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Thermal and Flow Analysis in a Proton Exchange
Membrane Fuel Cell
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The effects of anode, cathode, and cooling channels for a Proton Exchange Membrane Fuel
Cell (PEMFC) on flow fields have been investigated numerically. Continuous open-faced fluid
flow channels formed in the surface of the bipolar plates traverse the central area of the plate
surface in a plurality of passes such as a serpentine manner. The pressure distributions and
velocity profiles of the hydrogen, air and water channels on bipolar plates of the PEMFC are
analyzed using a two-dimensional simulation. The conservation equations of mass, momentum,
and energy in the three-dimensional flow solver are modified to include electro-chemical
characteristics of the fuel cell. In our three-dimensional numerical simulations, the operation of
electro-chemical in Membrane Electrolyte Assembly (MEA) is assumed to be steady-state,
involving multi-species. Supplied gases are consumed by chemical reaction. The distributions of
oxygen and hydrogen concentration with constant humidity are calculated. The concentration of
hydrogen is the highest at the center region of the active area, while the concentration of oxygen
is the highest at the inlet region. The flow and thermal profiles are evaluated to determine the
flow patterns of gas supplied and cooling plates for an optimal fuel cell stack design.

Key Words : PEMFC, Flow-Field, Single Cell, Pressure Distribution, Temperature Profile,
Concentration Distribution

Nomenclature F,,;: Diffusional thermal energy flux in direction
A . The pre-exponential factor x; [W/m?]
Cp . Mean constant pressure specific heat Fn,;. Diffusional flux component in direction x;
[1/kg K] h  Static enthalpy [J/kg]
C% . Reference constant pressure specific heat K, : Porosity [m®/m®]
[J/kg K] Hn . Heat of formation [J/kg]
¢ . Mean constant vélume specific heat k£ . Thermal conductivity [W/m*K]
Dy . Molecular diffusivity [m?/s] m . Mass [kg]
e Internal energy [W/m?] mm . Mass fraction of mixture constituent
FE. . Activation energy for the reaction i Mass flow rate [kg/s]
M : Molecular weight
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T : Temperature [K]

To : Reference temperature [K]

u; . Superficial velocity [m/s]

u; . Absolute fluid velocity [m/s]

#; - Relative velocity in fluid local coordinate
frame [m/s]

U, ' Fraction of the air usage

Uy | Fraction of the hydrogen usage

V. . Cell voltage [V]

x; . Cartesian coordinate frame

Greek symbols

o . Density [kg/m®]

B . Temperature exponent

B: . Permeability

4 . Viscosity [N+s/m?]

7;; . Viscous stress tensor [N/m?]

&; | Orthotropic direction

II : Product of all constituents

>' . Summation over all mixture constituents

1. Introduction

Fuel cells are considered as the alternative
devices to generate electric power in transport-
ation and stationary applications. A schematic
diagram of the Proton Exchange Membrane Fuel
Cell (PEMFC) is shown in Fig. 1. Among dif-
ferent types of fuel cells, the PEMFC is the most
promising type for transportation and small-scale
electric power generation applications. PEMFC
operates at lower operating temperature than the
other types of fuel cells and has better electro-
mechanical load characteristics.

The PEMFC stack is composed of two elec-
trodes (anode and cathode) and a polymer elec-
trolyte membrane. The gas channel for each elec-
trode is shown in Fig. 2. Hydrogen and oxygen
gases react to form water, electricity, and heat in
a fuel cell stack. Hydrogen is supplied at the
anode channel where it dissociates into charged
protons and electrons. This process is given by
Eq. (1). The protons diffuse through the polymer
membrane, but electrons are blocked in the poly-
mer electrolyte membrane. The electrons travel
from the fuel cell anode and the anode terminal,
through an electrical load, back to the cathode
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Fig. 1 Schematic of an individual fuel cell (Adopted
from Fuel Cell Hand Book, 2000)
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terminal and the cathode. At the cathode, oxygen,
electrons from the electrical load, and protons
from the membrane combine to form water as
shown in Eq. (2).

H,— 2H " +2¢™ (1)
% 02+2€_+2H+—"H20 (2)

A single cell has been considered in a model. A
schematic diagram of a cell is shown in Fig. 3.
Three bipolar plates are provided in a single cell
arrangement. The channels extend across the ma-
jor surface (active area) between a feed fluid inlet
and an exhaust outlet. The feed gases reach the
catalyst laden Membrane Electrode Assembly
(MEA) through a porous diffusion layer.
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Fig. 3 Schematic diagram of a PEMFC

The phenomenon in porous diffusion layer
allows a spatial distribution in the current density
on the membrane in both the direction of bulk
flow and the direction orthogonal to flow. The
pressure distribution and temperature profile are
evaluated through three-dimensional numerical
simulations. ’

The voltage and current produced by the elec-
trochemical reaction in the stack depend on the
configuration of channels in a bipolar plate and
the operating conditions such as stack tempera-
ture, and anode/cathode gas pressures. The heat
generation rate at the stack is calculated as
follows :

Q=r.(42-1) 3)

Better understanding and proper modeling of
such processes are indispensable for improve-
ment and optimization of the design of PEMFC
systems. Because of complexity of the processes
and difficulty in obtaining closed form solutions,
one-dimensional isothermal conditions are as-
sumed in most models. The models of Verbrugge
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and Hill (1990), Springer et al.(1991), Bernardi
and Verbrugge (1992), and Fuller and Newman
(1993) introduce additional equations to account
for mass trasport limitations using the Stephan-
Maxwell equation for gas transport. All these
models have provided useful insight and reason-
able predictions of the cell performance, but
failed to reproduce the abrupt drop observed
experimentally at higher current densities. More
recently, two dimensional isothermal and non-
isothermal models were presented by Standaert
and Hemmes (1996) who considered heat transfer
in the stack. He and Chen (1998) calculated the
heat and mass transfer using the three-dimen-
sional model. The information of concentration is
obtained in this paper. These results remain ap-
plicable only to single cell with relatively simple
geometry and flow channel configuration.

Today, considerable attention has been given to
the computational research related to fuel cell
performance analysis and optimization. Many in-
stitute and industrial companies have started to
use the methods and techniques offered by com-
putational fluid dynamics to understand and opti-
mize electrochemical processes that take place in
fuel cells. Computational analyses are capable of
predicting the flow, pressure, temperature, and the
current distributions in a specified fuel cell. How-
ever, most of the previous researches involving
PEMFC are limited to a single channel and uti-
lize symmetry assumptions on channel sides. It is
necessary to extend the entire cell or stack to
understand the practical PEMFC performance.

In this paper, the velocity, pressure, tempera-
ture, and concentration distributions are pre-
dicted for the entire single cell. A single cell with
active area of 400 cm? is investigated numerically
for performance analysis and optimal design. This
analysis can be used not only to investigate flow,
thermal, and concentration analysis, but also to
obtain the information for design and operation
of PEMFC systems.

2. Numerical Method

2.1 Numerical model
Figure 3 shows the schematic of a PEMFC.
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The PEMFC can be divided into six sub-regions ;
the anode gas channel on bipolar plate, the anode
gas-diffusion layer, the membrane, the cathode
gas—diffusion layer, the cathode gas channel on
bipolar plate, and the cooling channel on bipolar
plate. The configurations of the hydrogen flow
channels, the air flow channels, and the cooling
water flow channels are shown in Fig. 4. The
PEMFC has a main channel flow paths grooved
in bipolar plate as shown in Fig. 4. These plates
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(c) The cooling water flow channel configuration on
flow-field plate

Fig. 4 Flow channel configuration of flow-field
plates (2-D)

have active area of 400 cm?®.

For preliminary procedure for PEMFC mo-
deling, two-dimensional model is applied to the
flow-field. Since the performance of PEMFC is
affected by consumption of hydrogen in the chan-
nel side, the anode and the oxygen at the air flow
channels, the concentrations of hydrogen and ox-
ygen are calculated. Three-dimensional model is
applied in order to get the insight of interactions
between the flow and species fields in the channel
and the gas diffuser. The hydrogen from the ano-
de flow channel is transported through the diffu-
sion layer towards the ionomeric porous layer.
The PEMFC reactor is modeled as a three-di-
mensional object. The processes are assumed to
be a steady-state, involving multi-species. Hy-
drogen gas is assumed to be impermeable across
the mambrane. Air in the cathode channel tran-
sports oxygen and reacts with protons.

Figure S shows a three-dimensional domain.
The unit stack has three bipolar plates. The
flow-field of hydrogen and water (cooling) has 9
serpentine passages in the flow path. The length
of the hydrogen and cooling flow path is ap-
proximately 20 cm in the axial direction. The bi-
polar plate has 5 serpentine passages for air flow.
The length of air flow path is also approximately
20 cm in the axial direction. In order to consider
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Fig. S Grid arrangement used in 3-D model
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the influence of manifold on flow field, manifolds
are included in the domain of calculation. Mani-
folds supply bipolar plates with gases in PEMFC.
The channel flow has an effect on global flow
pattern directly. The phenomencn of flow be-
tween the manifold and the channel is evaluated
through a three-dimensional analysis.

The fluid flows at the channels in the anode
and the cathode are the cross flows. The cross
flow has advantage of evacuating the water in the
cathode formed from chemical reaction. It has
also advantage of jointing many fuel cell stacks.
The inlet is assumed to face the outlet in the
hydrogen carbon plates, and the inlet and outlet
of the oxygen carbon plates are also assumed to
face each other.

Since the performance of a PEMFC is affected
by distributions of velocity, pressure, tempera-
ture, and concentration for a species in a single
cell of the fuel cell, theses are calculated. A single
cell consists of six regions; anode, anode gas-
diffusion layer, membrane, cathode gas-diffusion
layer, cathode, and cooling plate. In the numeri-
cal analysis, variables are pressure, temperature,
and three velocity components in the Cartesian
coordinates.

The numerical work of the PEMFC needs to
solve the governing equations highly coupled
with several variables, and use very refined mes-
hes for many degrees of freedom to get a reason
able accuracy. Initially 3,267,040 meshes are creat-
ed and locally more refined on the regions having
heavy pressure gradient. The number of mesh is
determined by comparison of experimental and
numerical results. The calculated pressure drop is
compared with the experimental one. The uni-
formity of flow distribution inside a channel can
be checked by pressure drop. A U-tube man-
ometer is used for measuring pressure drop. Small
holes are perforated in the covering plate and
connectors to the U-tube are devised to measure
the pressure differences between points upstream
and downstream along the channels (distance
between two measuring points: 13.5cm). The
pressure drop in one channel (the nearest to the
inlet) at various flow rates is shown in Fig. 6. The
aspect ratio of mesh is about 0.8 and the number
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of mesh in the radial direction in the numerical
calculation is 4. More meshes over 4 in the radial
direction showed almost same results. The com-
parison between experimental data and numerical
results is also shown in Fig. 6, which shows quite
a good agreement. Same mesh aspect ratio and
number of mesh are adopted in the serpentine fuel
cell. The conservation equations of mass, mo-
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Fig. 6 Comparison between experimental and nu-
merical straight channel pressure drops
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mentum, and energy are solved using the com-
mercial software, STAR-CD, modified to include
the electro-chemical aspects of a fuel cell. The
numerical procedure is shown in Fig. 7.

2.2 Governing equations

Flows are considered either laminar or turbu-
lent depending on regions. The flow of open chan-
nels in the bipolar plates is modeled as laminar.
The Reynolds number is 1,640 in this region. The
pressure gradients are small and the velocities in
the open channels are also small. The flow of
porous media is modeled as turbulent because the
flow in a porous media is turbulent even though
Reynolds number is low. This turbulent flow
pattern in the porous media causes active chemi-
cal reaction (Fand, 1987).

The fuel cell operation under isothermal con-
ditions is described by mass, momentum, energy
conservation principles. The mass conservation
equation is

0

ax,-

(0t;) =$m (4)

where i, is the relative velocity in fluid local
coordinate frame and Sn is the mass source term.
The source term should be considered in PEMFC
because hydrogen and oxygen react and some of
them are consumed. The mass source term can be
considered as a sink and contains electro-chemi-
cal aspects of a fuel cell. More specifically, these
terms correspond to consumption of hydrogen
and oxygen in the electrode. In this paper, Sn is
calculated using a sub-program connected to the
STAR-CD. The sp term is

Stanoae = Sty(&) T SN &) T SH 0000 (5)
Stcatnode — S02(8) +SN2(§) (6)

where Su,(g), SN,(2), SNy(g), and Su,o(g) are NON-zero
volumetric source terms.

For the flow through the porous media, the
void volume or pore can be regarded as a distri-
buted resistance. The gas permeability equation
can be obtained from the balance between the
pressure forces and the resistance forces in the
porous media.
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—Kiuizggf (7)
where &; is the orthotropic direction, K; is per-
meability, and w; is the superficial velocity in
direction &;.

The permeability K; is assumed to be a quasi-
linear function of the superficial velocity magni-
tude | 7 1.

Ki:ail 5[‘*‘51‘ (8)

where @; and J: represent the permeability co-
efficients in porous media. The hydrogen and air
permeate in the orthogonal direction. These res-
ults are shown in Fig. 8. These constant values are
determined by numerical calculation.

The Darcy’s law is adopted to describe the

7.0¢10°

6.0x10°

5.0x10°

@ 40x10°

3.0x10°

20x10°

1oxin®

[0 X¢]

Number of Times
(a) @=7.14%x107°

6.0x10°

5.0x10°

4.0x10°

2.0x10°

1.0010°

0.0

Number of Times
(b) B=6.45%x167°

Fig. 8 The numerical experimentation of permea-

bility determination



1364 Hye-Mi Jung and Ja-Ye Koo

momentum transport in the porous media.

toau—w) ==L )

where 7;; is the stress tensor components. This
specialized equation of flow in the fuel cell in-
volves application of ensemble or time averaging
if the flow becomes turbulent. The moment source
term s; is used to describe Darcy’s drag for flow
through porous electrodes, active catalyst layers,
and membrane. If there is very small hydraulic
permeability in the membrane region, the pore
velocity becomes very small. Eq. (9) containing
moment source term is solved with Eq. (7) sim-
ultaneously. These terms are contributed to gas
diffusion permeability in the diffusion layers. The
permeability is assumed to be isotropic.

The heat transfer is implemented through the
following general form of the enthalpy conservat-
ion equation for a fluid mixture.

d - _ gP ou:

S —oh—Fn;) =tt; 5 —+ 15+ 10
an (.0 J h,J) 7 axj i axj Sk ( )
where k is the static enthalpy, m, the mass
fraction of mixture constituent m, Hn» the heat
of formation in the constituent s, and s, is
energy source.

h=5pT_an+2 MnHp=he+ 2 mnHny (11)

It should be noted that the static enthalpy is
defined as the sum of the thermal and chemical
components.

For solids and constant density fluids, such as
water, this CFD code solves the transport equa-
tion for the specific internal energy, e, which is
given as

e=cT—"To+X mnHn (12)

The governing equation for total chemico-ther-
mal enthalpy H can be obtained by summing the
equations for mechanical energy conservation and
the static enthalpy equation. During the calcula-
tion, it is assumed that the molecular diffusive
fluxes of heat and mass obey Fourie’s and Fick’s
laws.

%(pﬁjH—FM— Uitiy) = —;%(uc,»P) +sit+sy (13)

Fromhk SE4 S oD B2 5l (14)
where /£ is the thermal conductivity, Dy the mole-
cular diffusivity of constituent 2, and A, is the
static enthalpy. The source term s, can be ob-
tained from Eq. (3).

The species transport is solved to calculate the
mass flow rates. The reactant velocity of u, v, w
and diffusion mass fluxes are obtained by solving
the following equation.

0 -
A (P Fon ) =Sm (15)
J
The density is evaluated from the equation of
state ;

m -1
o=[3(5)] 9
m pm
where mn, Om and s, are mass fraction, density,
and source term of constituent #z, respectively.
The overall species conservation equation is

21 mn=1 (17)
The chemical reaction rate is given as;

Rz—AMTBH(—"M”M)”'"e-Ea/” (18)
m m

It is necessary to solve the differential transport
equations with chemical reaction for each parti-
cipating reactant.

2.3 Boundary Conditions

Flow, heat, and mass transfer in the regions of
distributed resistance are solved using a finite
volume method. The source term in the mo-
mentum equations at the boundaries includes
only resistance term of contact parts. The other
convective and diffusion terms are neglected be-
cause mass transfer of hydrogen and oxygen oc-
curs in the orthogonal direction of reactive sur-
face. For pressure, the PISO algorithm is used.
The initial values of calculation are produced
using the SIMPLE algorithm. Species transport
equations are solved following the bulk flow cal-
culation. Inlet pressure for both hydrogen and
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air is assumed 222915 Pa during the two-di-
mensional flow-field analysis.

The three-dimensional computational domain
has three inlets and three outlets. Three types of
inlet boundary conditions in a gas channel are
described in Table 1. The mass flow rates of
hydrogen, air, and cooling water are calculated
using Eqs. (19)-(21). The operating conditions
are selected such that the cell voltage, V., is 0.65V
(Lamine and Dicks, 2000).

Flasr=1.285 Xix };’-; (19)
where P, is the total power in the stack, V; the
voltage of each cell in the stack, and U, is the
fraction of oxygen used in any fuel cell system.
The usage of hydrogen is derived in a similar way
to oxygen.

. 0.42
M hydrogen = Us X% (20)

where Uy is the fraction of usage of hydrogen.

The heat generated by a fuel cell can be cal-
culated using Eq. (3). If #% of this heat is re-
moved by cooling water, the mass rate of cooling
water is given as follows ;

. _ mP (125
Meooting =0 AT < V. 1) (21)

where AT is the temperature difference between
the inlet and the exit of the total fuel cell system.

Pressure and velocity distributions over the
electrolyte plates can be obtained using the mass
flow rates in the inlet and outlet. The velocities
of hydrogen, air, and cooling water at inlet are
8.3, 12.0, and 2.0 m/s, respectively.

The chemical reaction is considered between
the cathode and anode bipolar plates for the
three-dimensional single fuel cell and evacuation
of water is investigated in this flow analysis. The
usage of hydrogen is 80% and oxygen is 40%
in the calculation of chemical reaction. The usage
of hydrogen means that 80% of hydrogen sup-
plied by hydrogen inlet manifold is consumed
and 20% of residual gases is discharged to hydro-
gen outlet manifold. Also, the usage of oxygen
means that 40% of supplied oxygen is consumed
by chemical reaction. Oxygen is originated from
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Table 1 Inlet boundary conditions (Pp=222,915Pa)
1m=4.511X10" kg/s
m=2.678 X107 kg/s
n=3824X 107 kg/s

Inlet I : the anode gas channel inlet

Inlet 2: the cathode gas channel inlet

Inlet 3 : the cooling water channel inlet

Table 2 Properties of bipolar plates

Constant-pressure specific heat 709 J/kg-K
Thermal conductivity 1950 W/m*K
Constant-density 2210 kg/m?

the air inlet manifold. Air is assumed to contain
79% of inert nitrogen and 21% of oxygen. The
residual gases, which consist of oxygen and water
vapor, are discharged to the air outlet manifold.
For electrochemical analysis, a sub-routine pro-
gram is used. The operating condition is 101,325
Pa and the cell temperature is constant at 353 K.
The bipolar plate properties are described in
Table 2 for the conjugate heat transfer. The bi-
polar plate is made of graphite.

3. Results and Discussion

The performance of a PEMFC is severely in-
fluenced by configuration of flow fields. The dis-
tribution of reactants gases on the surface of the
electrode can be enhanced from the flow field in
the bipolar plate. The flow field plates have many
flow channels on the surface for fuel and oxidant
supplies. First of all, the design of flow fields is
considered in this study. The serpentine flow field
configurations with active area of 400 cm® are
proposed and discussed in this paper.

The optimization of channel configuration is
not straightforward and not established well till
now. In this study, the flow distribution is con-
sidered mainly. This is an essential for uniform
supply of reactant gases to the electrode and the
effective removal of water.

Three different flow-field plates are simulated.
Current flow-field for PEMFC typically consists
of grooved, serpentine flow-fields through which
the gaseous reactants flow. A flow-field plate
consists of reactant flow channels. Flow-channel
is provided with adjacent macro-porous layer,



1366

where layer supports thin gas diffusion backing
above the catalyst layer on polymer membrane.
The flow in porous layer depends on the flow-
channel. The configuration, width and height of
channels, has an effect on concentration distribu-
tion of reactant gases. The uniform flow and
pressure drop in total active area are affected by
the flow-channel. Water management is affected
by the cathode flow-field. The pressure difference
between the anode side and the cathode side has
an influence on water flux through the membrane.
Each flow-field pressure drop between supplied
gases inlet and discharged residual gases are cal-
culated.

The pressure on hydrogen plate decreases along
the channel flow direction as shown in Fig. 9. As
expected, the pressures are decreased with in-
creasing distance along the channels. It is seen
that the pressure drop is proportional to the flow
rate. The total pressure drop in hydrogen plate is
17,763 Pa. Hydrogen is assumed to be an ideal
gas. The flow rate of hydrogen is the one fifth of
the flow rate of oxygen as shown in Table 1. The
loss of hydrogen flow is small because the flow
rate of hydrogen is less than that of oxygen. The
difference of partial pressure from inlet to outlet
in hydrogen flow field is less than the difference
of pressure in oxygen flow field. The pressure
drop is almost proportional to the channel dis-
tance as shown in Fig. 9. The pressure distri-
bution on air plate under the same operating con-
ditions is shown in Fig. 10. The flow rate of air
is five times flow rate of hydrogen. Repeated
channel configurations of parallel serpentine rep-
resent same flow-pattern over and over again.
The water produced by chemical reaction is
discharged into the channel in air plate. Pressure
drop in the cathode is a main parameter in the
management of water. It is known that appro-
priate pressure drop from the channel inlet to
the channel outlet is 1,000~ 3,000 Pa at atmos-
pheric inlet pressure for easy water discharge
(Watkins et al., 1991). If the pressure drop is less
than 1,000~3,000 Pa in the operating condition
of 0.1 MPa, the condensed water block up the
flow of gases inside channel. The non-homogen-
eous flow field is made because the condensed

Hye-Mi Jung and Ja-Ye Koo

water is blocked in air fluid flow. This pheno-
menon is connected directly with non-homogen-
eous field of temperature and current density. In
this situation, the performance of fuel cell is
rapidly dropping. The pressure difference in Fig.
10 is 14,060 Pa. Pressure difference using the con-
figuration of hydrogen and air channel as given in
Fig. 4(a) and (b) is appropriate for good man-
agement of water.

The pressure distribution in cooling plate is
shown in Fig. 11. PEMFC has low operating
temperature, typically in the range between 60
and 90°C. Thermal management is required to
remove the heat produced by electro-chemical
reaction in order to prevent drying out of the
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membrane and excessive operating temperature.
The coolant in the channels is liquid water. The
cooling water is incompressible with constant
density of 998.2 kg/m®. The pressure of cooling
channel decreases linearly along the channel.
The total pressure drop along the channel is
about 390 Pa.

The numerical simulation is focused on main-
ly temperature distribution, rates of reaction of
chemical species, and heat transfer for thermal
management on PEMFC. It is assumed that the
fuel cell is operated under steady state. The con-
centrations of hydrogen and oxygen become thin-
ner along the channels as the chemical reaction
occurs. In converting the hydrogen energy into
electricity, the efficiency is typically about 50%.
This means that a fuel cell of power x W will also
have to dispose about x W of heat (Larminie and
Dicks, 2000). For this reason, separate cooling
plates should be added for large fuel cells. The
mass flow rate of cooling water depends on the
voltage and power of the fuel cell.

Figure 12 shows the contours of temperature
distribution in cooling water flow-field plate. The
cooling plate is inserted in each of single cell.
Cooling is accomplished using water. The varia-
tion in temperature contour at two heights of
the bipolar plate (solid) show small quantity of
heat transfer. The temperature drop across chan-
nel of the flow-field plate is approximately 6°C.
The total heating rate of a single cell is 77 W.
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Fig. 11 The pressure distribution of cooling water
flow channel on flow-field plate
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Figure 12 shows the temperature distribution
around cooling water on flow-field. The temper-
ature ranges of cooling water lies approximately
between 77 and 80°C. This value belongs the op-
timum temperature distribution for heat manage-
ment, which ranges between 70 and 80°C (EG &
G Services Parsons Inc., 2000). Theses results
mean that the mass flow rate of cooling water
calculated by Eq. (21) is adequate for heat man-
agement. This can be applied to heat management
for PEMFC under another similar operating con-
dition. The temperature profile in the section of
A-A and B-B are shown in Figs. 13 and 14. The

Channel
{cooting water flow) A B

Graphite A 8

Fig. 12 Temperature distribution of cooling
flow-field plate by heat transfer
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temperature of cooling water is about 77 to 80°C.
The temperature of the graphite decreases linearly

0.004
L 4
\
4
\'\
0.003 L
E h
P N,
g
% 0.002
o
2 N
5 hY
= o001 \\
L
\\
O.ax) A ¥ T t T -
75 80 85 90 95 100
Temperature [C]
Fig. 14 Temperature distribution along normal

section, B-B
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Fig. 15 Concentration pattern for hydrogen on the

porous media surface of the anode side
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Fig. 16 Concentration pattern for oxygen on the
porous media surface of the anode side

up to 3C. The temperature profile in the region
of cooling water has changed abruptly due to
discontinuity of surface.

The concentrations of hydrogen and oxygen on
the porous media surface are shown in Figs. 15
and 16. The anode channel consists of pure hy-
drogen and the cathode-side in the gas mixture
consists of oxygen and nitrogen. The value of
hydraulic permeability has been assumed constant
through the membrane. Flows in porous media
have an effect on a packed-bed chemical reactor.
As a reactant is consumed at the electrode by
chemical reaction, there is a loss of voltage po-
tential due to inability of the surrounding materi-
al to maintain the initial concentration of bulk
fluid. Then, a concentration gradient is formed.
The transport of reactants depends on concentra-
tion. Figure 15 shows that hydrogen slowly de-
creases over the porous media surface during
chemical reaction process. The hydrogen is con-
sumed up to a pre-determined fraction, where
the usage of hydrogen, Uy,, is 0.8. Rarified hy-
drogen gas is supplied to the anode inlet. Hydro-
gen gas is considered as an ideal gas due to its low
molecular weight. The distribution in the porous
media at the mid-section in Fig. 15 is concentric
and its fast diffusive movement causes high con-
centration at the center. Figure 16 shows the oxy-
gen concentration contours of the oxygen con-
sumption rate when the usage of air, Uy, is 0.4.
Air is supplied though the inlet of the cathode
bipolar. Air is mainly composed of nitrogen and
oxygen. The cathode-side gas mixture consists of
79% nitrogen and 21% oxygen. Nitrogen concen-
tration is then obtained by the following Eq.
(22).

XN, =l —Xo0,~XHu,0 (22)

The information of oxygen concentration is use-
ful for prediction of the performance in PEMFC
(Lee and Lalk, 1998). The concentration of oxy-
gen depends on the nature of reactants, pressure,
and temperature. The results are mainly associat-
ed with chemical kinetics and turbulence intensi-
ty. The concentration of oxygen becomes the
highest in the inlet region and decreases in the
outlet region as shown in Fig. 16. Even though
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there are some gradients in the concentration of
the hydrogen and oxygen, the maximum differ-
ence is 3.7% at the edge of the plate.

4. Conclusion

A numerical analysis for a PEMFC has been
performed considering chemical reaction and tur-
bulent effect. The flow field plates such as hydro-
gen, air, and cooling plate are grooved serpen-
tine channels. The channel flow in the electrolyte
plates was considered as the turbulent flow to
include the diffusivity in the porous media using
a three-dimensional flow analysis.

(1) The pressure drops on hydrogen and air
bipolar plates channels of parallel serpentine type
are approximately 17,763 Pa and 14,060 Pa at the
inlet pressure boundary condition of 202,650 Pa.
The suggested configuration of parallel serpentine
channel type is appropriate because the total
pressure drop is 10% and the rate of pressure drop
is uniform throughout the channels.

(2) The distribution of temperature around the
cooling water flow-field plate ranges between 77
and 80°C. The suggested configurations of par-
allel serpentine channel type with the suggested
mass flow rate of cooling water, operating pres-
sure, the usage of gases are appropriate for heat
management of total PEMFC stack.

(3) The distribution of hydrogen in the porous
media concentric and its fast diffusive movement
causes high concentration at the center. The con-
centration of oxygen is the highest at the inlet
region and decreases at the outlet region. Even
though there are some gradients in the concentra-
tion of hydrogen and oxygen, the maximum dif-
ference is 3.7% at the edge of the plate.
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