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Three-dimensional numerical simulation of straight channel PEM fuel cells
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Abstract

The need to model three-dimensional flow in polymer electrolyte membrane (PEM) fuel cells is discussed by
developing an integrated flow and current density model to predict current density distributions in two dimensions
on the membrane in a straight channel PEM fuel cell. The geometrical model includes diffusion layers on both the
anode and cathode sides and the numerical model solves the same primary flow related variables in the main flow
channel and the diffusion layer. A control volume approach is used and source terms for transport equations are
presented to facilitate their incorporation in commercial flow solvers. Predictions reveal that the inclusion of a
diffusion layer creates a lower and more uniform current density compared to cases without diffusion layers. The
results also show that the membrane thickness and cell voltage have a significant effect on the axial distribution of
the current density and net rate of water transport. The predictions of the water transport between cathode and
anode across the width of the flow channel show the delicate balance of diffusion and electroosmosis and their effect
on the current distribution along channel.

List of symbols T surface temperature at the anode (K)
u,v,w velocities in x, y and z directions, respectively

ag activity of water in stream K (dimensionless) (ms™)

Aey specific surface area of the control volume (c.v.) V¢ cell open-circuit voltage (V)
(m~1) Veew  cell voltage (V)

Cwk  concentration of water at K interface of the x channel length measured
membrane (mol m~3) from anode inlet (m)

D;; pseudo binary diffusion coefficient of species i in Xy x  mole fraction of water in stream K
mixture j (m?s~!)

Dy, diffusion coefficient of water (m?s~") Greek symbols

F Faraday constant (96 487 C mol™") u dynamic viscosity (kg s m~?)

1 local current density (A m~2) o net water flux per proton flux

I, exchange current density for the oxygen reaction 7 overpotential for oxygen reaction (V)
(100 A m~2) Om membrane conductivity (Q7' m~")

my;  mass fraction of the species / in stream K (di- pp, 4y density of a dry membrane (kg m~3)

mensionless) o density of the mixture (kg m~?)
My ary equivalent weight of a dry membrane f; permeability in the ¢ direction
(kg mol™1)
My,  molecular weight of hydrogen (kg mol~') Subscripts/superscripts
Mo,  molecular weight of oxygen (kg mol™!) a anode
ng electroosmotic drag coefficient (number of water ¢ cathode
molecules carried per proton) H, hydrogen
P vapour pressure of water in stream K (Pa) K anode or cathode
P total pressure (Pa) 0)) oxygen
Po, partial pressure of oxygen (Pa) w water
R universal gas constant (8.314 J mol~! K1) sat saturated

tm membrane thickness (m) 14 dummy variable for direction x, y or z
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1. Introduction

Polymer electrolyte membrane (PEM) fuel cells use gas
diffusion layers to enhance the reaction area accessible
by the reactants. The effect of using these diffusion
layers is to allow a spatial distribution in the current
density on the membrane in both the direction of bulk
flow and the direction orthogonal to the flow but
parallel to the membrane. Recently, experimental mea-
surements of this distribution were reported [1, 2]. This
two-dimensional distribution cannot be modelled with
the well-used one and two-dimensional models such as
those shown in Refs. [3-7]. Even an alternative to these
models recently published by Gurau et al. [8] in which
they solve a set of two-dimensional flow equations in the
channel and the gas diffusion layer cannot map the
distribution because they ignore the width of the flow
channel. Here, we report a numerical model that
includes the full three-dimension solution to the
Navier—Stokes equations for the flow channel. This
three-dimensional analysis allows one to account for the
effect of the width of the flow channel on the velocity
distribution. In this paper we show how to modify a
commercially available computational fluids code, Flu-
ent (Fluent, Inc., Lebanon, NH, USA), to account for
electrochemical reactions and we use this code to predict
the current density and water transport in a straight
channel fuel cell. We discuss how the mass consumed in
the electrochemical reactions affects the momentum
transport equations. We show that under certain con-
ditions the transport towards the membrane is driven by
both the pressure and concentration gradients rather
than by diffusion alone.

Previous studies [3—6] have focused on two dimensions
of the fuel cell: one direction parallel to the membrane in
the direction of bulk flow and the other direction across
the membrane. Only a few models included two-dimen-
sional transport of the reactants and products in the
flow channels [7, 8]. The model presented by Springer
et al. [3] prepared the foundation for these simulations
by also providing the key properties of the membrane
required for a numerical model. They considered a
pseudo one-dimensional model in which flow channels
were treated as being well mixed. Later, Fuller and
Newman [4] and Nguyen and White [5] developed two-
dimensional heat and water transport models that
accounted for variation in temperature and membrane
hydration conditions along the flow channels. Both of
these models assumed a well-mixed concentration in the
flow channel. Fuller and Newman [4] included the
diffusion layer for water transport but Nguyen and
White [5] neglected the diffusion layer. Nguyen and
White [5] investigated the effectiveness of various
humidification systems in maintaining a high degree of
membrane hydration and performance for PEM fuel
cells. Recently, Yi and Nguyen [6] modified the previous
models to include both the liquid and gas phase along
the flow path of both anode and cathode sides of a PEM
fuel cell. As a further extension of these models, Gurau

et al. [8] included two-dimensional fluid flow in the
channels but the density change due to species con-
sumption appears to be neglected. Moreover, the
connectivity of the main channel and diffusion layer
involved a change of primary variables that may lead to
numerical discontinuities under some operating condi-
tions.

Another recent numerical prediction by Yi and
Nguyen [7] analysed the two-dimensional hydrodynam-
ics in only the cathode. In both [7] and [8] the width of
the channel and the portion of the gas diffusion layer
hidden from the channel were neglected. As shown
below, these previous models provide a reasonable
prediction of the axial water distribution but they
overestimate the nonuniformity of the current distribu-
tion at the entrance of a PEM fuel cell. By using the
‘Fluent code’ as the flow solver, we overcome the main
difficulty in including the third spatial dimension. That
is, we allow the commercially proven and readily
accessible flow solver to develop and converge the
source code that becomes significantly more complicated
in three dimensions.

In this work a numerical model is developed to
understand gas flow and species transport in a fuel cell.
The complete three-dimensional Navier—Stokes equa-
tions are solved with a control volume based discreti-
zation of the computation domain to obtain the velocity
and pressure distribution in the flow channels and the
gas diffusion layer. The mass flow conditions inside the
system, such as the concentration of the species along
the flow channel and water activity at the anode in the
two dimensions of the membrane are determined. This
three-dimensional analysis provides the distributions
that cannot be achieved with two-dimensional simula-
tions.

2. Model development

Figure 1 shows the schematic of the cell construction
and the species flow in a typical PEM fuel cell. The
model regions consist of two distinct flow channels
separated by the membrane and electrode assembly
(MEA); one channel is for the anode gases and the other
is for the cathode gases. In between the flow channels
and the MEA there are two diffusion layers. This

Anode Flow Channel
H,—2H* + 2¢

N Diffusion Ldyer -
Cathode Flow Channel

2HY +1/2 Oy + 2¢” — H,0 «———

Fig. 1. Schematic of the anode and cathode flow channels in a PEM
fuel cell showing the transport of H* to the cathode and the possibility
of back diffusion of water from the cathode to the anode. Note that
there is significant transport of water from the anode to the cathode by
electroosmosis.



numerical model assumes steady state, isothermal and
single-phase behaviour and it is the first to predict the
three-dimensional aspects of a PEM fuel cell. We use the
assumption of steady state to compare with the predic-
tions of previous work. We have used the assumption of
isothermal conditions to compare with data [9] because
in our experimental fuel cells the thermal inertia of the
graphite current collectors is large to prevent tempera-
ture variations. This assumption can be relaxed by using
the appropriate equations published in the two-dimen-
sional models of [4] and [6]. The model converts the
electrochemical aspects of governing differential equa-
tions in [4] and [6] to source terms that are usable for the
control volume analysis. Fluent then solves the complete
Navier—Stokes flow equations with our source terms.
The effect of the membrane thickness and the cell
voltage on the local current density, the net water flux
per proton, and the secondary flow along the channel
are studied for different inlet conditions. Our results are
compared with the original base case solutions of [4] and
[6] to illustrate the influence of the three-dimensional
flow and diffusion layer that are added in this study.
The computation domain, as shown in Figure 2, is
composed of the anode flow channel, anode diffusion
layer, MEA, cathode diffusion layer, and cathode flow
channel. Figure 2 also shows the grid arrangement used.
We consider five species, which are hydrogen, oxygen,
carbon dioxide, nitrogen and water vapour. The fuel cell

MEA ——-

Ancde diffusion layer

Cathode diffusion layer

Cathode flow channel

<« I
Anode flow channe!

Anode diffusion layer <« L

<2  MEA
Cathode diffusion layer Z

—_
<2
Cathode flow channel
4+—
L <—Z

Fig. 2. Schematic of the computation domain for a straight channel
fuel cell with diffusion layers in the anode and cathode sides of the
membrane electrode assembly (MEA). A typical cross section of the
domain and the location of diffusion layers are also shown.
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operation is characterized as gas transport and trans-
formation of one species to the other. The hydrogen
from the anode flow channel is transported through the
diffusion layer toward the membrane. Hydrogen mole-
cules are dissociated to protons and electrons in the
catalyst as shown in Figure 1. The water that impreg-
nates the MEA hydrates the protons and it is trans-
ported by both electroosmosis and diffusion. The air
mixture in the cathode channel is transported through
the diffusion layer toward the membrane where oxygen
reacts with protons as also shown in Figure 1. The water
activity in the membrane is simulated by surface based
source terms in the control volumes in contact with the
membrane.

2.1. Model equations

The conservation of mass equation (Table 1, Equation
1) in the three-dimensional flow solver software, Fluent,
is modified to include the electrochemical aspects of a
fuel cell by using the respective source terms, Sy,, shown
by Equations 7 and 9-12 of Table 1. Equations for
source terms are given as volumetric, that is, these
source terms are defined per unit volume of the
computational control volumes. The source terms are
zero in most of the computation domain. These terms
corresponds to the consumption of hydrogen in the
anode, and the consumption of oxygen and production
of water in the cathode. The flux of water is also
included as a source term at the anode and cathode (i.e.,
Equations 10 and 12) by accounting for the diffusion
and electroosmotic drag as defined by Equations 15 and
16 of Table 2.

The momentum transport equation has a source term
for the porous media used for flows through diffusion
layer based on Darcy’s law [10]. The addition of this
source term effectively converts the momentum equation
in the x-direction to OP/dx = —(u/f,)u in the porous
layer because f3, is very small and thus the other terms
become negligible. A pressure drop is created in the
porous layer that is proportional to the mixture velocity
in the cell. This source term removes the need for a
change in the flow variable shown in the model of [8].
The permeability, f, is assumed to be isotropic and was
calculated to be 2.0 x 102 m? [6] (porosity of 0.7) and
2.3 x 107! m? [4] (porosity of 0.4).

The species transport equations (Equations 3-6 of
Table 1) are solved for the mass flow rates of the
hydrogen, water and oxygen species based on the
mixture velocities, u, v and w, and the diffusion mass
fluxes J¢;. The species binary diffusion coefficients are
calculated as shown by Equation 14 in Table 2. There is
one inert component on each side and the concentration
of each was determined from a summation of the mass
fractions of the other species. Fuller and Newman
integrate the flux expression for the diffusion of water
through the membrane whereas [5—7] assumed a linear
gradient as shown by Equation 15. The diffusion
coefficient of each species in the mixture was reduced
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Table 2. Equations for modelling electrochemical effects
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Diffusion mass flux of species / in ¢ direction Ji = —PDH% (13)
' tooQ
2334
Binary diffusion coefficient [10] PDij(x,y) —3.64x 1078 Teen (14)
(Poei x P )P x (TLiTo )% <L+L>l/2 VIeiles
c—i c—J c—tfc—j 1‘4’ ‘M,
Net water transfer coefficient per proton a(x,y) = na(x,y) — LDw(x,y) (M) (15)
I(x,y) tm
Electroosmotic drag coefficient ng(x,y) = 0.0049 + 2.02a, — 4.53a§ + 4.09113; a, <1 (16)
=1.59+4+0.159(ay, — 1); ay > 1
e . o 1 1 1
Water diffusion coefficient for cases similar Dy =ng5.5 x 107" exp|2416 35T (17)
to Yi and Nguyen [6] s
S . o 6 2436
Water diffusion coefficient for cases similar Dw =3.5x 101 exp| — T (18)
to Fuller and Newman [4] s
Water concentration for anode and cathode Cuk (x,y) = P dry (0.043 + 17.8ax — 39.811;{ + 36.0%‘(); ag < 1
surfaces of the MEA m,dry (19)
= Pmdv (144 14(ag — 1)); for ax > 1, where K = a or ¢
m,dry
, .. Xw.KP(x7y)
Water activity ax = W (20)
. Om(x,
Local current density I(x,y) = M{Voc — Veen — n(x,»)} 2n
m
al . L. o Mm.dry 1 1 2
Local membrane conductivity om(x,3) = [ 0.005 14 —""2Cyn (x, ) — 0.00326 | exp| 1268 — — =) | x 10 (22)
pm.dry 303 Ts
. RT;, I(x,)
Local overpotential = S In(—22 23
11()67}/) OSF II<I()P()2 (x,y) ( )

arbitrarily by 50% in the diffusion layer to account for
the effect of porosity and pore-tortuosity. The flux of
water through the membrane is critical to the predic-
tions and here we have used the same equations for
electroosmotic drag and water diffusion coefficients as
previous workers so that the predictions can be com-
pared (Table 2). The diffusion coefficient of Fuller and
Newman [4] is dependent on the local 4, and since we
used Equation 15 to compare with [6] we based our
diffusion coefficient for comparison with [4] on the local
A values taken from the profiles given in [4].

The expressions for water concentration at the anode
and cathode sides, Cy 4 and Cy ¢, are calculated accord-
ing to Equation 19 and the activity of water is also
defined in Table 2. The source terms in Table 1 corres-
pond to the control volume and not the boundary
conditions at the anode or cathode interfaces. For the
correct determination of the concentrations and activ-
ities at the membrane—diffusion layer interface, the mole
fraction for each species used in these equations must be
extrapolated to the membrane surface. We used linear
extrapolation with the grid of Figure 2 and achieved a
grid independent solution.

Several assumptions are made in this study. The flow
is assumed to be isothermal and water transport in the
flow channels is assumed to occur in vapour form. The
electrical resistance of the electrodes is assumed to be
negligible. The hydrogen oxidation is assumed to be
facile and chemical reactions are assumed to be perfect.
No internal activities occurring inside the MEA are
modeled in detail.

2.2. Numerical procedure

A control volume technique based on a commercial flow
solver, Fluent (version 4.48), was used to solve the
coupled governing equations. However, this software
requires specification of the source terms shown in
Table 1 and new subroutines were written to calculate
the electrochemical and permeability for this simulation.
Fluent also requires a subroutine to account for the flux
of protons and water across the membrane.

Figure 2 shows the geometry of the fuel cell system
simulated in this work. It consists of two flow channels
(upper is anode and lower is cathode) separated by
diffusion layer and MEA. The flow path is ten centime-
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ters long in the axial direction with a 0.1 cm
(height) x 0.08 cm (width) cross-sectional area for the
flow channel. Both anode and cathode flow channels are
divided into 8 x 10 x 34 equally sized grid cells. Each
diffusion layer has a dimension of 0.05 cm (height) x
0.16 cm (width) x 10 cm (length) and is simulated with
8 x 16 x 34 equally sized grid cells. The transport of
water and protons is simulated by source terms in
control volumes in contact with the membrane. The
computation domain does not extend through the
membrane when Equation 15 is used. A separate grid
independence test was performed by increasing and
decreasing the number of the grid cells. The number of
grid cells were decreased and increased by 50% of the
base case, and predicted results were less than 2%
different from each other. We concluded that the results
presented are grid independent.

Figure 3 provides an overview of the solution proce-
dure used to solve the equations and is based on the
established Simple algorithm [11]. As an initial guess for
this nonlinear problem we used the inlet mole fractions
and velocities throughout the channel. The three mo-
mentum equations corresponding to the x, y and z
directions are solved first. Then a pressure correction
equation is used to adjust the mass balance. Species
transport equations are solved after these bulk flow
calculations and the mixture properties for viscosity,
density and diffusion in each control volume are
calculated based on the local species mass fraction.
The anode side gas mixture contains hydrogen, carbon
dioxide and water vapour, and the cathode side gas
mixture contains oxygen, water vapour and nitrogen.
Therefore, density and viscosity of the two flow channels
are different and they vary from one location to the
other.

Two different inlet conditions are considered here
based on the previous publications by Yi and Nguyen [6]
and Fuller and Newman [4]. The operating pressure is
101 kPa absolute and the cell temperature is maintained
at 70 °C for all cases. The present analysis considers
both co- and counter-flow conditions along with the
variations in the thickness of the MEA and the value of
the cell voltage. In coflow, both inlets are located at the

Table 3. Inlet conditions for two base cases

Begin Loop A—’L Solve x-Momentum |

y
[ Solve y-Momentur —,

4

I Solve z-Momentum l

Exit if
converged

Repeat if not
converged

A

| Pressure correction

Check for convergence of three
moimentum equations, pressure
correction, and species transport
equations

y

|‘__—| Solve Species transport

Fig. 3. Flow diagram of the solution procedure used.

Update Properties

same x, whereas, in counter-flow, the two inlets are
placed at opposite ends of the computation domain.
Tables 3 and 4 show different flow and operating
conditions used in this work. There are a total of four
cases in this study and each case is divided into five
subcases.

Table 4 shows that in case 1.0, the operating parame-
ters of Yi and Nguyen [6] are used. The lowest
stoichiometric ratios are 2.19 and 2.18 for the anode
and cathode sides, respectively. In case 1.1, the thickness
of MEA is decreased by 50% from the original (127 pm)
while the cell voltage is maintained at 0.53 V. In case
1.2, the membrane thickness is increased by 50% from
the original with the same cell voltage. In case 1.3, the
cell voltage is decreased by 50% from the original with
the membrane thickness of 127 um, and in case 1.4, the
cell voltage is increased by 50% from the original with
the same membrane thickness. All parameters in cases
2.0,2.1,2.2,2.3, and 2.4 are similar to cases 1.0, 1.1, 1.2,
1.3 and 1.4 respectively but the flow is changed from co-
to counter-flow.

The geometrical parameters of Fuller and Newman [4]
and the appropriate diffusion coefficient expression are

Cases similar to
Fuller and Newman [4]
(cases 3 and 4)

Cases similar to Yi
and Nguyen [6]
(cases 1 and 2)

Velocity (m s
Mole fraction of H,
Mole fraction of CO,
Mole fraction of H,O

Anode channel inlet conditions

Velocity (m s
Mole fraction of O,
Mole fraction of N,
Mole fraction of H,O

Cathode channel inlet conditions

Operating conditions
layer (x10'° m?)

Permeability of diffusion

2.05 0.43
0.53 0.48
0 0.16
0.47 0.36
0.32 0.56
1 0.13
0 0.51
0 0.36
2 0.23




Table 4. Operating conditions for different cases

Cases similar to Yi and Nguyen [6]

24

14

2.3

1.3

2.2

1.2

2.1

1.1

2.0

1.0

Case

Counter-flow

Co-flow

Counter-flow

128

Counter-flow Co-flow Counter-flow Co-flow Counter-flow Co-flow
192

128

Co-flow

Flow condition —

128
0.8

64

Membrane thickness (um)

Cell voltage (V)

0.26

0.53

0.53

0.53

Cases similar to Fuller and Newman [4]

44

34

4.3

3.3

4.2

3.2

4.1

3.1

4.0

3.0

Case

Counter-flow

Co-flow

Counter-flow

175

Co-flow

Counter-flow
263

Co-flow

Counter-flow
87.5

Co-flow

Counter-flow

175

Co-flow

Flow condition —

175

Membrane thickness (um)

Cell voltage (V)

1.08

0.36

0.72

0.72

0.72
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used in case 3.0. The lowest stoichiometric ratios are
1.42 and 1.3 for the anode and cathode sides, respec-
tively. In case 3.1, the thickness of MEA is decreased by
50% from the original 175 um while the cell voltage is
maintained at 0.72 V. In case 3.2, the membrane
thickness is increased by 50% from the original with
the same cell voltage. In case 3.3, the cell voltage is
decreased by 50% from the original with the original
membrane thickness of 175 um, and in case 3.4, the cell
voltage is increased by 50% from the original with the
same membrane thickness. All parameters in cases 4.0,
4.1, 4.2, 4.3 and 4.4 are similar to cases 3.0, 3.1, 3.2, 3.3
and 3.4, respectively, but the flow is changed from co- to
counter-flow.

3. Results and discussions

Results are divided into two parts: first, the results
observed for flow and operating conditions similar to Yi
and Nguyen [6] then the results based on operating
conditions of Fuller and Newman [4] are discussed. The
main differences between the two conditions are Yi and
Nguyen [6] used dry and pure oxygen in the cathode
stream and Fuller and Newman [4] used humid air.
Moreover, the water diffusion coefficient used for Fuller
and Newman [4] is greater than that used in Yi and
Nguyen [6] as shown in Table 2.

3.1. Simulation results based on operating conditions
of [6], dry cathode inlet

Figures 4 and 5 show the width-average local current
density profiles along the channel length for co-flow
(case 1) and counter-flow (case 2). These averaged values
are calculated as an average over the width (i.e., y
direction) at different axial locations. In both cases, the
effects of changing the membrane thickness (Figure 4)
and the cell voltage (Figure 5) are compared with Yi and

24

——— Yiand Nguyen[6]
—o— Casel.0

—m— Caseol.1
~—&— Casel.2
-O-- Case2.0
<@~ Case21
A Case22

2.0 -

I, Cumrent density/ A em?2

0.0 ™

0.00 0.02 0.04 0.06 0.08 0.10
x, Channel tength/ m

Fig. 4. Effect of membrane thickness on local width-averaged current
density profiles for cases 1 and 2 comparing to the base case of Yi and
Nguyen [6] (Cases: (@) 1.0, (H) 1.1, (A) 1.2, (O) 2.0, (O) 2.1 and (A)
2.2).
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24
—— Yi and Nguyen(6]
2.0 1 —e— Casel.0
—ug— Casel.3
o —a— Casel.4
‘g 16 - - O.- Case2.0
’ - - Case2.3
< <& Case2.4
2
2
S 1.2
o
€
[
£
S of %
0.4 %
0.0 7 T T —
0.00 0.02 0.04 0.08 0.08 0.10

x, Channel length/ m

Fig. 5. Effect of cell voltage on local width-averaged current density
profiles for cases 1 and 2 comparing to the base case of Yi and Nguyen
[6] (Cases: (@) 1.0, (H) 1.3, (A) 1.4, (O) 2.0, (O) 2.3 and (A) 2.4).

Nguyen’s base case and they show a more uniform
distribution with a diffusion layer. In Figure 4, the local
current density profiles decrease with an increase in the
membrane thickness (compare cases 1.0 and 2.0 with
cases 1.2 and 2.2) and they increase with a decreased
membrane thickness, as expected (compare cases 1.0 and
2.0 with cases 1.1 and 2.1). However, the slopes of these
profiles do not change. Similarly, Figure 5 shows, the
local current density is decreased when the cell voltage is
increased (compare cases 1.0 and 2.0 with cases 1.4 and
2.4) and it increases with a decrease in the cell voltage
(compare cases 1.0 and 2.0 with cases 1.3 and 2.3). The
effect of diffusion layer creates a flow restriction and,
therefore, our present calculations show lower current

[1/3 of the ch 1length|
0.004—
0.0035-]
. 048 :
0.003 01
0.0025- 1

Channel height! m
o
o
o
N

i
i)
] VivgYy
] AR
] 0,801
0.001-]
] :/0.83\
0.0005H - T
C—IIIIIIIIIITIIII

0 0.0005 0.001 0.0015

Channel width/ m

Fig. 6.
[6D.

densities when compared to the Yi and Nguyen’s base
case that does not have a diffusion layer. However, since
the reaction area created by diffusion layer is twice as
large as the reaction area created by flow area in base
case, we estimate that the total current would be about
the same with the addition of the diffusion layer. In both
figures, there is no significant difference in current
density distribution between co- and counter-flow (case
1 and case 2). The current density is high near the
hydrogen inlet and the inlet orientation of the cathode
side does not significantly influence the results for this
operating condition because the axial velocity on the
anode side is very high (Table 1). That is the flow rates
of [6] result in 268% excess hydrogen and 117% excess
oxygen because their flow rates were based on a higher
current.

Figure 6 shows the velocity vectors in the cross flow
planes (i.e., y—z plane) and the density contours for case
1.0 at x = 0.033 m and x = 0.067 m. These velocities are
commonly referred to as secondary velocities and the
axial velocity is known as the primary velocity. At
x=0.033 m and z > 0.002 m (i.e., the anode side), the
vectors are pointing downward from the anode channel,
spreading into the diffusion layer, and pointing down to
the membrane surface because both species (H, and
water vapour) are consumed on the membrane surface.
Two flow mechanisms contribute to this downward
secondary flow. The primary factor is that the inlet
velocity is high in the anode channel, 2.05 m~!. The
other factor contributing to this down draft is that mass
is consumed on the membrane surface due to the
electrochemical reactions and the water transport across
the membrane. In the cathode (i.e., z < 0.002 m) oxygen
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is consumed on the membrane surface while the water
vapour is produced on the membrane surface. Here, the
net velocity vectors are pointing into the cathode flow
channel because the amount of water transported is
more than the oxygen consumed.

The overall vector pattern indicates the total mass
coming in or going out from different regions, and the
contours indicate the density variations (in kg m—3) of
the mixture. The vectors in the upper channel at two-
thirds of the axial channel show that there is a lower rate
of net water transport as compared to the first one-third
of the channel (i.e., 0.16 against 0.18 kg m~3). It can
also be observed from the density contours of the
bottom channel that there is more water vapor at the
downstream location. The water transport from anode
to cathode decreases the anode gas-mixture density at
downstream location. It is interesting to note that
oxygen has to diffuse against this convective flow. Since
the flow in the cathode side is away from the membrane,
the oxygen needs to have a sufficient concentration
gradient or diffusion effect to reach the membrane;
however on the anode side of the cell, the flow of
hydrogen towards the membrane benefits from the bulk
flow towards the membrane.

3.2. Simulation results based on operating conditions
of [4], humidified cathode inlet

Figures 7 and 8 show the local width-averaged current
density profiles along the channel for cases 3 and 4 and
they show a comparison of the effects of changing the
membrane thickness (Figure 7) and the cell voltage
(Figure 8) relative to Fuller and Newman’s base case. It
is noted that the prediction for case 3.0 shows higher
current densities than predicted by Fuller and Newman
[4]. Their model did not include the convection effects in
the diffusion layer and it was based on a two-dimen-
sional computation domain. Our results indicate that
there are convection effects in the diffusion layer and
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current density profiles for cases 3 and 4 comparing to the base case of
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these increase the current density. More importantly at
some locations, the current density at the edges is higher
than that in the channel centerline location. It should be
noted that we do not impose convection, but rather with
the parameters and operating conditions of this case, the
equation solver determines that convection is present.

In Figure 7, when the membrane thickness is in-
creased, the local current density profiles are decreased
(compare cases 3.0 and 4.0 to cases 3.2 and 4.2).
Similarly, decreasing the thickness of the membrane
increases the local current density (compare cases 3.0
and 4.0 to cases 3.1 and 4.1). The decrease in the
membrane thickness causes a substantial nonuniformity
for 0.06 m < x < 0.09 m for the counter flow. Figure §
shows the effect of cell voltage changes on the local
current density. The local current density is decreased
with an increase in the cell voltage (compare cases 3.0
and 4.0 with cases 3.4 and 4.4), and the local current
density is increased with a decrease in the cell voltage
(compare cases 3.0 and 4.0 with cases 3.3 and 4.3).
However, by decreasing the cell voltage, the profiles in
both co- and counter-flow show an upper limiting
current density.

Figure 9 shows the local current density contours for
cases 3.3 and 4.3, the highest current densities in the
group. The inlets and outlets marked in the figure are for
the anode side and for case 4.3 the anode inlet
corresponds to the cathode exit. The observed variation
in current density distribution is due to water activity
variations on the membrane surface rather than H, or
O, limitations. The counter-flow (case 4.3) shows a more
uniform current density distribution. The observed
current density patterns are linked with the secondary
flow patterns observed in the flow channel. For example,
at 0.015 m from the inlet in case 3.3, the centerline
current density is less than 1.481 A cm 2 and at the
edges it is more than 1.481 A cm~2. The secondary flow
for this location is directed from the cathode channel to
the anode channel and that indicates a back-diffusion of
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Fig. 9. Local current density I(x,y) contours (A cm~2) for cases 3.3 and 4.3 on the membrane surface at selected axial locations.

water. Since the path resistance for water to move from
MEA surface to the flow channel is more at the edges,
anode side water activity is more favorable near the
edges than the centerline. Therefore, the local current
density is higher at the edges than the centerline for this
operating condition. However, this distribution of local
current density is not the same for all locations. For
example, location 0.0575 m from the inlet for the same
case, the current density at the center is higher
(1.253 A cm~?) than the edges (less than 1.208 A cm™?).
Here, the secondary flow is observed to be from anode

to the cathode side. Therefore, the anode side hydration
of the membrane is mostly achieved by the moisture
present in the anode gas stream. Since water from the
gas flow path can reach the centerline location of the
MEA more easily than near-edge locations, the local
current density is higher at the centerline.

Figure 10 shows the secondary flow distribution in co-
flow condition. Unlike the secondary flow observed with
Yi and Nguyen’s operating conditions, the flow can be
either from anode to cathode or from cathode to anode.
Near the inlet, flow is from cathode to anode as water
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diffuses through the membrane to reach the low
concentration of the anode flow channel. At the 2/3
downstream location, the flow is from anode to cathode
as observed in previous secondary flow of Figure 6.
Regions with bulk flow from cathode to anode shows
higher current densities near the edges compared to the
centerline. Whereas, regions with bulk flow from anode
to cathode show lower current densities near the edges
compared to the centerline.

Figures 11 and 12 show that the direction of flow
affects the rate of water transport or net water transfer
coeflicient per proton profiles. In both of these figures, a
negative coefficient indicates the diffusion from the
cathode to the anode is greater than the electroosmotic
drag. For Figure 11, when the membrane thickness is
increased (cases 3.2 and 4.2) the net water flux per proton
is higher than that in cases 3.0 and 4.0. In cases 3.1 and
4.1, the rate of water transport decreases by decreasing
the membrane thickness. In Figure 12, when the cell
voltage is lowered (cases 3.3 and 4.3) the rate of water
transport is also decreased and when the cell voltage is
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Fig. 12. Effect of cell voltage on the width-averaged net water flux per
proton () profiles of cases 3 and 4. (Cases: (@) 3.0, (H) 3.3, (A) 3.4,
(©) 4.0, (O) 4.3 and (A) 4.4).
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increased (cases 3.4 and 4.4) the rate of water transport is
increased. The effects of co-flow and counter-flow create
significantly different rates of water transport in each
case. Co-flow creates the higher rate of water transport
especially in the case of increasing cell voltage (cases 3.4
and 4.4). The effect diffusion from the cathode may be
important for operation with dry anode gases.

4. Conclusions

A three-dimensional flow simulation of PEM fuel cell
has been presented. The analysis showed how to modify
a commercial flow solver to include the necessary
electrochemical processes. Modeled source terms can
be included in any commercial flow solver and therefore,
model development time will be reduced with this
formulation. The addition of diffusion layers at both
the anode and the cathode showed significant differences
from studies that did not include these diffusion layers.
The species concentrations along the flow channels were
calculated. Further, the effects of the membrane thick-
ness and the cell voltage on the local current density
were presented. This work also described the mass
consumption behavior by analysing the velocity distri-
bution in cross-flow planes.

The effect of the diffusion layers added to both sides
of the MEA is to create a larger reaction area. Without
this layer, the reactants cannot access the MEA under
the current-collector footprints. However, the diffusion
layer creates a flow resistance and therefore, our study
showed decreases of the local current densities relative
to studies without diffusion layer. In the diffusion layer
the reactants are transported by both convective and
diffusive transport mechanisms and the predictions
indicate that the convection effect is not negligible even
for low porosity. The direction of water transport can
alter the local current density distribution patterns.
Water migrating from cathode to anode shows higher
current densities near the edges of the computation
domain and water migrating from anode to cathode
shows higher current densities near the centerline. This
effect can only be observed by including the width of the
flow channel and gas diffusion layer in the model.
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