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Abstract

In this paper, the effect of flow on water accumulation
and the performance of a parallel flowfield based PEM
fuel cell has been analyzed using a 3-D steady state,
non-isothermal, single phase simulation model. Three
flow conditions at 40°C are studied by the fuel cell
model, which is developed using COMSOL
Multiphysics. For the studied conditions, the
simulation results show reduced water accumulation
in flow channels and enhanced fuel cell performance
when the flow rate is increased.
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Introduction

Fuel cell is an electrochemical energy conversion
device that converts chemical energy directly to
electricity. Most important aspect of a fuel cell is its
clean nature, since the only two byproducts are heat
and water. Fuel cells have been attracting a lot of
attention as a feasible device to replace internal
combustion engines for future transportation needs.
Among the different types of fuel cells Polymer
Electrolyte Membrane Fuel Cells (PEMFC) are
expected to play the most crucial role due to its fast
startup time and favorable power-to-weight ratio.
Currently, PEM fuel cells are already in application in
hybrid and full-electric vehicles [1,2], fixed wing
unmanned aerial vehicle [3], power generations [4],
and space missions [5].

The basic architecture of a PEMFC consists of an
anode, proton exchange membrane, cathode, gas
diffusion layer (GDL), and flow channels/bipolar
plates. Even though fuel cell performance is mostly
governed by its reaction kinetics at low current
density, flowfield design play a very important role,
especially at high current density. With a fixed
membrane electrode assembly (MEA) and GDL, the
performance of a fuel cell can largely be improved by
an efficient flow field design at high current density.
Flow fields, also known as Bipolar plates in stack,

perform several crucial functions in fuel cell
operation. These functions include supplying reactants
to the reactions sites, effectively removing water
generated by electrochemical reaction to prevent
flooding, and providing structural support to the
flimsy MEA. It also needs to be highly electronically
conductive for collecting current.

Numerous research has been performed on individual
channel cross sections of bipolar plates. Channels with
rectangular cross sections are mostly used but
trapezoidal, triangular, semi-circular profiles have also
been investigated [6-8]. However, the overall design
of flow fields and their orientation have a more
significant impact on fuel cell performance.
Conventional flow field designs include pin type,
interdigitated, serpentine, parallel channel
configurations [9,10]. Some researchers have also
designed bio inspired flow fields [11]. Among these
designs, parallel channels are considered to be a
potential candidate for research due to its simplicity
and the ability to uniformly distribute reactants.
However, because of its low-pressure differential,
parallel channel is also known to be susceptible for
liquid water accumulation and blockage inside the
channels, which is a severe drawback to this design.
Increasing flow rate is often suggested in the literature
as a feasible solution to overcome this problem. Thus,
understanding the inlet flow sensitivity in parallel flow
field design is a vital step to understanding and
improving its performance.

In this study, a single phase, three dimensional,
isothermal model has been developed to simulate the
steady state performance of a PEM fuel cell with
parallel flow fields. The cell operating conditions have
been set to 40°C, 101.325 kPa and 50% relative
humidity in both anode and cathode side. The effect of
flowrate has been studied by analyzing the reactant
and relative humidity distribution inside flow channels
and cell performance through polarization and power
density curves.

COMSOL Multiphysics Model
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This fuel cell model has been developed assuming a
steady state and isothermal operation. Isotropic
properties are assumed for both electrode and
membrane materials. The gas mixture in anode and
cathode has been modeled as ideal gas. For the
preliminary study, this model assumes that no water
transportation is allowed across the membrane.

1. Geometry

The 3-D geometry of the parallel channel flow field
and MEA assembly has been developed using the
commercial CAD package SolidWorks 2016. The
generated geometry was later imported in COMSOL
using the CAD import module. Detail geometric
parameters of the model are provided in table 1.

Cathode inlet

<4

Ref. flow channel

MEA and Gas

Anode outlet diffusion layers

Cathode outlet
Figure 1 Computational Domain for simulation

2. Governing Equations

The “Secondary Current Distribution” interface has
been used to model the electrochemical reactions in
electrodes and the current distribution in MEA and
GDL. Ohm’s law and conservation of charge equation
is solved in the electrochemistry domain which
contains the MEA and GDL [13].

Vi, =—0"V.-¢
V-i,=Q,

. . [1]
Vii=-0,"V-¢
Vi, =Q

Here ¢ is the phase potential (I for electrolyte and s
for electrodes), o™ is the effective conductivity

(S/m) and Q is the source term(A/m®). The

subscript s is used to describe the solid electrode phase
and “I” is for the membrane properties.

The sum of all reaction currents constitutes the source
term “Q” in equation 1.

V ’ iI = Z A\/,miloc,m
V- is = _Z A\/,miloc,m

Here A, is the active surface area. Local current

(2]

density 1,,, for anode electrode is modeled using

linearized Butler-Volmer equation and for cathode
electrode it is modeled using cathodic Tafel
approximation.

Table 1

Geometry Parameters

Parameter Value
Membrane/CL/GDL width 2.108 cm
Membrane/CL/GDL Length 2.013cm
GDL Thickness 0.020 cm
Catalyst layer thickness 0.0025 cm
Membrane thickness 0.005 cm
Channel width 0.061 cm
Rib width 0.061 cm
Channel height 0.076 cm
Inlet/Outlet manifold width 0.127 cm
Inlet/Outlet manifold height 0.127 cm
Inlet manifold length 2.584 cm
Outlet manifold length 2.013cm
Inlet diameter 0.127 cm
Outlet diameter 0.127 cm

RT
= —i, x10™'*

. .| (a, +a.)F
IIoc,anode = IO [Q} 7,

Iloc, cathode

To model mass transport “Transport of Concentrated
Species” interface and to model momentum transport
“Brinkman Equation” has been used. Navier-Stokes
equation is used to solve the flow in gas channels and
the Brinkman equation is used to describe the flow in
porous regions. The dependent variables in the
Brinkman equations are Darcy velocity and pressure
[13].

V- (pu)=Q, [3]
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Table 2

Operating Condition

Temperature 40°C
Pressure 101.325 kPa
Humidity 50%/50%
Anode inlet flowrate St1,5,15
Cathode flowrate St1,5,15
Kinetic parameters
[Elxzcihange current density HOR 1x105 A/m?
Exchange current densit
ORR[lg] g 1 Alm*
Anod.ic. and cathodic Transfer 1
coefficient
Material Properties
Electrolyte conductivity[12] 9.825 S/m
Catalyst layer conductivity 222 S/m
GDL Porosity [12] 0.4
GDL Permeability [12] 1.18x10 (m?)
Catalyst layer Porosity [12] 0.3

Catalyst layer Permeability [12] 2.36x1012 (m?)

Reactant gas properties

Doer (calculated) 2.47x10° (m?/s)
Do, 1,0 (calculated) 2.9x10°5(m2/s)
Dy, 0 (calculated) 9.47%10°5 (2/s)
Dy, n,0 (calculated) 2.65%10°5(m?/s)
Mass fraction of H20 (cathode) 0.023
Mass fraction O2 (Cathode) 0.228
Mass fraction H2 (Anode) 0.743
Reversible cell voltage 1.229

Dynamic viscosity (Anode gas

-5 _
mixture) [12] 1.19x10° (Pa-s)

Dynamic viscosity (Cathode

5 _
gas mixture) [12] 2.46x10" (Pa-s)

ﬁ[u V)l] =
Ep EP

[4]
-Vp+V -Li{y(w + (VU)T)—gy(V~ u) |H

p

—(Kly+Q—*;']u+F

p

Here U is velocity of gas mixture, P is pressure, Q,,
is the mass source and F is the influence of gravity.
V-ji+V-(pou) =R

[5]
N, =J, + puw

Multiphysics coupling between the electrochemistry
and mass transport interface is achieved by coupling
the reaction coefficients

J

RH2 = —ﬁ M Hy
J [6]
ROz = —% MOz
J
RHZO = % H,0
Q
Ji= _(pa}lzljikdk + DiTVInT] [7]
k=L

In equation 7, D, (M?/s) are the multicomponent
Fick diffusivities, @, is the mass fraction of species i,
T (K) is the temperature, D."(Kg/m-s) are the

thermal diffusion coefficients and d, (1/m) is the

diffusional driving force acting on reactant species.
For idea gas mixtures, the diffusional driving force is
defined as

1 Q
d, =Vx, +E|:(Xk -0 )Vp - pag, + %zpwlgl:| [8]
=

Here, P is the total pressure, X, is the mole fraction

and M, is mean molar mass. These are obtained by

[9]

Excerpt from the Proceedings of the 2017 COMSOL Conference in Boston



Figure 2 Physics controlled triangular mesh on flow
channels and mapped rectangular mesh on diffusion
layers, electrodes and membrane

Boundary Conditions:

Anode side of the cell was grounded and the cathode
side was set to the cell potential. To solve the
brinkman equation, inlet and outlet boundary
conditions was set. Inlet velocity was calculated based
on the stoichiometric flow rate required to generate 1
A/cm? from the fuel cell. Flowrate A, B and C in table
3 corresponds to stoichiometric flow of 1, 5 and 15
respectively at 1A/cm? current density. Table 3 shows
the flowrates used for the simulation. Outlet was set to
atmospheric pressure. For solving the mass transport
equations inlet mass fraction was defined as the
boundary condition.

Table 3
Flowrate A | Flowrate B | Flowrate C
(SLPM) (SLPM) (SLPM)
Anode |4 116 0.208 0.527
Inlet
Cathode | 5 756 0.368 0.932
Inlet
Results:

The described fuel cell model developed using
commercial FEA  based solver COMSOL
Multiphysics 5.3 is used to calculate fuel cell
performance. Physics controlled tetrahedral mesh was
generated in the intake and outlet manifold. In the YZ
plane of the channel free triangular mesh was created
with a maximum element size limit. In the GDL, CL
and membrane user controlled 2D mapped mesh was
created and later swept on to X direction. A segregated
approach was used to solve each physics sequentially
using the iterative solver GMRE (Generalized
minimal residual method).

Operating conditions were set to 40°C, 101.325 kPa
and 50% relative humidity at both anode and cathode.
To analyze the effect of flowrate on reactant and water
content distribution, the center (91") channel from the
inlet is taken as a reference. Figure 7 and 8 show the
distribution of relative humidity in the reference
channel at 0.7V and 0.4V, respectively. Since this is a
single phase model, it is assumed that water is
condensed to liquid form when the relative humidity
exceeds 100%. At high current density and low
flowrate (flow rate A), there is a high liquid water
accumulation in the reference channel (Figure 8).
Results show that 95% of the total channel length is
filled with saturated water. As we increased the
flowrate from A to C, liquid water is removed up to
the half of channel length. At cell operating voltage of

0.7V (Figure 7), 78% of the channel length for
flowrate At is filled with liquid water. Again, as the
flow rate is increased the liquid water is removed from
the channel. Figure 11 shows the 2-D surface plot of
relative humidity distribution in cathode flow channel
at 0.7V and 0.4V. The results further demonstrate that
liquid water accumulation in parallel channel is very
sensitive to flow rate and it can be reduced to a
significant extent by increasing the flowrate.

Figure 5 shows Partial distribution of hydrogen in
anode reference flow channel. Hydrogen distribution
is more uniform anode side compared Oxygen cathode
side. At a low flow rate (Flowrate A), hydrogen partial
pressure drops from 96.5 kPa to 91 kPa. Whereas in
cathode side, (Figure 6) oxygen partial pressure
reduces to 0 kPa and creates oxygen depletion in
catalyst layer. As the flowrate is increased to flow rate
C, oxygen distribution becomes more uniform with a
lower pressure drop. Figure 3 and 4, shows the overall
performance of the fuel cell in a polarization plot and
power density plot. The results indicate that with an
increase in flowrate, the fuel cell performance is also
improved. At flowrate A, limiting current behavior is
observed due to reactant depletion in cathode catalyst
layer.

In Figure 12 and 13, membrane current density in
transverse to the parallel channel direction (Y
direction) is plotted for flowrate A, B, and C. The
wavy nature illustrates the land and channel
distribution. In Figure 14, the current density along the
parallel flow channel direction has been plotted.
Results show that current density along flow channel
direction is more uniform compared to the transverse
direction. In transverse flow direction for all flow rates
the current density curve shows a similar oscillating
pattern. The peak of each oscillation occurs at the
center of each flow channel where reactant supply is
highest. But it can be observed from figure 14 that, the
current density distribution along the flow channel
direction becomes more uniform as flow rate is
increased. At a low inlet flowrate (Flow rate A) the
current density reaches close to zero near the exit due
to oxygen depletion in cathode flow channels.
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Polarization Curve
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Figure 3 Polarization curve

Conclusion

A three-dimensional steady state isothermal model
was developed to simulate PEMFC performance in
low temperature operating conditions. The studied
operating conditions are 40°C, 101.325 kPa, and 50%
RH at both anode and cathode. The simulation was run
in three constant flowrate conditions and the effects of
flowrate on electrochemical reaction kinetics, reactant
flow, diffusive and convective mass transport in flow
channels, gas diffusion media and electrode are
studied.

From this experiment it was found that, saturated
water content in flow channel increases with
increasing current density. The removal of liquid
water from the channel is facilitated by increasing the
flow rate. Power density and polarization curve results
show that fuel cell performance is improved
performance as flowrate is increased. Liquid water
accumulation in channels is also reduced as flowrate
is increased. Increasing flowrate provides a positive
impact on overall fuel cell performance.
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Figure 4 Power density curve at three different flow
rates
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channel
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Figure 6 Oxygen partial pressure in reference channel
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Figure 7 Relative humidity distribution in reference
channel at 0.7V
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Figure 11 Relative humidity distribution in cathode
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Figure 12 Membrane Current density in transverse to
the parallel flow channel(Y direction) (A/cm?) at
Flowrate A
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Figure 13 Membrane Current density (A/cm?) in
transverse to the parallel flow channel(Y direction)

at Flowrate B and C

Membrane Current Density in flow direction
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Figure 14 Membrane Current density in X direction (parallel
to the flow channel direction) (A/cm?)
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