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In this paper, a three dimensional, mathematical model for the analysis of the mass transfer of fuel (H,) and oxidizer (O,) in
a polymer electrolyte fuel cell (PEFC) with solid, porous bipolar plates was developed using a commercial computational fluid
dynamics code, Fluent® 6.3.26 and a CAD system CATIA®. Simulations were carried out for various permeabilities from
10° m? to 10> m” in the porous ceramic materials of the bipolar plates. By using a porous medium with a low permeability
in the bipolar plates, it was possible to attain a higher and well-distributed current density compared to cases with a
permeability of zero due to enhancement of the reaction area accessible by gas reactants. However, with an increase of
permeability in bipolar plates from 107> m? to 10~ m?, the average current density decreased from 0.8497 A/cm’ to 0.8073 A/
cm’ due to leakage of gas reactants. Consequently, an optimal permeability of bipolar plates was obtained as 4.51x10"° m” from
the standpoints of leakage and distribution of gas reactants.
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Introduction and the cathode bipolar plate on the cell performance
was studied with the model developed. Through this
A single cell of a polymer electrolyte fuel cell system study, our main goal was to obtain an optimum value
consists of nine layers: anode bipolar plate, anode flow of the permeability level in bipolar plates in order to
channel, anode gas diffusion layer, anode catalyst layer, increase the uniformity in distribution of reactant species
proton exchange membrane, cathode catalyst layer, and current density over the active area.
cathode gas diffusion layer, cathode flow channel and
cathode bipolar plate [1]. PEFCs use bipolar plates to Mathemtical Model
conduct electrons generated by an electrochemical
reaction. As there are no materials that have zero-per- In our present research, as illustrated in Fig. 1, a single
meability, some investigations have been accomplished straight-channel, three dimensional polymer electrolyte
by mathematical modeling of a PEFC which regard fuel cell system was considered as the computational
bipolar plates as another flow path as gas diffusion domain. For numerical convenience, mathematical model-
layers [2, 3]. ing was performed with a single straight-channel poly-
In terms of a flow-field design, it is very difficult to mer electrolyte fuel cell. The modeled region consists
optimize the shape and size of a flow channel and of two bipolar plates, two flow channels, two gas
bipolar plates since there are many factors which affect
the cell performance such as the different materials ACH z
used in bipolar plates [3], channel/rib ratio [4], and ABP / xi
channel path length [5]. For this reason, it is a decisive
point to set up these design parameters at optimum
values in order to enhance the cell performance at fixed AGDL
operating conditions.
In this paper, a model development of a steady-state, MEA —
three-dimensional mathematical model for PEFCs was
performed. Pointing at terms of flow-field design, such CGDL
as the gas permeability effect in the anode bipolar plate
CBP
*Corresponding author: L\l: CC‘I-.IH
Tel : +82-2-2220-0481
Fax: +82-2-2298-5147 Fig. 1. Schematic of a single straight-channel polymer electrolyte
E-mail: scyi@hanyang.ac.kr fuel cell.
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diffusion layers, two catalyst layers, and an electrolyte
membrane. We adopted a single-domain approach,
which take governing equations (1) to (4) into account
through all nine regions.

Model Assumptions

The proposed model includes the following assump-
tions: (i) ideal gas mixtures, (ii) incompressible and
laminar flow due to small pressure gradients and flow
velocities, (iii) homogeneous porous gas diffusion layers
and catalyst layers, (iv) a constant cell temperature
condition, (v) a highly electron-conductive solid matrix,
and (vi) a negligible volume of liquid-phase water in
the domain.

Governing Equations

In the present paper, a single-domain model formation
was used for the governing equations, which are valid
for all the sub-regions used. Therefore, no interfacial
conditions are used at interfaces between the compo-
nents of the cell. Under the foregoing model assump-
tions, the governing equations can be written as below:

(V-pu)=0 (1)
—V-(puu)=-VP+V-(uVu)+s, 2

(£

V-(uC)=V-(Dj"VC)+S, 3)

V- (KV®D,)+55=0 )

The mass conservation equation is shown as Eq. (1),
where p is the density of the gas mixture. According to
the preceding assumption (ii), mass source/sink terms
are ignored.

The momentum equation is shown as Eq. (2), where
¢ is the effective porosity inside porous mediums, and
M is the viscosity of the gas mixture. The momentum
source term, S,, is used to describe Darcy’s drag for
flow through porous gas diffusion layers and catalyst
layers [6] as:

U

S, o ®)
where K is the gas permeability inside porous mediums.,

The species equation is shown as Eq. (3), where D,e(ff
is the effective diffusion coefficient of species k (e.g.
hydrogen, oxygen, nitrogen and water vapor) and is
defined to describe the effects of porosity in the porous
gas diffusion layers and catalyst layers by the Brugge-
man correlation [15] as:

e e 15
DY=(&" "D, (6)
In addition, the diffusion coefficient is defined as a

function of temperature and pressure [11] by the follow-
ing equation:
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Table 1. Transport properties [11]

Property Value
1.10x10™* m%s

H, diffusivity in the gas channel, D},
0, diffusivity in the gas channel, D}, 3.20x107° m%s
H,0 diffusivity in the gas channel, D?,lo 7.35x107 m%/s
H, diffusivity in the membrane, Dy 2.59x107'" m%/s
O, diffusivity in the membrane, Dj,." 1.22x107'" m%/s

of T 32 PO
peol(7) (7) 7
=Dilr) (7 )
Transport properties for species are summarized in
Table 1.
The charge conservation equation is shown as Eq.
(4), where «; is the ionic conductivity in the ionomeric

phase and has been correlated by Springer et al. [13]
as:

1
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where water content in the membrane, A, is defined as
the number of water molecules per sulfonate group
inside the membrane. The water content can be ex-
pressed as a function of the water activity, a, by the
following fit to experimental data [14]:

Ke=exp[1268( 1Tﬂ(0.005139/1—o.00326) @®)

2=0.3+6a[ 1 —tanh(a—0.5)]+3.9 J;[Htanh(aaoz.?n )

where the activity, a, is calculated by:
_C,RT
a Psaf

By the Bruggeman correlation [15], the proton conduc-
tivity in the catalyst layers is defined as:
=" (11)

m e

(10)

where g, is the volume fraction of the membrane-phase
in the catalyst layer.

The source/sink terms, Sy, Sg, in Eq. (3) and (4) over
nine regions of the domain are given in Table 2.

Using the electrolyte-phase potential, ®,, obtained

Table 2. Source/sink terms for momentum, species, and charge
conservation equations for individual regions

Momentum  Species Charge
Bipolar plates S.=— ]'l—é u S=0 Se=0
Flow channels S,=0 S=0 Se=0
Gas diffusion layers S,=— ]'l—é u S=0 Se=0
Catalyst layers S,=0 Sk=-V- (%‘J[) —% So=j
Membrane S,=0 Sk=-V- (%11) Se=0
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from Eq. (4), it is possible to calculate the electrolyte-
phase potential gradient in the membrane. Finally, the
local current density in the membrane can be obtained
from:

=KV, (12)

Then the average current density is calculated as
follows:

1
Lo Lm IdA (13)
where A4 is the active area over the MEA.

Water Transport

In polymer electrolyte fuel cells, due to the properties
of polymer electrolyte membrane, the water molecules
are transported via electro-osmotic drag in addition to
the molecular diffusion. Water molecules are transport-
ed through the polymer electrolyte membrane by the
H' protons, and this transport phenomenon is called
electro-osmotic drag. In addition to the molecular di-
ffusion and electro-osmotic drag, water vapor is also
produced in the cathode catalyst layer due to the oxy-
gen reduction reaction.

Water transport through the polymer -electrolyte
membrane is determined from the following conserva-
tion equation:

mem em n .
V-(DyoV HEO)—V-(F@:O (14)

where n, and Dy, are the water drag coefficient from
anode to cathode and the diffusion coefficient of water
in the membrane phase.

The water drag coefficient is defined as the number
of water molecules transported by each hydrogen pro-
ton H'. The water drag coefficient can be determined
from the following equation [14]:

nd:{ 1 A<9 (15)
0.1174-0.0544 A>9

The diffusion coefficient of water in the polymer
membrane is highly dependent on the water content of
the membrane and is obtained by the following fits of
the experimental data [17]:

pren_) 3.1x107 (" =1)e™ D for 0<A<3 (16)
4.17x10°2(1+161e )" otherwise

Boundary Conditions

Eq. (1) through (4) form the complete set of govern-
ing equations for the conventional mathematical model.
Boundary conditions are only required at the external
boundaries due to the single-domain model approach
used in this model. The no-flux conditions are applied

for mass, momentum, species and potential conser-
vation equations at all boundaries except for inlets and
outlets of the anode and cathode flow channels. At the
flow channel inlets, inlet velocities and the species
concentrations are specified as:

) _é,a]re MEA u. _é’clre MEA
M2 Ay AC, F A,

where .., is the reference current density and ' is a
stoichiometric ratio, which is defined as the ratio
between the amount supplied and the amount required
of the fuel based on the reference current density. The
species concentrations of flow inlets are determined by
the humidification conditions of both the anode and
cathode inlets.

u

(17)

Numerical Procedures

In this research, mathematical modeling and simu-
lation of a three dimensional PEFC were performed
with a commercially available CFD code, FLUENT.
However, since FLUENT does not present an electro-
chemical modeling module, whole governing equations
except the momentum conservation equation were
solved using User Defined Functions (UDFs).

It should also be mentioned that although some
species do not flow in certain regions of the PEFC, the
species transport equations can still be applied through-
out the entire computational domain using the large
source term technique originally proposed by Voller
[16].

Approximately 112,000 computational cells were
found to be adequate and used for all simulations. Over
400 iterations, about one-hour iteration time, were
taken to reduce each residual value below 10°%.

Results and Discussion

Model validation

Validation of the proposed model was carried out by
a comparison with the experimental data of Wang et al.
[9]. As mentioned above, the system is a single straight-
channel PEFC and the geometric parameters are given
in Table 3. Operating conditions were specified as a
cell temperature of 70°C, a pressure of 3 atm for the
anode and cathode side, and fully humidified inlet

Table 3. Geometric Parameters of PEFC [9]

Dimension Value

Gas channel length 7.0x107 m
Gas channel width and depth 1.0x107 m
Bipolar plate width 5.0x10™ m
Gas diffusion layer thickness 3.0x10*m
Catalyst layer thickness 1.29x107° m
Membrane thickness 1.08x10™* m
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Fig. 2. Measured and predicted cell polarization curves at 70°C
and 3 atm, fully humidified inlets at 70°C, and an anode/cathode
stoichiometry ratio of 1.8/1.4 at 1.5 A/em>.

species at the given cell temperature. The multi-compo-
nent mixture fluid velocities at the anode and cathode
inlets have constant values corresponding to an anode/
cathode stoichiometric ratio of 1.8/1.4 at the fixed
reference current density of 1.5 A/cm?.

Figure 2 shows a comparison of the calculated
polarization curve and the experimental data. The pre-
dicted polarization curve shows good agreement with
the experimental data.

Investigation of the bipolar plate (BP) permeability
effect on cell performance was performed using the
proposed model. Simulations were carried out from a
BP permeability of 107* m* to 10 m? to obtain an
optimal BP permeability, which enhances the cell per-
formance by reaching a homogeneous current density
distribution.

Effect of permeability levels of porous ceramic BP

Figure 3, 4, and 5 show velocity contours of the
mixture fluid in the ABP and ACH when permeability
values of the ABP are 1072 m?, 107! m?, and 10 m?
respectively. A high permeability level indicates a
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Fig. 3. Velocity contour in the anode flow channel when BP
permeability is 10712 m?.
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Fig. 4. Velocity contour in the anode flow channel when BP
permeability is 107" m>.
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Fig. 5. Velocity contour in the anode flow channel when BP
permeability is 107 m?.

tendency to loose fuel from the flow channel. In the
case of a highly porous ceramic bipolar plate, the gas
fuel has a greater chance to leak out of the ACH, and
hence promote a mass transport limit due to fuel
reduction. These three figures show the gradual de-
crease of velocity of the mixture fluid in all of the
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Fig. 6. Velocity contour in the cathode flow channel when BP
permeability is 1072 m?.
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Fig. 7. Velocity contour in the cathode flow channel when BP

permeability is 107" m?.
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Fig. 8. Velocity contour in the cathode flow channel when BP
permeability is 1078 m?.

ACH with an increase of gas permeability. Figure 6, 7,
and 8 are the velocity contours of the mixture fluid in
the CBP and CCH. These figures show a similar
tendency to the anode flow-field. With these results, it
can be concluded that a low gas permeability level is
required at BP for the purpose of maximizing fuel gas
usage. As a result, zero gas permeability at BP is the
optimal value.

However, there is another factor to consider in
optimizing channel design based on the concept of the
gas permeability. This is maximizing the usage of
active area, which is the effective gas/catalyst contact
area out of the total electrode area. Maximizing the
active area can increase unused gas/catalyst contact
area. Since the shape and size of the flow channel are
fixed, a valid gas permeability value can be quite an
important factor in increasing the active area. Figure 9
shows four simulated results with our model. A dashed
line shows the tendency for the average current density
value to decrease with a decrease in gas permeability.
This tendency is closely related to the reason given
above. However, what should be noted is that there is a
threshold point between 10'° m* and 10~° m”. An opti-
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o 0 905 Asem:

Average Current Density : 0.8205 A/em?
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Fig. 9. Calculated current density at various permeability values of
porous ceramic bipolar plates.

PATH 1

PATH 1 *'
CCH

Fig. 10. Gas transport pathways in porous ceramic BP.

mal value of gas permeability is zero from the view-
point of fuel usage but the graph shows an exceptional
case. An average current density value at 107'? m? is
higher than that of a non-porous flow-field. This excep-
tional result is due to usage of the active area.
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Fig. 11. Current density distribution when a non-gas-permeable
BP is used.
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Fig. 12. Current density distribution when the BP permeability is
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Figiolfa.2 Current density distribution when the BP permeability is
107" m".

Figure 10 shows the pathways of hydrogen and oxy-
gen from the flow channel/bipolar plate to the gas
diffusion layer. If the bipolar plate is made of non-
porous material, hydrogen and oxygen diffuse only
through path 1, which is the direct path from the gas
flow channel to the gas diffusion layer. However, both
paths 1 and 2 should be considered if a porous ceramic
material is used. Path 2 stands for an additional path-
way to the gas diffusion layer. If the fuel gas has a
greater chance to be distributed with an increase of
pathways, this means it is possible to use a larger
interfacial area between the gas diffusion layer and the
catalyst layer. However, more chance to diffuse through
path 2 also means more chance to be well distributed.
Consequently there is an optimal range in maximizing
the active area with the compensating fuel leakage.
Figure 11 shows the local current density distribution
on a catalyst layer when a non-porous flow channel is
used. As shown here, the local current value close to
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Figé 142. Current density distribution when the BP permeability is
107° m".

the rib is lower than that of the groove. This means the
electrode area close to “PATH 1” (see Fig. 10) is not
used efficiently.

Figure 12, 13 and 14 show the calculated current
density distributions on a catalyst layer with different
gas permeabilities. Among these results, Fig. 12 shows
the most well-distributed current density. This means
fuel leakage and flow distribution are not efficiently
controlled with an increase of permeability.

Conclusions

A three dimensional, isothermal and steady-state
mathematical model for a polymer electrolyte fuel cell
(PEFC) was developed based on the single-domain
approach. From a comparison with experimental polari-
zation curve data [9], the developed model was validat-
ed under cell temperature and pressure conditions of 70
°C and 3 atm. Using this developed model, simulations
were carried out using various permeabilities of the
ceramic materials in the flow-field ranging from 107 to
10" m% With low gas permeability in the bipolar
plates in the flow-field, it was possible to get a high
and well-distributed current density compared to non-
gas-permeable bipolar plates. However, the average
current density value gradually decreased with an
increase of gas permeability in the rib. Although zero
gas permeability might be the optimal value from the
viewpoint of fuel usage, we could deduce that a low
gas permeability into the rib helps the cell performance

and current distribution, since proper gas permeability
can increase the active area. Consequently, we could
deduce that there is an optimal permeability value in
every design of flow-field; the value was 4.51x10~° m?

and corresponding current density of 0.8205 A/cm? in
this study.
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Nomenclature

List of symbols

a : water activity

A.,  :specific surface area

ABP : anode bipolar plate

ACH : anode flow channel

AGDL : anode gas diffusion layer

ACL : anode catalyst layer

BP  :ipolar plate

C : molar concentration [mol/m’]

CBP : cathode bipolar plate

CCH : cathode flow channel

CGDL: cathode gas diffusion layer

CCL : cathode catalyst layer

D : mass diffusion coefficient [m%/s]

F : Faraday constant [C/mol]

I : local current density [4/m?]

I, : exchange current density [A/m?]

B : hydraulic permeability [m?]

M :molecular weight (or equivalent weight) [kg/
mol]

N4 : electro-osmotic drag coefficient

P : pressure [Pa]

PEM : proton exchange membrane

R : universal gas constant [J/mol-K]

t : thickness [m]

T : temperature [K]

U : velocity vector

Ve cell voltage

V,.  :open-circuit voltage

X : mole fraction

Greek Letters

o : net water transfer coefficient

n : local overpotential [V]

A : water content

Yol : density [kg/m’]

7 : viscosity [kg/m-s]

o : proton conductivity [S/m]

Superscripts

op

Operating

375

K : Surface

sat  : Saturated
Subscripts

a : Anode

c : Cathode

i : Species

k : anode or cathode
m : Membrane

ref  :reference value
w : Water

10.

11.

13.

14.

15.

16.
17.
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