air. To region marked in a circle when time start from to 300 min,
test the distribution of temperature, the T type thermal cou- it can be seen that the voltage suddenly decreases and then
ples were positioned to contact the cathode diffusion layer,
the endplate and cathode plate were machined eight holes tc
insert the thermal couple, the position are illustratefig 1
The experiment test system is illustrated-ig. 2.

<4

4. Results and discussions % 12 &
g g

4.1. Experiment results S " &

/ I I N vt PR
The results from the performance measurements are pre- —®—RH=77% - 1

sented irFig. 3. Effects of ambient humidity can be observed |/ fin=53% "

from the curves of voltage and power versus current density, N

when the ambient humidity is low at 53%, the performance is 0 50 100 150 200 250 300 a0

low due to low humidity in membrane at low current density, Current density (mA.cm™)

but improved when the current load increases and membrane
is well hydrated. In this case the liquid water never observed Fig. 3. Cell performance for different operation conditions.
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Fig. 6. Temperature profile tested from diffusion layer when humidity is
Fig. 4. Transient voltage and current vs. time when ambient humidity is /7% ambient temperature is 26 (°C).

77%.

increase latter due to liquid water effect. But these phenom-
ena are never found in the case of ambient humidity of 63%
(Fig. 5. Another reason to explain that the high performance
can be obtained by operated at high humidity is temperature
effect that can be found iRig. 6andFig. 7. Comparing these

two, the higher temperature was found for 77% RH at same —
current load because condensation of vapor water releases
much heat. The temperature difference is the driven force
for natural convection. Therefore the natural convection is
enforced, and thus performance is improved. However, it is
extremely unstable at high humidity.

For the case of temperature test, it can be seen from
Figs. 6 and 7hat the highest temperature can be found in
the bottom of side channels, position 7, and 8. This can be
explained from the polarization and current density distribu-
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tion. In these places near the intake of cathode channel, therig. 7. Temperature profile tested from diffusion layer when humidity is
chemical reaction should be stronger than other regions be-63%, and the ambient temperature is’@5(°C).

cause enough oxygen supply. And in the side which is near
the anode inlet and outlet, the hydrogen is rich in the inlet re-
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63%. sults.

B Numerical results
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Comparison between the numerical prediction and experimental re-
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Fig. 9. Current density distribution in catalyst layer surface.
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Fig. 10. Temperature distribution in the surface of carbon paper in the side of contacting with cathode gas ¥@annel (

§ NN

gion, and membrane is well hydrated near the outlet region. numerical model with experiment results The black line in

Hence the electrochemical reaction is strongest. Fig. 8represents the experimental data, square symbols are
predicted results. It shows the numerical results agree well
4.2. Calculation results with experiment. Some difference between them is because

in the experiment the performance is affected by the ambient

The fuel cell terminal voltage is calculated for series of air condition strongly, and the air condition is not easy to
cell current density based the above model and boundarybe controlled. Hence the air condition when the experiment
condition inTable 2 Fig. 8 shows the comparison of the re- Wwas doing is a little different from the calculation operation
lationship between cell voltage and current density from this condition, which is also as a result from electric resistance

0.3420
0.3376
0.3333
0.3289
0.3246
0.3202
0.3159
0.3115
0.3071
0.3028
0.2984
0.2941
0.2897
0.2854
0.2810

Fig. 11. Limiting current density distribution in catalyst surface (mAéjn
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0.1769
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0.1761

Y.

-

Fig. 12. Oxygen mole fraction distribution in cathode catalyst layer.

in other component which did not take into account in the also proves that the numerical calculation well agree with
numerical model. Comparing with the typical PEMFC polar- the experimentFig. 10is distribution of calculated temper-
ization curve, it is evidential that the concentration losses of ature in the surface of diffusion layer that is close to cathode
air-breathing PEMFC is much serious due to oxygen masschannel. It is almost same as the experiment results. Highest
limitation. temperature is in the bottom of furthest left and right side air
Fig. 9 shows the current density distribution. Comparing channel.

with temperature distribution obtained from experiment in Fig. 11is calculated limiting current density distribution.
Fig. 7. The places where the tested temperature is high havelt can be observed that the in the regions near the air intake
higher current density (position 7 and 8). That means the and vent and channels closing to anode inlet and outlet have
electrochemical reaction is stronger there. These observatiorbetter oxygen transportation. The lowest limiting current den-
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0.2702E-04

Fig. 13. Air velocity profile in cathode channel (m1.
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Fig. 14. Concentration losses distribution due to oxygen limitation (V).

sity is 281 mA cnm2. That means the cell cannotwork beyond  cell performance. The model can be easily used as a design
this current density because oxygen is used up in some arealool for air-breathing PEMFCs in the future.
Fig. 12is oxygen mole fraction in cathode catalyst layer.
It is lower than in ambient air and channel because of con-
sumption in electrochemical reaction and insufficient natural Réferences
convection. In the side channel the oxygen mole fraction is
higher due to stronger natural convectiing. 13is air ve-
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