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Abstract:

The flow field of the proton exchange membrane fuel cell (PEMFC) controls mass and
water transfer; it significantly impacts the fuel cell’s performance. It is critical to
innovate the flow field design for optimizing the performance. This paper proposes a
new-designed flow field (NDFF) patterned with the built-in blockage and trap-shape
rib association. The novel design was analyzed numerically and experimentally. A
three-dimensional isothermal numerical model was first established based on
COMSOL software. This model demonstrated that the NDFF transformed the
traditional diffusion mass transfer into the optimized diffusion and convection mass
transfer combination. Compared with the conventional straight flow field, the effective
mass transfer coefficient was considerably improved. Moreover, the new-designed
structures enforced cyclical variation of local velocity and pressure, forming forced-
convection, which was beneficial for water management. At 0.45A-cm?, the steady-
state voltage and the initial dynamic response voltage were increased by 0.08V and
0.16V; power density was increased by 20.1%. The experimental results were collected
to validate the enhanced performance of PEMFC with the NDFF. Energy efficiency
ratio (EER) was proposed as an evaluation criterion; EER results suggested NDFF can
improve the net output power.

Keywords: Proton exchange membrane fuel cell; Flow field; Oxygen and water

distribution; Energy efficiency ratio



1 Introduction

Climate change caused by environmental pollution and global warming is getting great
attention; PEMFCs demonstrated outstanding potential for their advantage of zero-
pollution [1-3]. Significant progress has been achieved in developing PEMFC's
technologies; however, the cost is still one main obstacle that restricts the large-scale
commercialization [4].

The cost can be reduced by improving PEMFC's performance [5]. Flow field
significantly affects a fuel cell's performance, whose difference among PEMFCs with
different flow fields can reach more than 50% [6]. Researchers have long been
committed to flow field optimization to improve PEMFCs' performance [7]. Enhanced
mass transfer capacity and water management capacity contribute to improved
performance of the PEMFC with a better flow field design. Built-in blockage in the
flow channel is a common and effective method for flow field optimization. Ghanbarian
et al. [8] concluded that trapezoid blockage can guide the reaction gas to produce the
biggest partial velocity in the mass transfer direction and thus the maximum
improvement of net output power was obtained. Shen et al. [10] explored the effects of
the spacing distance of blockages in flow fields and introduced field synergy theory to
explain PEMFC’s performance improvement. Additionally, the concentration loss
aroused by insufficient mass transfer can be avoided by increasing the direct contact
area between reactant gas and gas diffusion layer. Rezazadeh et al. [12] investigated the
flow field shape on the performance of PEMFC. A well-designed flow field can

accelerate the discharge of water inside the fuel cell. Li et al. found that waved flow



fields patterned with periodic semi-circle obstacles can introduce enhanced forced-
convection, which was beneficial for removing the liquid water in the microstructure.
Liu et al. [17] designed a new turn for the serpentine flow field which can partially
change the momentum direction of the droplet and make it easier to flow out of the fuel
cell under air purging. Baik et al. [18] constructed a new type of metal bipolar plates
with multi-holes on ribs of the traditional trapezoid flow field. This design can solve
the problem that liquid water under the rib accumulates and cannot be discharged. The
holes located on the rib are also beneficial for the mass transfer of reactant gas. Because
the newly designed metal bipolar had a smaller low-frequency impedance, 37.75%
performance improvement was found.

In addition to operating cost, whether PEMFC can operate stably is also an essential
criterion for its large-scale commercialization. Dynamic load changing significantly
affects its operational stability [21]. Similarly, there are also dynamic performance
differences among PEMFCs with varied flow fields. The dynamic characteristics of the
straight channel, single-serpentine channel, the three-serpentine channel had been
comparatively investigated by Yan et al. [22]. In the low current density area,
undershoot of the response voltage was small, and the poorest dynamic performance
was found in the straight channel. However, it gradually exhibited the best dynamic
performance with the increased current density. Kim et al. [23] stated based on their
experiment that the loss of dynamic performance caused by the vacuum effect could be
reduced when the single serpentine channel was used. It was because that single

serpentine channel had faster outlet velocity than three serpentine channels, and thus



the reactant gas could be supplied in a timelier manner. Furtherly, Yan et al. [24] found
that the four-serpentine channel required the longest recovery time under dynamic
loading conditions.

As in-built blockage and rib with trap are convenient and effective ways to optimize
flow fields, in this paper, we designed a novel 3D flow field with the combination of
the above two excellent structures. The PEMFC with a novel flow field design was
fabricated; its enhanced performance would be demonstrated and analyzed numerically
and experimentally. A novel designed flow field (NDFF) numerical simulation model
was developed for predicting performance improvement. The intrinsic mechanism was
investigated by exploring the effects of the NDFF on the distribution of oxygen, velocity,
water, and pressure. Meanwhile, the energy efficiency ratio (EER) was proposed as the
performance evaluation. Finally, the steady-state and dynamic performance of the
PEMFC equipped with a conventional straight flow field (CSFF) and NDFF were tested
by experiment and compared using the EER value.

2 Model description
2.1 New-designed flow field

The guideline for flow field optimization is to improve its mass transfer capacity and
water management ability in cathodic sides because of their apparent impacts imposed
on PEMFC’s performance [25]. In addition, the simpler structure, lower manufacturing
cost, and parasitic power of the CSFF make it competitive in practical engineering
applications. It is meaningful to make some improvements for CSFF [26]. Hence, the

CSFF was adopted as a research object. Nevertheless, serpentine, and other types of



channels could be used in different applications. It should be mentioned that the concept
provided was general and could be applied in other flow fields.

The in-built blockage can affect reactant gas flow in the flow field and generate
enhanced secondary flow and crossover flow, promoting more oxygen into the gas
diffusion and catalytic layers [27]. The optimization of the rib can suppress the uneven
distribution of reactant gas and improve the whole oxygen concentration [12, 28]. The
generated water would purge more quickly with a cyclical variation of local velocity
and pressure introduced by the NDFF. As exhibited in Fig.1, an optimal new-designed
3D cathodic flow field with the combination of the in-built blockage and trap-shape rib

was proposed.

Flow field with built-in blockage
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An optimal new-designed 3D flow field
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Figure 1: Schematic diagram of the optimized design of NDFF
2.2 Model assumptions
PEMEFC is a complex system including electrochemical reaction, transmitting electrons
and ions, transferring reactant gas and momentum, and energy transformation in one or
more computational domains. Appropriate assumptions were necessary with the

premise of ensuring calculation reasonableness because the situation was too



complicated.

1. The working temperature of the fuel cell is set constantly [28].

2. The reactant gas is ideal, and the flow is laminar [29].

3. No interpenetration of hydrogen and oxygen in the electrolyte membrane [29].

4. The materials in membrane assembly electrode (MEA), including proton exchange
membrane, catalytic layer, and diffusion layer, are all isotropic [30].

5. The water in the fuel cell is only gas [12, 31, 32].

6. The effects aroused by gravity are ignored [33].

2.3 Computational domain and boundary conditions

2.3.1 Computational domain

The geometric configuration of the three-dimensional isothermal model of the single

fuel cell described in Fig.1 was fabricated in SOLIDWORKS software. And then, it

was imported into COMSOL software for meshing and multi-physics coupling

calculation. When the relative tolerance value of all variables drops below 107, the

numerical result converges.

2.3.2 Boundary conditions

The inlet of the flow channel adopted an inlet condition named mass flow rate, which

is perpendicular to its inlet interface. The magnitude of mass flow rate was calculated

based on stoichiometry, temperature, relative humidity, and working current density,

which was the same as the experiment. The technical parameters of the fuel cell were

listed in Table 1.

(1) The boundary type applied at the inlets on both anode and cathode sides is mass-



flow-inlet. The values of mass fraction and mass flow rate of H», Oz, H,O, and N are
prescribed and the mass flow direction is perpendicular to their inlet interface.

(2) The boundary type applied at the outlets on both anode and cathode sides is
pressure-outlet. The values of pressure are set to zero as there are no backpressure and
the options of the backflow condition are defined.

(3) The no-slip boundary conditions are adapted for the wall regions between the inlets
and outlets [34].

(4) The symmetrical boundary conditions are adapted for the gas diffusion layers and
catalyst layers cutoff plane to simulate the situation where a single flow channel
computational domain was separately extracted from the PEMFC [35].

(5) The electrode phase potential is fixed value as a static potential boundary condition
on the external contact boundaries. In this model, the anode electrode phase potential
is set to zero, that is @; = 0. And on the cathode side, the electrode phase potential is
set to cell voltage, that is @5 = V.

Table 1: Technical parameters of the fuel cell

Parameter Value
Flow field width I mm
Flow field depth I mm
Flow field rib width I mm
Gas diffusion layer thickness 0.25 mm
PEM thickness 0.025 mm

Catalyst layer thickness 0.01 mm



Operation pressure 1 atm

Open-circuit voltage 0.98V
operation temperature 323K
Humidification temperature 303K
Stoichiometry of cathode 3
Stoichiometry of anode 1.5

2.4 Governing Equations

The electrochemical model should include the generation, transfer, and conservation of
charge. The electrode kinetic equations were used to describe the electrochemical
reaction processes in the anodic and cathodic catalyst layer which generated charge.
The hydrogen oxidation reaction in the anode catalyst layer and the relationship among
different physical quantities during the electrochemical reaction could be described as

the linear Butler-Volmer equation [20, 36], as shown in Equation (1):

ClOC,HZ ) O.S(Qa + a.

ia = iO,a ( Fna) (1)

Cref,HZ RT

The oxygen reduction reaction occurred in the cathodic catalyst layer and the Tafel

equation was used duo to the large overpotential[35], as shown in Equation (2):

Cloc,OZ

ic = _iO,C( )1OnC/AC (2)

Cref,oz

Overpotential 1; was a function of electron potential &; , ion potential &; and
electrode equilibrium potential ¢?[27], as shown in Equation (3):
N =@ — P — @} (3)

There are two kinds of current in a PEMFC: electronic current i; and ion current i;.



According to Ohmic law, the relationship to the electron potential and ion potential
were listed as follows [30], in Equations (4) and (5).
V(—0,Vd,) = i 4)
V(=a,Vd) =i (5)
The continuity equation of current density can be expressed as shown in Equation (6):
Vig+Vi;=0 (6)
The mass conservation of the reaction gas flowing in the fuel cell can be described in
the continuity equation, Equation (7).
V- (pu) =S; (7)
The Navier-Stokes equation was extended to the brinkman equation to make it suitable
for the momentum transfer in porous material [35, 37], as shown in Equation (8):
g((a- V)g) —7. [—P +%(\7a + (VD)7 —2—’; v-i) |- (%+Si)ﬁ 8)

The species conservation of the reactant gas can be described in Equation (9) [38]:

O+ - o} +wipill =5, ©)

v 0w

J
The effective diffusion coefficient Diejf T in the porous material in anode and cathode
is calculated with porosity € [39, 40] as shown in Equation (10):

Diejfszijc‘fl'S (10)

The density of the mixed gas is a function of the mixture as shown in Equation (11):
p =) xM)P/(RT) (11)
i

According to the mass conservation, the water mass fraction in the anode and the

nitrogen mass fraction in the cathode could be calculated as shown in Equations (12)



and (13):

W0 = 1 — wy, (12)

wy, =1 —wy, — wy,o (13)
The hydrodynamic equation in PEMFC was coupled with the electrochemical equation;
the source terms of hydrogen, oxygen, and water were controlled by the Faraday
equation[27, 41] as shown in Equation (14):
Sh, = —%MHZ, So, = %MCZ,SHZO = —%Mﬁzo (14)

3 Experimental
As shown in Fig.2, the cathodic plates with different flow field characteristics were
manufactured. The anode flow field plate remained unchanged during the entire test,
while the cathode flow field was replaced after a set of tests was completed to study
their effects on the performance of the fuel cell. The bipolar plate used in the experiment
was provided by Shanghai Hongfeng Co., Ltd., and was carved by a graphite engraving
machine according to the drawings. Compared with the traditional direct flow channel,
the new 3D flow field 1 has more flow channel structure features, resulting in a longer
processing time, but the total amount of material required for them is the same. Since
the use of the new 3D flow field can improve the performance of the PEMFC, it can
improve the fuel utilization rate and reduce the operating cost. Meanwhile, the
beneficial effect will continue until the end of the PEMFC use. Therefore, performance
enhancement can make up for additional manufacturing costs (longer processing time),

and the application of new channels has significant engineering value. If considering

the structural characteristics of the new channels for metal bipolar plate, the design of



channel depth, channel height, obstacle length, obstacle height, and other structural
parameters need to be further optimized to avoid metal plate cracking, which requires
further design and development combined with industrial molding software. However,
when the design is completed, the metal plate is produced by stamping and forming
with a mold, which does not change the amount of material and processing time.

As shown in Fig.2, the cathodic plates with different flow field characteristics were
manufactured. The anode flow field plate with the conventional straight flow field
remained unchanged during the entire test, while the cathode flow field was replaced
after a set of tests was completed to study their effects on the performance of the fuel
cell. The sealing groove was machined on the bipolar plates for a sealing ring made of
rubber and was 0.5mm higher than the sealing groove. Due to the compressibility of
the rubber, to ensure both good contact and the sealing performance. The single fuel
cell is composed of a current collecting plate, flow field plate, sealing ring, and
membrane electrode assembly, as shown in Fig.2. The membrane electrode assembly
was purchased from Wuhan WUT New Energy Co., Ltd. The graphite flow field plate
is not suitable to be directly integrated into the circuit because it is brittle, and the copper
current collecting plate was used to assemble the single fuel cell. A total of 10 studs
were used, and the torque applied on each nut was 50 kgf * cm and was accurately given
by the torque wrench (TOHNICHI) to avoid the adverse effects on the fuel cell aroused
by uneven stress distribution [42]. After a single fuel cell was assembled, related
experiments on the 850e (Hephas Energy Corporation) test system were conducted.

This equipment can accurately control the inlet temperature, relative humidity, working



pressure, and flow rate and obtain real-time voltage and current density parameters. The
flow rate for reaction gas was determined by stoichiometry at each loaded current
density. The relative humidity was given based on the humidification temperature and
there was no backpressure applied. Detailed working parameters as shown in Table 1.
And the 885-HS electrochemical working station can be used for impedance analysis.

Each experiment was repeated at least three times to exclude the influence of chance.

(a:CSFF) (b:NDFF)

)
I Humidifier
ollector Plate
3 a Pressure regulating valve

Air

Figure 2: The schematic of the testing single fuel cell and equipment

4 Results and discussion

4.1 Model validation

Fig.3 (a) shows the I-V polarization curves of the CSFF obtained numerically and
experimentally. When the fuel cell operates in low current density, the simulation results
are greatly consistent with the experimental results. However, performance differences
occurred when working current density gradually increased, which could be attributed
to the assumption that the water in the fuel cell was all in the form of gas [12, 31].
Therefore, it was necessary to explore the effects of flow fields on the reaction gas and

water distribution with simulation and experiment considered together. Finally, as



shown from Fig.3(b), the calculation result was independent of the number of the grid.
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Figure 3: Polarization curves for (a) model validation and (b) grid independence
analysis
The oxygen transport has great effects on a fuel cell’s performance. A quicker oxygen
transport rate means higher oxygen concentration at the membrane electrode assembly
and lower reaction kinetics barriers for oxygen reduction, resulting in better fuel cell
performance. As the need for oxygen varied for fuel cells working at different currents,
the oxygen transport rate is assumed to be of different importance [43]. Fig.4 shows the
comparison of simulated polarization curves for various flow fields under the same
working conditions. With the continuously increased working current density, the
performance improvement of the NDFF gets more pronounced [27]. When it worked at
0.25A-cm™ and 0.45A-cm™, its voltage was increased by 0.05V and 0.08V, and power

density was increased by 8.6% and 20.1%.
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Figure 4: Comparison of simulated polarization curves for different flow fields. (a)

CSFF; (b) NDFF

Among different kinds of ohmic loss, the resistance of the proton exchange membrane
is the dominant ohmic overpotential in a PEMFC. In addition, the flow channel
optimization reduces the contact area between the graphite bipolar plate and the gas
diffusion layer. The conductivity of the graphite bipolar plate is 1935S * m™!, and the
thickness of the bipolar plate with a reduced contact area is Imm. The active area of the
PEMFC is 50cm, in which the contact area of the ridge and the flow channel is 25cm?,
and the contact area of the bipolar plate due to the improvement of the flow channel is
6.25cm?. Based on this, it can be calculated that at an operating current density of
0.45A-cm™, the ohmic loss increased due to the improvement of the bipolar plate is

0.45X50 S ..
only 0.01861V (AV = 1.935X10_3:6.25x10_4), which is negligible compared to the

performance increase brought by the enhancement of mass transfer

4.2 Oxygen distribution



1.825E+04
1.642E+04
1.459E+04

0.1466 1.276E+04

(a) (b)" I°<2060 (c)

0.1269 1.094E+04

' ' 0.1071 ' ' 9107
| F 0.08729 ’ ‘ 7279
0.06750 ‘ 5450

Figure 5: Oxygen distribution at 0.45A-cm . (a), (b) is the distribution of the mass

fraction of O> of CSFF and NDFF. (¢), (d) is the distribution of partial pressure of O».
Fig.5 shows the distribution of oxygen mass fraction and partial pressure at the interface
between the catalytic and diffusion layers with two different flow fields. For each flow
field, the oxygen mass fraction along the flow direction exhibited a decreasing trend
due to the continuous consumption in the oxygen reduction reaction [40]. Since the
reaction gas cannot directly contact the gas diffusion layer, the oxygen concentration
under the rib is much lower than that under the flow channel at the same horizontal
position. A boundary probe of average value type is applied to the interface of the gas
diffusion layer and the catalyst layer, and its expression is set as the oxygen mass
fraction. In this way, the average oxygen mass fraction at the interface between the gas
diffusion layer and the catalyst layer of the new 3D flow channel can be calculated to
be 15.74%, which is higher than 13.4% of CSFF. The enhancement of mass
transferability could be observed and could be attributed to the good structure of the

combination of in-built blockage and trap-shape rib. As shown in Fig.5 (¢) and (d), the



results of the oxygen partial pressure agree well with the distribution of the mass
fraction of the oxygen, which further confirms the elevated oxygen mass transport
resulting from the NDFF. Generally, oxygen flow in the flow channels is only in the in-
plane direction. At the same time, the NDFF can introduce a velocity component
direction in line with a concentration gradient, forming through-plane forced
convection. In addition, the mass transfer under the rib can be greatly improved by the
NDFF with more area where the reactant gas can directly contact the gas diffusion layer.
Consequently, oxygen transport in membrane electrode assembly is enhanced.

Uneven distribution of reactant gas will result in uneven distribution of current density
[44]. This is bad for the performance and the lifetime of a fuel cell [45]. Therefore, it is
of great importance to improve the uniformity of reaction gas [46]. The variance was
introduced to describe the oxygen distribution [31] and was exhibited in Fig.6. The
oxygen consumption rate accelerates with increasing working current density, and the
non-uniformity improves [47]. More importantly, the variance of the oxygen fraction
of oxygen at the initial current density is reduced by 32.69%, and so is its growth rate,

20.15%, because the NDFF improved the mass transfer capacity.
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Fig.7 shows the local fluctuation of the oxygen mass fraction along the flow direction
at the cathode CL-GDL interface. The data in the figure is calculated from three
positions: locate horizontally at the edge, middle at the cathode CL-GDL interface, and
the area between these two sites. The NDFF produces a new working condition where
the oxygen fraction changes periodically. At the same time, the CSFF does not have the
periodic characteristics duo to its fixed channel height and rib shape. As shown in Fig.7,
the highest oxygen mass fraction occurred at the middle of the interface, and it
decreased gradually along the edge. The average oxygen mass fraction of the CSFF
line2 decreased by 11.47% compared with linel. When the calculation position further
moved away from the center area, the declined rate increased, and the difference of the
average oxygen mass fraction between line2 and line3 was 22.64%.

It should be noted that the oxygen mass fraction at the same position of the NDFF is

much higher than that of the CSFF. Furthermore, the attenuation rate also becomes



smaller, only 6.41% and 11.18%, respectively. The above results further confirm that
the innovative design of the NDFF not only benefits oxygen transport from the channel

to the MEA but also improves its distribution uniformity.
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Figure 7: Local oxygen mass fraction fluctuation along the flow direction

4.3 Velocity distribution and effective mass transfer coefficient

In addition to the trap-shape rib design that allows more oxygen to diffusion into the
MEA, another reasonable explanation for the enhanced mass transfer of the NDFF is
that the flow channel with built-in obstacles can force the reaction gas to flow in the
mass transfer direction. The contour of the velocity distribution can intuitively explain
this phenomenon. As shown in Fig.8, the speed of the NDFF exhibits periodic changes
and is 4 times as faster as that of the CSFF at the y-direction of the cathode CL-GDL
interface. The CSFF rarely has flow at the y-direction, which means that the only way
for oxygen to transfer into MEA is diffusion generated by the concentration gradient. It
clarifies that the NDFF transformed the traditional diffusion into the optimized

combination of diffusion and forced convection, and thus the mass transfer capacity



was considerably enhanced.

0.000 0.1593 03186 0.4779 0.6371 0.7964 0.9557 Ll

Figure 8: Velocity distribution of the cross section (x=1[mm]) (a)CSFF; (b)NDFF
and the 3D contours (¢c)CSFF; (d)NDFF of the cathode flow channel.
To quantitatively evaluate the above phenomenon, effective mass transfer coefficient
(EMTC), as shown in Equation (15), was proposed by [28] as an evaluation criterion
for flow channel design of a fuel cell [10, 48].

(15)

dc loc,0,

EMTC =
C |v 3y

Under the same working current density, the larger the EMTC, the superior mass
transfer capacity, and the better the performance. As shown in Fig.9, the EMTC of the
NDFF is two orders higher than that of the CSFF, which confirms that the NDFF’s
excellent structure can improve the mass transfer and performance. In addition, the

EMTC increased with the improved working current density because more oxygen is



consumed, and a higher concentration gradient occurred. Finally, the EMTC of the
NDFF at 0.4 A-cm™ is 3.74 times bigger than that at 0.2 A-cm?, indicating that there is

a higher demand for mass transfer rate.
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Figure 9: EMTC with two different flow fields

4.4 Water distribution

Water accumulation in a fuel cell has adverse influences, and it is essential to know the
water distribution inside the fuel cell and reduce its total content [49]. Although the
working condition that the gaseous water condensing into liquid water is not considered
in this model, its trend can be quantitatively analyzed [27]. Fig.10 presents the water
and relative humidity distribution at the cathode CL-GDL interface for two flow fields.
As the oxygen reduction reaction produces water, the water mass fraction steadily
increases along the direction of the flow channel from inlet to outlet. And the reaction
gas which was unsaturated at the inlet quickly reaches a saturated state. There are many
areas where the relative humidity of reaction gas is greater than 1. The water mass

fraction of the NDFF is much lower than that of the CSFF. Moreover, its water



distribution is more uniform, eliminating the serious local flooding at the flow channel
outlet. These results suggest that NDFF is a superior flow field for water management.
For NDFF, the designed flow channel structures with in-built blockage and trap-shape
rib can induce periodic changes in local velocity, local flow, and local pressure, which

strengthen or arouse forced convection to enhance water removal.
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Figure 10: Distribution of water mass fraction and relative humidity at 0.45A-cm’

2. (a), (b) is the distribution of the mass fraction of H,O of CSFF and NDFF. (c), (d) is
the distribution of relative humidity of CSFF and NDFF.

4.5 Experimental loading performance

Fig.11 shows the comparison of experimental polarization curves for different flow
fields under the same working conditions. There is an increased performance difference
with the simulation results compared. Mass transfer and water management can both
be improved by the NDFF. The calculated voltage increment of the NDFF is 0.08V at
0.45A-cm™ while it is 0.21V according to experimental results. This can be attributed

to the assumption that water inside PEMFCs is all gaseous. In an actual experiment,



flooding occurred in the flow channel of the CSFF due to its poor water management,
and the performance difference of the CSFF between the simulation result and the
experimental result is 0.24V while it is 0.11V for NDFF. Therefore, two aspects should
be considered to give a reasonable explanation for the experimental 0.21V voltage
increment of the NDFF. On the one hand, there is an increment of 0.08V for enhanced
mass transfer. On the other hand, there is an increment of 0.13V for improved water

management. These results are consistent with the trend obtained from the numerical

model.
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Figure 11: Comparison of experimental polarization curves for different flow
fields.
Increasing the initial oxygen concentration in a fuel cell, such as the pre-supply strategy,
effectively improves its dynamic performance [50]. The NDFF enables the higher initial
oxygen mass fraction in the MEA and the higher total oxygen content due to the unique
rib structure. Meanwhile, it also has a faster flow velocity [23]. Therefore, it can

respond in a timelier manner during the loading process and exhibits better performance,



as described in Fig.12. The initial response voltage of the NDFF increased by 0.16V.
And the NDFF shows better operation stability and less fluctuation in the continuous
operation process after the fuel cell is loaded. This is because the NDFF has better water
management and can discharge more quickly the generated water during the operation,
alleviating the impacts of liquid water blocking the pores. The tested total polarization

resistance is reduced by 12.97mQ with CSFF compared.
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Figure 12: Dynamic response of PEMFCs with different flow fields

4.6 Pressure distribution and energy efficiency ratio
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Figure 13: Pressure distribution at the cathode CL-GDL (a)CSFF; (b)NDFF and
the 3D contours (c)CSFF; (d)NDFF of the cathode flow channel.
Fig.13 shows the pressure distribution at the cathode CL-GDL. There is a tiny pressure
drop for the CSFF. Therefore, the parasitic power of the CSFF is very small, and its
structure optimization has crucial practical value [48]. Compared with CSFF, the
pressure distribution of the NDFF presents periodic characteristics. Due to the increase
of the fluid disturbance, the pressure drops, and the parasitic power increases
simultaneously. It is necessary to comprehensively evaluate the relationship between

the parasitic power and the output power after the flow field structure changes and the



proposed energy efficiency ratio as shown in Equation (16):

EER = ]A—_V (16)
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Figure 14: EER of the NDFF compared with CSFF
APuA,, can be used to calculate the parasitic power loss caused by the reaction gas
flowing in the fuel cell [10]. The product of the working current / and the working
voltage V' represent the output power of the fuel cell. Based on the above results, the
Energy Efficiency Ratio (EER) is proposed to quantitatively evaluate the effects of the
flow channel change on the overall performance of the fuel cell. It is defined as the ratio
of the difference of the output power and parasitic power between two flow fields, as
shown in Equation (16). The increased output power due to the changes in the flow
field is greater than the increased parasitic power when the EER is bigger than 1, and
such an improvement of the flow field will help improve the overall performance of the
fuel cell. Fig.14 shows the EER of the NDFF compared with the CSFF. The EER
decreases with the increased current density as more reaction gas increases the gas flow

disturbance. However, the EER is always far greater than 1, indicating that the NDFF



can improve the fuel cell's net power.

5 Conclusion

In this paper, a combination of numerical simulation and experiment is used to study
the performance improvement and internal mechanism of the new 3D flow field
compared to the traditional straight flow field. The main results obtained are as follows:
1) The average oxygen mass fraction of the new 3D flow field at the interface between
the catalyst layer and the gas diffusion layer is 15.74%, which is higher than the 13.4%
of the traditional straight flow channel. The effective mass transfer coefficient analysis
shows that the new 3D flow field can optimize the traditional diffusion mass transfer
method to a combination of diffusion and convection mass transfer, thereby greatly
enhancing the mass transfer performance.

2) The distribution variance of the initial current density of the new 3D flow field is
reduced by 32.69%, and with the increase of the current density, its distribution variance
growth rate is also reduced by 20.15%. This is because the new 3D flow field can
significantly improve the ridge mass transfer to improve the uniformity of oxygen
distribution.

3) The maximum value of water mass fraction in the new 3D flow field is reduced by
13.51% compared with the traditional straight flow channel. The new 3D flow field can
cause periodic changes in speed, direction, and pressure, and strengthen the purge of
moisture inside the PEMFC, thereby strengthening the water management of the
PEMFC.

4) Compared with the straight flow field, the experimental result shows that the voltage



of the new 3D flow field at 0.45A-cm™ increases by 0.205V. The performance
difference between the simulation result and the experimental result of the straight flow
field 1s 0.23611V, and that of the new 3D flow field is 0.10778V. The difference
between the two is 0.12833V, which is because different flow fields have different water
management capabilities. In summary, the performance increase of 0.205V obtained
through the new 3D flow field experiment can be analyzed from two aspects, which are
the increase of 0.07647V due to the enhanced mass transfer and the increase of
0.12833V due to the optimization of water management. The results are consistent with
the simulation results that the new 3D flow channel can enhance mass transfer and
water management.

5) The dynamic response capability and stable operation capability of the new 3D flow
field are better than the traditional straight flow channel. This is because the new 3D
flow field has a higher initial oxygen content, faster reaction gas flow rate, and better
water management capabilities.

6) The energy efficiency ratio of the new 3D flow channel is far greater than 1,
indicating that it can increase the net power output of the PEMFC. The energy
efficiency ratio is defined as the ratio between the difference in output performance
before and after the optimization of the flow channel structure and the difference in
parasitic power loss. The energy efficiency ratio is greater than 1, indicating that the net
output of the PEMFC can be increased.
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Nomenclature
A, Tafel slope, V
c Species concentration, mol/m?
D;; Diffusion coefficient, m?/s
F Faraday constant, C/mol
i Working current density, A/m?
ip Exchange current density, A/m?
M Molecular mass, kg/mol
p Working pressure, Pa
R Universal gas constant, J/(mol- K)
S Source term
T Working temperature, K
u Velocity, m/s
X Mole fraction
Greek symbols

o Charge transfer coefficient



€ Porosity

n Overpotential, V

1 Dynamic viscosity, N - s/m?

p Density, kg/m?

o Electrical conductivity, S/m

¢° Electrode equilibrium potential, V
® Phase potential, V

® Mass fraction

Subscript and superscript

a Anode

C Cathode

loc Local

ref Reference

eff effectiveness
ik Species

S Electrode phase

1 Electrolyte phase
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