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Artigo

In this paper, the influence of the optimization for flow field size on the proton exchange membrane fuel cell (PEMFC) performance
under the inadequate air supply of cathode was studied based on the three-dimensional, steady-state, and constant temperature PEMFC
monomer model. Additionally, the effect of the optimization for hybrid factors, including length, width, depth and width-depth,

on the PEMFC performance was also investigated. The results showed that the optimization of the flow field size can improve the

performance of the PEMFC and ensure that it is close to the level under the normal gas supply.
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INTRODUCTION

PEMEC is regarded as the ideal power source due to the
development of the key technology and components, which can
operate well in the suitable operation temperature (60-80 °C) and
adequate fuel supply. However, the PEMFC can easily suffer from
the adverse condition in some scenario such as cold start or subzero
start, inadequate air supply.! In this case, the optimization of flow field
size is the good solution for the improvement of PEMFC performance
under the adverse condition.

Recently, the study related to the correlation of inlet flow rate
and PEMFC performance is concentrate on the level of stack. For
example, Wang et al.” put forward noval design of a cathode flow-field
with a sub-channel for PEMFC and found that the sub-channel inlet
position and flow rate have greatly influence on the cell performance.
Pan et al.? investigated the impact of the nonuniform reactant flow rate
on the performance of the stack. Results showed that the nonuniform
reactant flow rate will cause the accumulation of excess liquid water
near the PEM that is near the cathode exhaust outlet, and the local area
reacts strongly on the catalyst, whereas the local area reacts slowly.

Moreover, in the level of the optimization for flow field, many
researchers believed that the length of flow field present significant
influence on the PEMFC performance. They thought that the huge
pressure loss and the non-uniform gas distribution leads to the
longer flow field and the occurrence of “flooding phenomenon”,
which decreases the performance and stability of PEMFC.*3
Shimpalee et al.® investigated the impact of channel path length on
PEMFCs in 200 cm? area by change the number of channels in the
serpentine flow field (3-channel serpentine flow field, 6-channel
flow field, 13-channel flow field, 26-channel flow field, 26-channel
complex flow field). Their results showed the 13-channel gives the
best performance for PEMFC. John et al.” studied the effect of channel
length on performance and water accumulation in a PEMFC parallel
flow field and Santamaria et al.® examined the effect of increased
length of channel on the distribution of flow gases and performance
of the interdigitated flow field PEMFC. They all suggested that
the longer 25cm channels had significantly higher and more stable
performance than the shorter 5 cm channels.

Besides, Khazaee et al.” explored the relation of PEMFC
performance and the depth of flow field, and they thought that the
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depth of flow field played a key role in the ability of water removal.
Wang et al.'® demonstrated that the depth of flow field is the most
critical factor in the consumption rate of hydrogen, the width of
flow field comes second, and the width of rib is the least influence.
Many experiments and simulation results show that the smaller
ridge width and the larger flow channel width can promote the mass
transfer of reaction gas.!"'> Muthukumar et al.® research the effects of
different landing to flow field with the width of the flow field in mm
of 0.5x0.5, 1x1, 1.5x1.5, 2x2 on PEMFCs by comparing the current
density and power density, demonstrating that the 0.5x0.5 mm is the
optimal width of the flow field. The influence of flow field geometry
structure on the PEMFC performance was studied by Freire ef al.,'*
and they found that investigated the effect of operational parameters
on the performance of PEMFCs by using serpentine flow field with
different cross-section shape (rectangular and trapezoidal), finding
that trapezoidal cross-section of flow field can remove the liquid
water effectively and the rectangular cross-section of serpentine flow
field will not affect the performance of PEMFC. Korkischko er al.'®
reviewed the effect of the shape of flow field Cross-Sections on
PEMFC performance and proposed the inverted trapezoidal cross-
section is the optimized geometry because of the perfect power density
and current density characteristics.

In this paper, to provide a reliable basis for “self-improvement”
of PEMFC performance, the influence of hybrid factors, including
length, width, depth and width-depth, on the PEMFC performance
were studied under the inadequate air supply condition, and the
software COMSOL Multiphysics, as the multi-physics direct coupling
analysis software, was used to simulate and calculate.

EXPERIMENTAL
Models and parameters

As a complicated system, the PEMFC contains a lot of process
such as liquid fluid, gas diffusion, water transport and electrochemical
reaction. Therefore, the mathematical models need to be established to
describe the PEMFC operation process comprehensively and improve
the accuracy of the simulation results.

In this paper, three types of serpentine flow field PEMFC models,
including 2-channel, 4-channel and 8-channel, are established in the
area of 3.2 cm x 3.2 cm (just as Figure 1). The parameters of the
models were listed in Table 1.
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Figure 1. The three models of PEMFC: (a) 2-channels serpentine flow field PEMFC; (b) 4-channels serpentine flow field PEMFC; (c) 8-channels serpentine

flow field PEMFC

Table 1. Parameters of the model'®

Symbol Parameters Value

L Flow field length/m 0.032

W_ch Flow field width/m 0.032
H_gdl GDL thickness/m 380e-6
H_electrode Porous electrode thickness/m 50e-6
H_membrane Membrane thickness/m 100e-6
eps_gdl GDL porosity 0.4

K_gdl GDL permeability/m” *1 1.18e-11
sigma_gdl GDL electric conductivity/S m™! 222
wH2_in Inlet H, mass fraction (anode) 0.743
wH20_in Inlet H,O mass fraction (cathode) 0.023
wO2_in Inlet oxygen mass fraction (cathode) 0.228
mu_anode Anode viscosity/Pa s 1.19e-5
mu_cathode Cathode viscosity/Pa s 2.46e-5
D_H2_H20 H,-H,O Binary diffusion coefficient/m?* s! 1.11e-4(calculated)
D_N2_H20 N,-H,O Binary diffusion coefficient/m? s™! 3.09¢e-5(calculated)
D_02_N2 0O,-N, binary diffusion coefficient/m? s’ 2.89e-5(calculated)
D_02_H20 0,-H,0 binary diffusion coefficient/m? s™! 3.41e-5(calculated)
T Cell temperature/K 343.15

p_ref Reference pressure/Pa 1.01e5
V_cell Cell voltage/V 0.7
cO2_ref Oxygen reference concentration/mol m? 40.88
cH2_ref Hydrogen reference concentration/mol m? 40.88

eps_l Electrolyte phase volume fraction 0.3

eps_cl Open volume fraction for gas diffusion in porous electrodes 0.3

K_cl Permeability (porous electrode)/m? s! 2.36e-12
sigma_m Membrane conductivity/S m 9.825

k Thermal conductivity 1

G Conduction coefficient of proton 1

K© Conduction coefficient of electron 1

. Anode exchange current density/A cm™ 0.3

J_a Cathode exchange current density/A cm™ 2.47e-8

J”" reaction area of catalyzator/m> 1.02e-3

Additionally, to improve the computational accuracy, grid cells
were created and connected by equalizing the node in each component,
and built by the hexahedron mesh. Therefore, approximately 245743
computational units are involved in all geometries. Besides, the
NUMPS algorithm was applied to complete the flow field solver
through the algebraic multigrid method.

MODEL HYPOTHESIS AND MATHEMATICAL MODEL

The following assumptions are used to simplify the PEMFC
model:

1) The PEMFC is assumed to operate at a steady state;

2) The gas flow in the flow field is regarded as the laminar of
ideal gas and the incompressible flow;

In this paper, the reynolds number is based on the hydraulic
diameter, just as formula (1)

_op
Re="" M

where Q is flow rate(m® s'); D is hydraulic diameter (m); Vv is
kinematic viscosity (m? s); D is got by formula (2)
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where His height of cross section (m); Wis width of cross section (m)

For this research, the maximum value of Q is 300 mL min
(5e°m?® s); the H = W = 0.001 m; the kinematic viscosity of air is
1.48¢” m?s; The A is H*W = 1e® m?

Finally, the Re is 337.84 < 2000, so the hypothesis is established.

3) All gases cannot pass through the proton exchange membrane;

4) The gravity effect is neglected;

5) Both the gas diffusion layer (GDL) and catalyst layer (CL) are
assumed to be homogeneous and isotropic;

6) The PEMFC model is applied in a serpentine flow field fuel
cell;

7) PEMEC is operated in the temperature of 70 °C.

According to the mass conservation equation, momentum
conservation equation, component conservation equation,
electrochemical equation, and diffusion equation of gas components
in porous media, and the transport equation of liquid water, the
PEMEC is suitable for these rules.

The general formulas of the conservation equation are as follow:

SOV 19 (pity ) =V - (V) 45, 3)

where p is density (kg m?); y is solving variables; 7 is time (s);
u is velocity vector (m s™); I' is generalized diffusion coefficient;
S, is the source items of .

The four terms in formula (3) from left to right are transient
term, convection term, diffusion term and source term, respectively.

The above conservation equation is converted by formula (3) and
change the value of the y.

When the value of y is 1, themass conservation equation is
obtained in formula (4):

op

o +V-(pu)=S5, “

When the value of y is #, the momentum conservation equation
is obtained in formula (5):

o(pu)

Z V- (pii) =V (uVi) 5, ©)

Table 2. Expressions for source terms
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where S is the loss rate of the momentum in the porous media.
When the value of y is Y, the component conservation equation
is received in formula (6):

a(gy)w (piY)=V-(DVY)+S, (6)

where S is the production or consumption rate of the components
(such as oxygen, hydrogen and water) in catalyst layer (CL).

When the value of y is 7, the energy conservation equation is
finished in formula (7):

MJrv.(pgT)zv.(iVTﬂST (7N
ot ¢

»
where k is thermal conductivity,

When the value of y is ¢,. or ¢, the proton or electron
conservation equation is derived in formula (8):

VeV, )+S, =0

V-kTVh )+S, =0 ®

where ¢ and « is the conduction coefficient of proton and electron,
respectively.

The source items at different area of PEMFC in formula (3) - (8)
are as Table 2, where u is viscosity coefficient (kg m™ s), K, and
K, are permeability (m? s) of GDL and CL, M, and S, are chemical
expressions and stoichiometric coefficients of components, 7 is the
number of electron, F is Faraday constant (96485 C mol™).

The expression for S, And S¢ is different in anode and cathode,
just as formula (9) and (10)

Ja anode CL
s, =1 ©)
A cathode CL
—Ja anode CL
s, =1 (10)
(N A cathode CL
J. and j, is obtained from formula (11) and (12).
1
Cu, V(a,+o j
j, = ai 2 ——=F 11
Ja o,a[cHz,nf\J ( RT n (1)

Source items CL GDL Membrane Bipolar plate Flow field
S, Syj0.+ Sv 0 0 0 0
no- n
S, - u - 0 0 0
KGDL KCL
Ms,j
Sy _ i)
YO, W 0 0 0 0
s M, | 5Ly Ty —v.[lag
Yino HIO{nF e 0 e 0 0
, A i’ i i’
St A o k7 o 0
So, —j 0 - 0 0
Sp, j - 0 - -
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o1 G o F
i =—ai, .exp| —16456] —— _exp| ——= 12
Je =" p{ (T 353.15)}0% p[ RTn)( )

where a is the reaction area of catalyzator, i, is exchange current density

(the subscript of a and c is represented anode and cathode ), C and C,,

are molar concentration and reference molar concentration, o is the
conversion rate of electrochemical reaction, 7 is activation potential.

Modelling verification

The Fuel cell testing system G20 is used to test the performance
of PEMFC and the Fuel cell testing system is used to test the
performance of PEMFC in this paper and the principle of testing
system is shown in Figure 2. In this test, the Rh condition of O,, H,
is 100%, the specific experimental parameters are detailed in Table 3.
Moreover, the size, reaction gas intake, experimental temperature,
GDL porosity, catalytic layer porosity and bipolar plate material are
consistent with the simulation conditions.

<«

Figure 2. Fuel cell testing system

Table 3. Parameters of single PEMFC

Parameter Value
GDL porosity 0.4
GDL thickness 380e-6[m]
Porous electrode thickness 50e-6[m]
Membrane thickness 100e-6[m]
Catalytic layer porosity 0.3

Gas back pressure 0O[MPa]
Platinum load 0.5[mg/cm?]
Cell effective area 10.24[cm?]
02 flow rate 889[mL/min]
H2 flow rate 536[mL/min]
Cell temperature 343.15[K]
Gas temperature 348.15[K]
Dewpoint temperature 343.15[K]

Figure 3 shows the comparison of the polarization curve between
the simulation and experimental values under the same conditions and
geometric parameters. It can be seen that the simulated polarization
curve is similar to the experimental curve, indicating that the
numerical model used in this paper is reliability.
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Figure 3. Comparison of the polarization curve between the simulation and
experimental

RESULTS AND DISCUSSION
Determination of inlet flow conditions

As the significant media of proton conduction, the water of
membrane plays an important role in the conduction of proton (H*).
Since the form of proton conduction in this area is hydrated proton,
the content of water presents the huge influence on the conductivity
of membrane. Specifically, excessive content of water is easy to cause
the “flooding phenomenon”, and it not only hinders the diffusion of
gas but also increases the contact resistance. On the contrary, too low
content of water will decrease the electrical conductivity of membrane
and increase the ohmic overpotential. Consequently, both these two
cases are unfavourable for the improvement of PEMFC performance.

Figure 1S presents the relation of the water content in membrane
and the inlet flow rate (5-300 mL min™), exhibiting that the water
content decreases with the increase of inlet flow rate, and then
almost unchanged. The reason is that the increase of the inlet flow
rate can offer adequate power for the intake of oxygen and ensure it
distribute uniform in cathode GDL, then the “flooding phenomenon”
resulted from high local water content can be avoided effectively.
Additionally, the increased inlet flow rate is significantly contributed
to remove the redundant water and make the water content maintain
a reasonable level. Figure 5S also shows that the water content
of the membrane changes small when the inlet flow rate reaches
150 mL min’, indicating that the improvement of the water content
is no longer obvious when the inlet flow rate exceeds 150 mL min™.
The change regulation of oxygen distribution in cathode GDL under
different inlet flow rate is shown in Figure 2S, presenting a similar
regulation with Figure 1S.

Figure 3S shows the distribution of the oxygen in cathode GDL
with the change of inlet flow rate in the range of 5-20 mL min™. It can
be seen that the uniformity of oxygen distribution is not enough to keep
the PEMFC operating normally. To sum up, the value of 150 mL min™!
is selected as the ideal gas intake condition and the value of 20 mL min’!
is regarded as the inadequate air supply condition in this paper.

Optimization of flow field length under inadequate air supply
condition

The length of flow field presents a large effect on the performance
of PEMFC, which is caused by the pressure loss of reaction gas. In
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this case, the phenomenon of water flooding will occur, leading to
the reduction of performance and working stability for the PEMFC,
and there is no doubt that this effect is greater under inadequate air
supply condition.

Figure 4S shows the distribution of the pressure and the maximum
water content (in the interface between flow field and GDL) in
different length under inadequate air supply condition. Obviously,
these two parameters reduce rapidly with the increase of flow field
length (the length changes with the number of channel in the same
flow area in this paper). Results reveal that the optimization of flow
field length is in favor of the reduction of pressure loss and the increase
of the oxygen concentration in the back-end of flow field (just as in
the Figure 5S). Thus, the performance and stability of operation for
PEMEFC is improved.

Optimization of flow field width under inadequate air supply
condition

The optimization of flow field width is beneficial to the mass
transfer of reaction gas in cathode GDL. Since the diffusion rate in
anode is much higher than that in cathode and the research range of
width is 0.7-1.3 mm, this paper is focused on the cathode flow filed.

Figure 6S shows the distribution of cathode gas in different
width, exhibiting that the wider flow field can get the more uniform
gas distribution because of the larger the flow field width and the
smaller the oxygen concentration difference. However, too wide flow
field is not in favor of the PEMFC performance. On the one hand,
Figure 6S obviously reveal that the trend of oxygen concentration
difference gradually reach stable; On the other hand, the deformation
of GDL will increase when the flow field is too wide, and it will
cause the increase of intrusion rate for flow field by GDL.! Finally,
the performance of PEMFC will reduce due to the reduction of the
effective intake volume in the flow field. In summary, the optimal
width of flow field is 1.0-1.2 mm in this study.

Optimization of flow field depth under inadequate air supply
condition

The optimization of flow field depth can improve the gas flow
velocity to avoid the “flooding phenomenon” and enhance the
performance of PEMFC. The change regulation of average gas flow
velocity of every channel in the range of 0.8-1.4 mm is shown in
Figure 7S. It can be seen that this regulation in the 8 channels is
same although the maximum of average gas flow velocity appears
at different point of depth. The regulation is that the shallow flow
field can obtain higher gas flow velocity, and the maximum value is
obtained in the range of 0.6-0.8 mm. In addition, the range of 0.6-0.8
mm is in favor of the uniformity of gas distribution in GDL because
of the small cross velocity between every channel.

Discussion of the results for optimization under inadequate air
supply condition

The length has crucial impact on the development of PEMFC
performance. In the same reaction area, it can reduce the pressure
loss and remove the water effectively through the method of shorten
the length of the flow field. At the same time, this paper studies the
influence of width and depth on the PEMFC performance, and finds
the optimal value between these two factors. However, to get the
more precise optimization, the comprehensive factor of width-depth
is investigated and the best width-depth combination will be found.

Figure 8S describes the current density under different width-
depth combination (width of 1.0-1.2 mm — 0.6-0.8 mm). It can be
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seen that the effect of depth on the current density is greater than
that of width, and the best width-depth combination is width of
1.16 mm — depth of 0.8 mm. Figure 4 reveals the comparison of the
polarization curve under the inadequate air supply condition with
the optimization of flow field and the ideal gas intake condition with
primary flow field. Obviously, the level under the inadequate air
supply condition is close to that under the ideal gas intake condition
after the optimization of flow field.
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Figure 4. Comparison of polarization curve; A. The inadequate air supply
condition with optimization flow field; B. The ideal gas intake condition with

primary flow field

CONCLUSIONS

In this paper, a three-dimensional, steady-state, constant
temperature of PEMFC monomer model was established to research
the improvement of PEMFC performance by the optimization of flow
field size under the inadequate air supply condition. The results are
as follows:

(1) The length of flow field has a large effect on the performance
of PEMFC and it can reduce the pressure loss and remove the water
effectively through the method of shorten the length of the flow field.
Additionally, the 8-channels serpentine flow field is the optimal length
channel in this study.

(2) The optimization of width is beneficial to mass transfer in
GDL and make the gas distribution more uniform. The optimal range
of width is 1.0-1.2 mm.

(3) The optimization of flow field depth can improve the gas
flow velocity to avoid the “flooding phenomenon” and enhance the
performance of PEMFC. The optimal range of depth is 0.6-0.8mm.

(4) The best width-depth combination is width of 1.16 mm -
depth of 0.8 mm.

(5) The level under the inadequate air supply condition is close
to that under the ideal gas intake condition after the optimization of
flow field.

SUPPLEMENTARY MATERIAL

Figures 1S — 8S can be freely accessed at http://quimicanova.
sbq.org.br, in PDF format.
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