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Abstract—A new enhanced drainage parallel (EDP) flow field was designed that not only enhances under-rib convec-
tion but also enables a more uniform distribution of hydrogen and oxygen. Through the optimization of the model, we
established the influence of the flow field size, relative humidity, and stoichiometric ratio on cell performance. When
the rib width is reduced, the maximum power density is improved. Compared with the parallel flow field and serpen-
tine flow field, the maximum power density of the EDP flow field was increased by 69.4% and 7.9%, respectively.
Under optimal conditions, the net power of the EDP flow field can reach 0.56 W/cm’. In the single-cell test, the maxi-
mum power density of the EDP flow field can reach 1.19 W/cm’. This implies that the EDP flow field has potential

application of proton exchange membrane fuel cells.
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INTRODUCTION

In recent years, there has been an increasing interest in proton
exchange membrane fuel cells (PEMFCs). During the operation of
PEMEGC, the only by-product is water. At the same time, it also has
many advantages, such as quick start-up, high energy utilization,
and lower operating temperature [1-3]. These potentials make it a
favorable competitor for traditional fossil energy. PEMFC is a clean
energy device that converts the chemical energy stored in the reac-
tion gas into electrical energy by redox reactions [4,5]. Single-cell is
mainly composed of bipolar plate (BPP), gas diffusion layer (GDL),
catalyst layer (CL), and proton exchange membrane.

As a key component of the fuel cells, the bipolar plate is respon-
sible for separating the anode and cathode, equally dividing the
reaction gas, discharging the by-product water, conducting elec-
trons, and providing mechanical support for the cells. In addition,
BPP occupies nearly 88% of the weight in the stack and nearly one-
third of the manufacturing cost [6]. Therefore, the optimization of
BPP can not only improve the performance of the fuel cell but also
reduce the cost and weight [7]. Designing different flow field dis-
tributions can effectively improve the uniformity of the fuel and
promote the removal of by-product water. The main factors to eval-
uate the performance of the flow field are the distribution of reac-
tants, pressure drop loss, and the ability to prevent flooding under
high current density [8].

Water management plays a critical role in the maintenance of
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the stable operation for PEMFC. At the gas diffusion layer-catalyst
layer (GDL-CL) interface, excessive liquid water saturation will block
the GDL, causing the reactant gas to fail to contact the catalyst [9,
10], a phenomenon also called flooding. There is no doubt that this
will greatly reduce the output performance of the fuel cell. In addi-
tion, excellent water management is also the key to achieving uni-
form distribution of reactants in the gas diffusion layer and under-
ribs [11]. One of the greatest challenges is water management of
under-ribs (Fig. 1(d)). Usually, there is no direct airflow under the
ribs to conduct liquid water. This will cause the accumulation of
water under the ribs, which can completely block the gas diffusion
layer above the ribs [12]. Some studies have shown that improving
the mass transfer under-ribs can effectively enhance the removal of
liquid water under the ribs and uniform distribution of reactants
[13-15]. Therefore, the flow field designed on the principle of en-
hancing the convection under the ribs needs more extensive research.

Due to the low mechanical manufacturing cost and simple struc-
ture, the traditional PEMFC flow field mainly is parallel, serpen-
tine, and interdigitated. Among them, the parallel flow field has the
simplest structure. All reactants are transported in parallel chan-
nels, which have lower pumping power and total pressure drop com-
pared to other structures. However, it is difficult for the parallel flow
field to distribute the gas uniformly in the CL, and the convection
under the ribs is also weak. This will cause severe flooding, which
will cause uneven current density distribution and reduce the ser-
vice life of the fuel cell. Compared with the parallel flow field, the
serpentine flow field has a unique path from the inlet to the outlet.
This feature will increase the uniformity of gas distribution, flow
rate, water removal capacity, and significantly improve output power
density. However, lengthy transportation routes will increase pump-
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ing power. In addition, as the pressure decreases near the outlet,
the convection under-ribs gradually decreases, causing liquid water
to accumulate that cannot be removed in time [16]. The interdigi-
tated flow field has the best water removal capacity because of its
special structure. However, this requires extremely high pumping
power as a prerequisite. which will undoubtedly increase the cost
of PEMFC and limit its commercial development. Therefore, re-
searchers proposed a novel flow field design to solve these problems.

Khazaee and Ghazikhani [17] studied the influence of channel
depth on the performance of straight flow field under different stoi-
chiometric ratios by simulation and experiment. The results show
that the predicted polarization curve is consistent with the experi-
mental data. When the depths of the cathode and anode channels
are 1 mm and 1.5 mm, the cell performance is best. Liu et al. pro-
posed a new kind of flow field plate structure based on the princi-
ple of bio-inspiration and Murray’s law [18]. The simulation results
show that the maximum power density of the bio-inspired flow field
is increased by 64.8% compared to the parallel flow field. In addi-
tion, the maximum power density of the bio-inspired flow field
optimized by Murray’s law is 114% higher than that of the parallel
flow field. Inspired by the texture of leaves, Coban et al. designed a
leaf bionic flow field [19]. The leaf flow field can effectively improve
the uniformity of the gas distribution and the pressure drop values,
resulting in higher power density. Compared with the standard ser-
pentine flow field, the performance is improved up to 42.1%. The
development of bionics provides a new idea for the design of the
flow field. However, the structure of the bionic flow field is more
complex and requires more precise dimensional control. This will
increase the overall manufacturing cost of the fuel cell, which is not
suitable for commercial applications. Zhang et al. [20] designed a
three-dimensional flow channel to improve the uniformity of gas
distribution and the removal of by-product water. The 3D flow field
is designed to have wave channels, thereby increasing reaction gas
from the flow channel/diffusion layer interface to the catalyst layer.
This 3D flow field design introduces the concept of forced convec-
tion into the flow field distribution, which greatly improves the out-
put performance. A large number of scholars have also conducted
related studies on different 3D flow fields [21-24]. However, 3D
flow fields are often accompanied by larger pressure drops and higher
manufacturing costs. These will also affect the commercial devel-
opment of PEMFC in the future.

Improving the output power and drainage efficiency of PEMFC
by enhancing convection under-rib mass transport is also another
hot research topic in flow field design [25-27]. Abdulla et al. [28] veri-
fied the positive effect of enhanced cross-flow split serpentine flow
field (ECSSFF) with an active area of 55 cm” on the performance
improvement of PEMFC. According to the simulation results, they
found that the pressure drop of ECSSFF is nearly 30 times smaller
than that of SSFE This will not only reduce pump power but also
reduce operating costs. Tiss et al. [29] proposed a numerical model
to study the influence of under-rib convection on cell performance.
They inserted some blocks in the gas channel to enhance the uni-
formity of the reactant gas in the GDL. This improvement enhances
material transport by convection under-rib, achieving a more uni-
form distribution of reactants on the CL surface. Ahmed et al. [30]
developed a new flow field structure based on the serpentine flow
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field. This flow field not only effectively enhances the under-rib
mass transport but also reduces the possibility of water flooding at
the GDL-CL interface. In addition, the convection under-rib can
be significantly enhanced by changing the size of the flow channel
and the width of the ribs in the traditional flow field [31,32]. Vel-
isala and Srinivasulu [33] studied the effects of single, double, and
triple serpentine flow field structures on the performance of PEMFC
by numerical simulations and experiments. The experimental results
show that, at a given inlet flow rate, the cell performance increases
as the number of channels decreases. In addition, the total pressure
will also be inversely proportional to the number of channels. How-
ever, most of these findings have only been simulated and not ex-
plored experimentally. This will have a great impact on the indus-
trial application of PEMFC. In addition, some flow fields have com-
plex structures and high processing costs, which obviously do not
conform to the current research status of fuel cells.

Therefore, an EDP flow field with simple structure, low fabrica-
tion cost and excellent performance is designed in this paper. Using
CFD simulation method to explore the mass transfer mechanism
of EDP flow field under different parameters (flow field size, gas
relative humidity, stoichiometric ratio of cathode and anode). In
addition, PEMFC single-cell experiments were also performed to
verify the accuracy of the simulations. The trend that the experi-
mental and simulation results are consistent provides a reference
for the industrial application of EDP flow field. Compared with the
traditional flow field, the EDP flow field obtains more uniform gas
distribution, higher drainage efficiency and net power density. The
specific details will be described in the following chapters.

PHYSICAL MODEL DESCRIPTION

1. Geometry and Meshing

In this work, SOLIDWORKS 16.0 was used for 3D modeling.
Different flow field models are shown in Fig. 1: the parallel flow
field (Fig. 1(a)), the serpentine flow field (Fig. 1(b)), and the en-
hanced drainage parallel (EDP) flow field (Fig. 1(c)). The compu-
tational domain consists of a complete single-cell including cur-
rent collector, flow field, gas diftusion layer, catalyst layer and proton
exchange membrane (Fig. 2). For all simulations, the active area is
fixed at 50 mmx50 mm. The thickness of the current collector, gas
diffusion layer, catalyst layer, and proton exchange membrane is
2mm, 0.12mm, 0.01 mm, and 0.11 mm, respectively. The chan-

Table 1. Dimensions of the fuel cell

Parameter unit Value References
Active area m’ 0.0025

Channel height mm 1 [18]
Channel width mm 1 [34]
Rib width mm 1 [18]
Rib height mm 1

Diffusion layer thickness mm 0.12 (18]
Catalyst layer thickness mm 0.01 [18]
Membrane thickness mm 0.11 [18]
Current collector thickness mm 2 [18]
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Fig. 1. Schematic diagram of flow field model: (a) parallel flow field, (b) serpentine flow field, and (c) EDP flow field. (d) Under-rib structure.
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Fig. 2. Schematic diagram of computational domain and mesh topology.

nel width and rib width are both 1 mm. The specific parameters in ANSYS ICEM CED 19.0. The mesh size was controlled by the
are shown in Table 1. The generated geometric model had meshed number of nodes. The number of nodes in the bipolar plate, gas
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diftusion layer, catalyst layer, and membrane thickness direction is
respectively 10, 7, 5, and 5 (Fig. 2).
2. Model Assumptions

The simulation calculation includes Joule heat, reaction heat, elec-
trochemical reaction, Butler-Volmer equation, water transport in
the membrane and multiphase flow. The application of the model
is based on the following assumptions:

(1) Hydrogen, nitrogen, and oxygen are all ideal gases that are
insoluble in water;

(2) The influence of gravity is ignored in the whole process;

(3) Proton exchange membrane, catalyst layer, and gas diffusion
layer are all isotropic materials;

(4) The state of liquid water in the flow channel is assumed to
be mist, and its transmission speed is the same as that of gas.
3. Governing Equation

PEMFC simulation equations mainly include basic governing
equations, electrochemical equations, and water transport equations.
Among them, the basic governing equations are mass conservation
equation, momentum conservation equation, energy conservation
equation and composition conservation equation.

The mass conservation equation is in Eq. (1):

V-(gp%)=S$,, (1)

where ¢ s the porosity of the porous medium, p is the fluid den-
sity, v is the fluid velocity vector, and S,, is the mass source term.
The quality source term represents the production or consump-
tion of reactants in each region. Since the electrochemical reac-
tion only occurs in the catalyst layer, the quality source terms in all
regions except for the catalyst layer are all zero.

The quality source term of the anode catalyst layer is in Eq. (2):

M
Sw=""55Run @

The quality source term of the cathode catalyst layer is in Eq. (3):

My Mo,
Sm: F Rcat_4_F.Rcat (3)

In this formula, My, M, and My, are the molar masses of
hydrogen, oxygen and water, respectively. F is the Faraday constant.
R,, and R, are the exchange current densities of the anode and cath-
ode, respectively.

Momentum conservation equation in Eq. (4):

V-(ep9W)=—VP+V - (suV¥) +S, )

In this formula, the two items on the left are the unsteady-state
term and the convection term. The first two items on the right are
the diffusion term, and the third term is the momentum source
term. Among them, P is the pressure, 4 is the dynamic viscosity,
and S, is the momentum source term. The momentum source terms
in each region are all zero.

Energy conservation equation in Eq. (5):

V-(gpc,¥T)=V-(kVT)+S,, )

where ¢, is the specific heat at constant pressure, T is the tempera-
ture, k is the effective thermal conductivity, and S, is the energy
source term.
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where x is the ratio of chemical energy to heat energy, S, is
water production rate, h,,, is electrochemical reaction enthalpy; I,
is surface current density; R,,, is ohmic loss, r,, is water phase transi-
tion rate, hy, is phase change rate of water and 7 is overpotential.
Composition conservation equation

V- (09Y) =D,V (oY) +S5, @)

where i represents different components, Y; is the volume fraction
of the component, D is the diffusion coefficient of the component,
and §; is the component source term. Among them, the compo-
nent diffusion coefficient x is obtained by the following formula.

Di=€1‘5(1—s)r“D?(%)%(%)% ®)

where T, is the reference temperature 300 K, P is the reference
pressure 101,325 Pa, D} is the diffusion coefficient of the compo-
nent at the reference temperature and the reference pressure, s is
the water saturation, r; is the pore-clogging index, y, is the pressure
index, and y the temperature index. The values of r,, 3, % are 1.0,
1.5, and 2.5, respectively. Since the electrochemical reaction only
occurs in the catalyst layer, the component source terms in other
regions are all zero.

In the anode catalyst layer, the component source term Sg;:

M
Sp=-—=R

9
2 2F an ()

In the cathode catalyst layer, the component source terms S,
and SH;O:

MO
=——=R 10
SO2 4F cat ( )
M0
Sho="— F Ry (11)

Other related calculation equations are described in detail in our
previous article [25], so we will not repeat them here.
4. Boundary Conditions

All inlet types are mass flow inlets. The anode inlet flow rate and
the cathode inlet flow rate are 7.01x10 °kg/s and 4.47x10°kgJs,
respectively. All outlet types are pressure outlets. The operating tem-
perature and operating pressure are 353 K and 1 atm, respectively. Set
the potential of the anode current collecting plate to 0V, and obtain
the polarization curve by changing the potential of different cath-
ode current collecting plates. The cathode and anode stoichiometric
ratios were 2 and 1.5, respectively. The effective working area is set
to 0.0025 m”. The remaining parameter settings are listed in Table 2.

The commercial software ANSYS fluent 19.0 was used to solve
the governing equations of momentum, continuity, energy, charge
transfer, mass transfer, water transfer, and electrochemical reactions
with the above boundary conditions. When solving the governing
equations, to couple the flow pressure and velocity, the SIMPLE
format is used. The gradient of the spatial discretization scheme is
least squares cell based and the rest use the second-order discreti-
zation scheme. Cycle types all adopt F-Cycle. The criteria for ter-
mination of the multigrid cycles in solution control are used as
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Parameter unit Value References
The porosity of the GDL 0.5 (18]
The porosity of the catalyst 0.5 (18]
Anode stoichiometry 1.5 [18]
Cathode stoichiometry 2 [18]
Operation temperature K 353

Operation pressure atm 1 (18]
Relative humidity of inlet fuel % 100 (18]
Relative humidity of inlet air % 100 [18]
Diffusion layer viscous resistance m™ 1x10"2 (18]
Catalyst layer viscous resistance m™ 1x10" (18]
Hydrogen reference diffusivity m’/s 3x107° (18]
Vapor reference diffusivity m’/s 3x107° (18]
Oxygen reference diffusivity m’/s 3x107° (18]
Other species reference diffusivity m’/s 3x107° (18]
Anode exchange coefficient 2 [18]
Cathode exchange coefficient 2 [18]
Anode reference current density A/m’ 7,500

Anode reference concentration kmol/m’ 1 [18]
Anode concentration exponential 0.5 [18]
Cathode reference current density A/m’ 20 [18]
Cathode reference concentration kmol/m’ 1 (18]
Cathode concentration exponential 1 (18]
Open-circuit voltage \% 0.95

Anode mass flow rate kg/s 7.01x10°

Cathode mass flow rate kg/s 447x10°°

0.001 for species and saturation equations and 0.0001 for poten-

tial equations.

5. Grid Independence Test
In order to ensure the accuracy of model calculations, we veri-

fied the grid independence of the developed model. By changing
the number of nodes in the length direction, the number of con-
trol elements is 1,278,118, 1,901,908, 2,525,698, 3,149,488, and
3,796,321, respectively. Grid independence verification was car-
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Fig. 3. Grid independence verification.

ried out at 0.6 V, and the result is shown in Fig. 3. As the number
of elements increases, the current density gradually stabilizes. To
ensure accurate calculation and save time, we chose 2525698 as
the final element quantity (each CASE requires 24 hours of com-
putation time.).
6. Model Comparison

We compared the simulation results of this paper with the results
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Fig. 4. Parallel flow field polarization curve model verification.
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of Dong et al. [18]. To verify the accuracy of the model, we changed
the open-circuit voltage to 1.15V here. It can be seen from Fig. 4
that the polarization curve of our model has similar performance
to the results of Dong et al. This proves the accuracy and reliability
of our model. In the subsequent simulations, to approach the real
operating conditions, we changed the open-circuit voltage to 0.95V
in Table 2.

EXPERIMENTAL

1. MEA Preparation

MEA was prepared by the gas diffusion electrode (GDE) method.
The Pt/C catalyst (40 wt%) and Nafion ionomer solution were dis-
persed into the isopropanol solution by ultrasonic dispersion in
proportion to prepare the catalyst ink. Then the catalyst ink was
sprayed in GDL and dried to prepare for hot pressing. Finally, the
catalyst-carrying GDL and Nafion 211 were hot-pressed at 130 °C
for 3 minutes to complete the preparation of MEA with an active
area of 25 cm’.
2. Performance Characterization

All cell tests were performed using the 840 Fuel Cell Test Sta-
tion (Fig. 5). The anode and cathode were provided by full humidi-
fied hydrogen and oxygen. The cell operating temperature was 80 °C
and the back pressure was set to 0 kpa. The stoichiometric ratio of
anode and cathode in the traditional flow field was 2.0. The stoi-
chiometric ratio of the EDP flow field was 1.5 (corresponding to
the simulation result). Subsequently, the anode stoichiometric ratio
of the EDP flow field was controlled to 1.5, and the cathode stoi-
chiometric ratio was gradually increased, the influence of stoichio-
metric ratio on cell output performance.

RESULTS AND DISCUSSION

An EDP flow field was designed to enhance mass transfer under-
ribs. As shown in Fig. 1(c), the flow field is divided into three parts.
The part that connects with the inlet in the middle is the main
channel, which is mainly used for fuel transportation. The two inde-
pendent secondary channels are blocked by the ribs in the white
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area. Due to the obstruction of the ribs, there will be a significant
pressure difference between adjacent channels, which implies that
the convection under-ribs will be enhanced. Compared with the
parallel flow field, the transport of fuel in the EDP flow field is car-
ried out from the middle to the two sides, which will significantly
improve the uniformity of gas distribution in the flow field. Besides,
the secondary flow channel is divided by the intermediate flow chan-
nel, which reduces the distance the water moves in the flow chan-
nel and results in faster water removal. The specific characterization
will be described in detail in the following subsections. The polar-
ization curves and power density curves of different flow fields are
shown in Fig. 6.
1. Effect of EDP Flow Field on Cell Performance and Pressure
Drop

The polarization and power density curves of ditferent flow fields
are in Fig. 6. As shown, all flow fields have similar performance in
the low current density region (>0.7 V), which is similar to previ-
ous studies [27,30]. However, the serpentine and EDP flow fields
show better performance in the high current density area (<0.7 V).
A possible explanation for this might be that under high current
density, concentration difference is obvious, the chemical reaction
is accelerated, and a large amount of by-product water is produced
at the cathode. The accumulation of a large amount of liquid water
blocked the GDL and caused flooding. The parallel flow field has
a small pressure drop (Fig. 6(c)) and uneven gas distribution, which
makes it impossible to remove the liquid water in time. The ser-
pentine flow field has a single transmission path, the longest dis-
tance, and the largest pressure drop (Fig. 6(c)), which can enhance
water removal. However, not only is the pressure drop of the EDP
flow field much lower than that of the serpentine flow field (Fig.
6(c)), but the cell performance is also better. Possibly, these results
are due to the EDP flow field being divided into two parts by the
rib, and there is a pressure difference between the flow channels,
which enhances the removal of water from the rib. The maximum
power density of the EDP flow field is 0.78 W/cm’, which exceeds
the parallel flow field and the serpentine flow field by 57% and
2.8%. This means that the EDP flow field can achieve higher power
generation efficiency with less pump power loss.
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Fig. 6. (a) Polarization curves, (b) power density curves, and (c) pressure drop diagrams of different flow fields.

Table 3. EDP flow field size and power density

Name Rib width Channel width Maximum power Increase ratio Increase ratio
(mm) (mm) density (W/cm?) (Parallel %) (Serpentine %)
Case 1 0.5 1 0.82 65.4 7.9
Case 2 1 1 0.78 57.6 2.8
Case 3 1.5 1 0.76 54.6 0.9
Case 4 1 0.5 0.46 -74 -39.6
Case 5 1 1.5 0.77 554 14

2. EDP Flow Field Size Optimization

Subsequently, we optimized the size of the EDP flow field, and
explored the impact of rib width and flow channel width changes
on cell performance. The size parameters are shown in Table 3. As
shown in Fig. 7, all cases are consistent with the previous results.
The maximum power density of the EDP flow field increases as
the rib width decreases. When the rib width is reduced to 0.5 mm,
the maximum power density can reach 0.82 W/cm’, which exceeds
the parallel flow field and serpentine flow field by 65.4% and 7.9%.

It seems possible that these results are due to the smaller rib width
and the shorter distance of convection under-rib. At the same inlet
velocity, this will undoubtedly accelerate the speed of convective
mass transfer and increase the output power. Therefore, the shorter
rib width can not only enhance the convective mass transfer but
also effectively reduce the pressure drop and increase the network
(Fig. 7(c)). This result is also consistent with Andre et al. [12]. The
pressure drop of casel is only 5,309.9 Pa.

What is surprising is that if the channel width too small, it will

Korean J. Chem. Eng.(Vol. 39, No. 8)
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Fig. 7. (a) Polarization curve, (b) power density curve, and (c) pressure drop of EDP flow field with different rib width and channel width.

seriously affect the output power (only 0.46 W/cm® at 0.5 mm).
Besides, the larger flow channel width will also reduce cell perfor-
mance (0.77 W/cm’ at 1.5 mm). When the width of the flow chan-
nel is too large, the gas flow rate will decrease, which may weaken
the mass transfer effect under-ribs. Therefore, the use of shorter
ribs (0.5 mm) and appropriate channel width (1 mm) has a positive
effect on cell performance. In this work, case 1 has the best perfor-
mance. The following research adopts the size parameters of case
1. In addition, subsequent investigations were carried out using
the results under 0.45 V to compare the effect of the flow field on
the cell performance under high current density.
3. Oxygen Mass Fraction and Water Saturation

Oxygen transport will significantly affect the performance of the
fuel cell when operating in a high current density area. An increase
in the reaction rate will force an increase in oxygen consumption.
Therefore, a faster oxygen transport rate and more uniform local
oxygen density can improve cell performance [35]. Fig. 8(a), (b),
(c) shows the oxygen mass fractions of the three flow fields at the
GDL-CL interface. It is apparent from Fig. 8(a) that the oxygen mass
fraction under the ribs of the parallel flow field is significantly lower
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than that in the channel. A possible explanation for this might be
that the pressure difference between adjacent channels in parallel
flow fields is small, which weakens mass transfer under-ribs. More-
over, the uneven local oxygen density at the GDL-CL interface leads
to worse cell performance. For the serpentine flow field (Fig. 8(c)),
the oxygen mass fraction gradually decreases from the inlet to the
outlet. In addition, due to the low-pressure drop near the outlet area,
the mass transfer under-ribs is weak, resulting in poor oxygen con-
tent. This will cause uneven local current density and flooding [30].
However, the oxygen mass fraction distribution in the EDP flow
field appears to be more uniform. Because the main flow channel
and the secondary flow channel are separated by ribs, there is a
significant pressure difference between adjacent flow channels. As
shown in Fig. 8(b), the oxygen mass fraction under the ribs is ob-
viously higher and more uniformly distributed (Compare with ser-
pentine flow channel and parallel flow channel). Besides, the oxygen
mass fraction gradually decreases from the inlet of the main channel
to the end. However, except for the lower oxygen content at the end
of the main channel, there is no big difference in oxygen content
in other regions. Obviously, the EDP flow field not only improves
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Fig. 8. The oxygen mass fraction and water saturation of (a), (d) parallel, (b), (¢) EDP and (c), (f) serpentine flow field.

the oxygen mass distribution under-ribs but also improves the oxy-
gen content in the channel. This is also consistent with the previous
polarization curve results, verifying that a more uniform oxygen dis-
tribution can effectively increase the output power of the fuel cell.
Excessive water saturation of the gas diffusion layer will cause
flooding, block the porous structure, and increase the fuel trans-
mission resistance. At a specific current density and water produc-
tion rate, the lower value of liquid water saturation can be attributed
to the rapid removal of by-product water from the reaction site
[36]. The water saturation at the GDL-CL interface is shown in
Fig. 8(d), (e), (). It can be seen from the color that the red area of
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0. 10
]
2
S 0.08
<
&
§ 0. 06
g
]
)
> 0.04
9
o
0. 02
0. 00
T T T T T
0.00 0.01 0. 02 0. 03 0.04 0.05

Distance (m)

Water saturation

the traditional flow field is more than that of the EDP flow field,
which leads to serious flooding. The lower inlet pressure, short
channel path, and weak convection under the ribs are the main
reasons for the high water saturation of the parallel flow field. Com-
pared with the parallel flow field, the serpentine flow field has a
longer channel and a larger inlet pressure. However, excessive turn-
ing angles cause local turbulence, which affects the removal of
water [16]. Also, insufficient pressure at the end of the channel is
one of the main reasons for local flooding. However, the water sat-
uration distribution of the EDP flow field (Fig. 8(e)) is mainly light
blue and green, showing extremely low water saturation. Through
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Fig. 9. The linear distribution of (a) oxygen mass fraction and (b)water saturation at the CDL-CL interface (X=0.01 m, Z=0.00125 m).
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the change of the flow field structure, the free diffusion of oxygen
is transformed into convective mass transfer diffusion. The high
pressure of the main flow channel forces the by-product water into
the drainage channel and removes it from the reactive zone. This
allows the EDP flow field to maintain high and stable performance
in the high current density area, which is also consistent with the
previous oxygen mass fraction distribution results.

We chose a straight line under the same coordinates in the active
area to obtain the oxygen mass fraction and water saturation val-
ues of different flow fields. The results are shown in Fig. 9. As shown
in Fig. 9(a), the oxygen content of the serpentine flow field gradu-
ally decreases from the inlet to the outlet, which is consistent with
the result of Fig. 8(c). The oxygen mass fraction of the parallel
flow field gradually decreases from the inlet, then remains stable at
the lowest point, and finally increases slightly. It seems possible
that these results are due to being blocked close to the outlet, forc-
ing the gas to travel to the left channel. As a result, the oxygen
mass fraction rises at the end of the channel. The oxygen distribu-
tion in the EDP flow field has obvious periodic changes. These
results are likely to be related to the fuel transfer channels sepa-
rated by ribs. However, the uniformity of oxygen distribution in the
EDP flow field is significantly higher than that of the traditional
flow field. The water saturation of the EDP flow field (Fig. 9(b)) is
not only much lower than the traditional flow field but also more
uniform, which is consistent with the previous results. These results
also further confirm that the EDP flow field has better drainage
performance and more uniform reaction gas distribution.

4. Current Density and Pressure
Fig. 10(a), (b), (c) is a count of the current density distribution
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for three flow fields in the middle part of the membrane. As shown
in Fig. 10(a), the current density distribution of the parallel flow
field is not uniform, and there are large blue areas of low current
density. We found that areas with low oxygen mass fraction (Fig.
8(a)) and high water saturation (Fig. 8(d)) have lower current den-
sity. This result also proves our previous conclusion that the higher
the water saturation, the greater the oxygen transmission resistance.
As a result, the porous layer is blocked, oxygen cannot contact the
catalyst to react, and the current density decreases. In addition, a
similar situation occurs in the serpentine flow field (Fig. 10(c)),
where the current density is low and the distribution is obviously
uneven. However, the EDP flow field shows a higher current den-
sity and a more uniform distribution. The current density gradu-
ally decreases from the main channel in the middle to both sides,
which is consistent with the previous results (Fig. 8(b), (e)). These
results further support the idea that the EDP flow field can obtain
a more uniform fuel distribution and better water removal effect
by enhancing the convection under-ribs. Fig. 10(d), (e), (f) shows
the pressure distribution of the channel. The parallel flow field
(Fig. 10(d)) and the serpentine flow field (Fig. 10(f)) show a com-
mon characteristic, which is the pressure gradually decreases from
the inlet to the outlet. However, the EDP flow field exhibits a dif-
ferent pressure distribution due to the particularity of the struc-
ture. As shown in Fig. 10(e), the pressure in the main channel is
significantly higher than that in the secondary channel. This pres-
sure difference is the main reason for the enhancement of convec-
tion under-ribs. Besides, whether it is the main channel or the
secondary channel, the uniformity of the pressure distribution is
also better than that of the traditional flow field. This result also
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Fig. 10. (a) Parallel, (b) EDP, and (c) serpentine flow field current density distribution in the middle part of the membrane. (d) Parallel, (e)
EDP, and (f) serpentine flow field pressure distribution in the flow.
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confirms that changing the pressure of adjacent flow channels can When reducing the cathode RH, the anode maintains 100% RH

achieve better mass transfer effects under the ribs. and vice versa. It can be seen from Fig. 11(a), (b) that whether it is
5. Relative Humidity and Stoichiometric Ratio reducing the cathode RH or the anode RH, it will lead to a de-
Fig. 11(a), (b) shows the polarization curve and power density crease in cell performance. A possible explanation for this might

curve of the EDP flow field under different relative humidity (RH). be that the decrease in relative humidity will affect the conductiv-
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Fig. 11. (a) Polarization curve and (b) power density curve for different relative humidity. (c) Polarization curves, (d) power density curves,
and (e) net power curves for different cathode stoichiometric ratios.
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ity of the membrane to protons, thereby affecting the efficiency of
the chemical reaction [37]. Therefore, maintaining 100% RH in
this work can maximize the output performance. An increase in
the cathode stoichiometric ratio often leads to higher output power
[38]. However, an excessively large stoichiometric ratio will increase
more pump power, resulting in a decrease in net power. We calcu-
lated the pump power and net power under different cathode stoi-
chiometric ratios according to the formula in the literature [39]
and listed the values in Table 4. As shown in Fig. 11(c), (d), (e), as
the cathode stoichiometric ratio increases, the maximum power
density is increased. Compared with the power density, the pres-
sure drop is increased by a greater extent. When the cathode stoi-

Table 4. Cathode stoichiometric ratio and net power

S. Wu et al.

chiometric ratio is 3, the pressure drop reaches 13,401 Pa. Therefore,
only through the comparison of net power can the best stoichio-
metric ratio be determined. As shown in Fig. 11(e), when the stoi-
chiometric ratio is 1.5 (anode): 1.5 (cathode), the net power reaches
the maximum, even if its power density is not the maximum. In
this work, considering the loss of pump power, the best stoichio-
metric ratio is 1.5 (anode): 1.5 (cathode).
6. Experimental Result

The results of the single-cell experiment are shown in Fig. 12.
The performance of all flow fields has been improved in actual tests.
This result can be explained by the higher activity of our MEA (high
Pt loading). In addition, we used pure oxygen instead of air in the

Anode relative Cathode relative Anode Cathode Pressure Net power
humidity (RH) humidity (RH) stoichiometric ratio stoichiometric ratio (Pa) (Wem™)
100% 100% 1.5 1.5 5,309.9 0.56
100% 100% 1.5 2 5,798.4 0.52
100% 100% 1.5 25 10,378.3 0.05
100% 100% 1.5 3 13,401 -0.34
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Fig. 12. Experimental and simulate (a) polarization curve and (b) power density curve comparison chart. Polarization curves (c) and power
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experiment, which will undoubtedly improve our cell performance.
In the cell assembly process, different process operations will also
affect the output performance. Even if the performance is improved,
the EDP flow field still has the best performance. As shown in Fig.
12(b), the maximum power density (0.91 W/cm’) of the EDP flow
field (rib: 0.5 mm, channel: 1 mm) is 61% and 17% higher than
the parallel flow field (0.56 W/cm®) and the serpentine flow field
(0.78 W/cm?), respectively. This further verified from the experi-
mental results that the EDP flow field has the best performance
and the reliability of the simulation results. When the cathode stoi-
chiometric ratio of the EDP flow field was increased, the output
performance of the cell also received positive feedback (Fig. 12(c),
(d)). This experimental result is also consistent with our previous
simulation results. Furthermore, when the stoichiometric ratio was
1.5: 3, the maximum power density of the EDP flow field was as
high as 1.19W/cm®. An increase in the cathode stoichiometric
ratio will speed up the reaction rate and increase the production of
by-product water [13]. However, the characteristics of the EDP
flow field structure will significantly accelerate the rate of drainage
(double-sided drainage, shorter distance), so that the cell avoids
flooding and maintains stable operation.

CONCLUSION

The EDP flow field model was designed on the principle of
enhancing convection under-ribs. In high current density areas
where flooding is more serious, the EDP flow field not only im-
proves the uniform distribution of fuel, but also enhances the
removal efficiency of water under the ribs. Compared with the par-
allel flow field and the serpentine flow field, the maximum power
density of the EDP flow field was increased by 69.4% and 7.9%,
respectively. This study has shown that when the width of the ribs
is reduced, the output power of the cell can be effectively increased
(0.5mm, 0.82 W/cm’). In addition, the relative humidity of the
anode and cathode had a significant impact on cell performance.
As the relative humidity decreased, the power density of the cell
gradually decreased. In this work, we determined that the best rel-
ative humidity of the cathode and anode is 100%. According to
the simulation results, we found that as the cathode stoichiomet-
ric ratio increases, the pressure drop and pump power will also
increase. Under optimal conditions, the net power of the EDP flow
field was as high as 0.56 W/cm’. The pressure drop of the EDP
flow field was much lower than that of the serpentine flow field
(EDP: 5,309.9 Pa, serpentine: 60,670 Pa), but it can achieve a higher
power density. In addition, the results of the single-cell experiment
also show a consistent trend with the simulation results and the
experimental performance is better. In the final experimental results,
when the cathode stoichiometric ratio was 3, the maximum power
density of the EDP flow field was as high as 1.19 W/cm’. This means
that the EDP flow field has great potential in commercial applica-
tions. Therefore, the EDP flow field can be considered as a possi-
ble alternative to the traditional flow field design.
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NOMENCLATURE

: source term for mass [kg m’s™]
: porosity [-]
: density [kg m™]
: molecular mass of species [g mol ']
- - volumetric transfer current [A m ]
: faraday constant [C mol ']
:viscosity [kg m™'s™']
: temperature [K]
¢,  :constant-pressure specific heat [J kg 'K ']
k¥ :effective thermal conductivity [W-m ™K ']
Sy :source term for energy [W m ]
L., :surface current density [A-m’]
Ry :ohmic loss [Q]
: phase change enthalpy of water [k]-kg ']
: reaction enthalpy [k] mol ']
: ratio of chemical energy to heat energy
: phase change rate (condensation/evaporation) [kg m™s ']
: source term of species [kg ms']
: volume fraction of the species [-]
. :gaseous diffusivity of species i [m’s™']
D] :mass diffusivity of species at reference temperature and pres-
sure (P, T,) [m’s™']
: pressure [Pa]
: water saturation |[-]
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