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Proton exchange membrane fuel cell (PEMFC) generates substantial waste heat
during operation. Excessive temperature induces performance degradation and
may cause irreversible cell damage. To address the non-uniform temperature dis-
tribution in PEMFC, this study proposes a novel composite cooling channel that,
for the first time, integrates a fluid oscillator with a bionic leaf-inspired cooling
structure. Unlike conventional parallel or biomimetic channels that rely on steady
flow distribution, the introduced fluid oscillator generates self-induced oscillating
Jets that dynamically modify the coolant flow within the bionic branches. Experi-
mental results demonstrate that this coupling mechanism significantly enhances
coolant mixing and heat transfer, resulting in superior temperature uniformity
compared with both traditional parallel channels and standalone bionic leaf cool-
ing channels .The results show that the cooling fluid distribution and temperature
uniformity of the composite cooling channel are better than those of the parallel
cooling channel and the bionic leaf cooling channel. The maximum temperature
decreases from 348.45-346.28 K, the temperature difference decreases from 3.62-
2.13 K, and the temperature uniformity index decreases from 1.53-0.49, which is
68.0% lower than that of the parallel cooling channel. Compared with the serpen-
tine cooling channel, the compound cooling channel effectively solves the problem
of excessive pressure drop while ensuring efficient cooling performance. The pres-
sure drop of serpentine cooling channel is 28218.34 Pa, while that of compound
cooling channel is only 1477.28 Pa, which is 94.8% lower. Further parameter
optimization of the fluidic oscillator reduced the pressure drop to 1347.72 Pa and
improved the temperature uniformity index to 0.41.
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Introduction

Hydrogen, as a clean energy source, has the potential to play a key role in the global
transition to a low-carbon future due to its advantages in high energy density, wide source and
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convenient storage and transportation [1]. The PEMFC converts the chemical energy of the
fuel into electrical energy through electrochemical reactions, which use hydrogen as fuel [2].
Due to the high conversion efficiency, high power density, compact design, and silent opera-
tion, PEMFC is widely regarded as a promising next-generation clean energy technology [3].
However, thermal management remains a critical technical challenge in efforts to further im-
prove PEMFC performance [4]. Since cell efficiency is highly sensitive to temperature distri-
bution, inadequate heat removal can lead to performance degradation of the membrane elec-
trode assembly (MEA), dehydration and shrinkage of the proton exchange membrane, reduced
proton conductivity, and potentially irreversible damage to the cell [5, 6]. In order to ensure
uniform distribution of the whole active area of PEMFC within a certain temperature range, it
is necessary to design a reasonable and efficient thermal management system.

In recent years, researchers have studied various cooling channels to enhance the per-
formance of PEMFC. Chen et al. [7] established the index of uniform temperature (IUT) as a
quantitative metric for assessing the uniformity of temperature distribution. The results showed
that although serpentine channel had excellent temperature uniformity, the pressure drop was
very large. In contrast, parallel channel exhibited localized hotspots but significantly reduced
the pressure drop. Yu et al. [8] designed three kinds of serpentine flow channel, including
traditional serpentine flow channel, multi-channel serpentine flow channel and spiral flow
channel. The results showed that the maximum temperature and temperature uniformity of the
multi-channel serpentine flow channel were better than those of the traditional serpentine flow
channel. Zuo et al. [9] designed a new type of double-inlet and double-outlet serpentine chan-
nel liquid cooling plate. The research showed that the thermal management ability of the re-
verse arrangement of the inlet and outlet is better than that of the same direction arrangement.

In addition to serpentine and parallel cooling channel, bionic fractal structures have
also been widely explored in the design of PEMFC cooling channel. Bionic fractal channel
design originates from people's observation and reference of natural fractal structure [10].
When fluid is transported in this channel, it will carry out graded flow distribution, which can
improve fluid distribution uniformity and reduce flow pressure drop [11]. Kloess et al. [12]
proposed a bionic flow channel based on leaf and lung shape. The results showed that the
pressure drop of the bionic flow channel was much lower than that of the serpentine flow
channel. Damian-Ascecio et al. [13] proposed four tree-shaped flow channels, and studied their
influence on mass flow rate by changing the number of branch channels and inclination angles.
The results showed that the number of branch channels was positively correlated with the water
removal rate and current density of proton exchange membrane.

However, most existing optimizations of PEMFC cooling channels focus on static
structures, aiming to enhance heat transfer coefficients or reduce pressure drop by modifying
the geometric parameters of the channels. Once the channel structure is designed, the flow
direction and distribution of the coolant become fixed and cannot be altered, resulting in a
predetermined flow path. When the power output of the fuel cell increases, the associated heat
generation rises sharply. If coolant distribution is insufficient in certain regions, the resulting
failure to dissipate heat promptly can lead to localized hotspots. These hotspots may cause
dehydration and shrinkage of the MEA, thereby reducing proton conductivity and impairing
fuel cell performance. To overcome this limitation, recent studies in fields such as aerospace
[14], micro-channel cooling [15, 16], and automotive systems [17] have gradually shifted from
static to dynamic approaches in heat transfer research. Dynamic flow perturbations can disrupt
thermal boundary-layers and thus improve heat transfer coefficients [18]. Fluidic oscillators
do not need any external devices, only by using the principle of fluid dynamics, the stable input
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of fluid can be converted into periodic oscillation output, so that the fluid distribution is more
uniform, so the fluid oscillator can solve the local overheating problem for the traditional static
channel structure. Khan et al. [19] investigated the flow and heat transfer performance of seven
steady jet arrays and seven sweeping jet arrays. The results showed that, compared to steady
jets, sweeping jets achieved a 12.2% improvement in heat transfer efficiency, along with more
uniform mass flow distribution. Woszidlo et al. [20] examined the structure of fluidic oscilla-
tors and discovered that the inlet and outlet of the mixing chamber play a critical role in flow
characteristics such as oscillation frequency and jet deflection. Amiri and Farhadi [21] focused
on the influence of geometric parameters, including mixing chamber width, diffusion angle,
and the width and length of the feedback channels. They concluded that feedback channel
width has the most significant impact on oscillation frequency, while the feedback channel
length primarily controls oscillation amplitude.

The configuration of cooling channel in PEMFC plays a critical role in determining
heat transfer performance. Optimizing channel geometry can significantly enhance thermal
efficiency. While achieving high heat transfer performance, it is also necessary to limit the
energy loss in the channel to achieve a balance between heat transfer performance and pressure
drop. Therefore, identifying a cooling channel design that offers both high thermal perfor-
mance and reasonable pressure drop has become an urgent challenge. To address this issue, in
this paper, a thermal management system with high efficiency and low consumption is pro-
posed by combining a fluid oscillator with a bionic leaf cooling channel. The major contribu-
tions of this paper are:

— A composite cooling channel is developed by combining a fluidic oscillator with a bionic
leaf structure.

— The composite cooling channel is compared with the traditional parallel cooling channel,
serpentine cooling channel and bionic leaf cooling channel. The pressure drop, temperature
characteristics of PEMFC and water content of MEA were studied.

— The flow dynamics of the fluidic oscillator are investigated, with particular attention to the
effects of geometric parameters such as inlet and outlet throat widths of the mixing chamber.

— The optimized fluid oscillator is applied to the composite cooling channel to further evalu-
ate its improvement effect on the thermal management performance of PEMFC.

Modell design and validation

Geometric model

———= Anode BP In this study, a numerical model of a
—namdeGol  single PEMFC is established for simula-

e ANOde CL

S o ——rweA o tion, as shown in fig. 1. The PEMFC has
\/ / ——=catode DL dimensions of 25 mm x 25 mm X 6.71
o node outlet

— wcanogese mm and comprises multiple components,
including the bipolar plate (BP), cooling
€athode inlet channel (CC), gas channel (GC), diffu-
sion layer (GDL), catalytic layer (CL),

Cathode outlet and MEA
Figure 1. Geometric model of PEMFC In order to simplify the calculation,
the anode and cathode gas channels are
both configured as single serpentine channels. The cooling channels on both sides are identical,
including four types: parallel cooling channel, serpentine cooling channel, bionic leaf cooling
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channel and composite cooling channel, as shown in fig. 2. The geometric parameters of the
model are shown in tab. 1.

(a) (b)

(d)

Figure 2. Four cooling channels; (a) parallel cooling channel, (b) serpentine cooling channel,
(c) bionic leaf cooling channel, and (d) composite cooling channel

Table 1. Geometric parameters of PEMFC

Geometric name Geometric parameters Value [unit]
Length 25 mm
BP Width 25 mm
Height 3 mm
Length 1 mm
GC Width 1 mm
Height 1 mm
Length 1 mm
Parallel/serpentine cooling channel Width 1 mm
Height 1 mm
Width 1 mm
Bionic leaf cooling channel g:;)g}}: ; $$
Angle: 0 81.5°
Width 1 mm
Height 1 mm
Composite cooling channel Inlet Wldth: w 0.7 mm
Inlet throat width: d; 2.5 mm
Feedback channel width 1 mm
Outlet throat width: d 1 mm
GDL Height 0.3 mm
CL Height 0.03 mm

MEA Height 0.05 mm
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Numerical model

Model assumptions

Under the real operation conditions, various complex physical and chemical pro-
cesses occur in the PEMFC. To reduce computational complexity while maintaining sufficient
model accuracy, several simplifications are adopted in the electrochemical, fluid dynamic, and
thermophysical domains:

— All simulations in this study are conducted under steady-state conditions. Although the fluid
oscillator induces periodic oscillations in the coolant flow, its effect on the macroscopic
flow field and heat transfer performance can be represented by a time-averaged steady-state
approach due to its stable periodic behavior. This steady-state treatment is consistently ap-
plied to all four cooling channel configurations and effectively reduces computational cost
while maintaining sufficient accuracy for comparative performance analysis [22].

— The reaction gases are considered ideal and incompressible [23].

— Contact resistance is not considered [24]. Measurement of contact resistance is complex
and has a small impact on overall performance. To simplify the model, contact resistance
is usually ignored in numerical simulations of PEMFC.

— The GDL and CL are modeled as isotropic porous media. Secanell [25] studied the polari-
zation curves of isotropic and anisotropic GDL exhibit negligible differences.

— The impact of liquid water on cooling channels is neglected. Zhang et al. [26] confirmed
that the presence of liquid water does not significantly affect the electrochemical simulation
results.

Governing equations

The battery generates heat during discharge, which is transferred to the liquid cooling
plate, and then the heat is removed by convection heat exchange of the coolant to complete the
cooling of the PEMFC.

Mass conservation equation:

d(ep)
ot

+V(gpu) =8, (1)

where ¢ is the porosity, p — the density, u — the velocity vector, and S — the source of mass.
Momentum conservation equation:

d(gpu)

= +V (gputl) = —eVp+V (suVi)+ S, @)

where p is the pressure, 4 — the dynamic viscosity, and S, — the source of momentum.
Energy conservation equation:

a(pe) . , e
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i

where &° is the layer thickness, e — the energy density, 7 —the heat source term from chemical
reactions, 4 T) — the enthalpy, a; nad a» — the heat transfer coefficients, 7°°°! — the coolant
temperature, A* — the thermal conductivity, ¢ and ¢* — the electric potentials, and * — the
current density.
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Species conservation equation:

d(pY,)
ot

where Y is the mass fraction of chemical species, Df" — the diffusion coefficient, and Sj — the
source of species.
Charge conservation equation:
o(eog.
%w(qw)ww -0 (5)
where ¢; is the ionic potential, o; — the ionic conductivity, and Sy — the source of charge.
To quantitatively assess the cooling performance, the IUT is calculated as a measure
of temperature uniformity within the cooling channel:

+V (gpu,)=V(pD{"VY, )+, )

[T-T,,d4
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Mesh independence verification
el T : ; ' 349.74
In order to ensure the accuracy of {5
numerical simulation results, hexahedral _ 4 349.45
meshes are adopted in the model, and the § ,,, ]

. . <! 349.16
fluid domain and boundary-layer are re- =, .1 - | &
fined. According to the four mesh sizesof 2 . | . {348.87 =
0.21 mm, 0.19 mm, 0.17 mm, and 0.15 2 1‘08; - j34858"
mm, the model is divided into four differ- £ 1'06 1 - . I
ent mesh numbers of 452840, 611423, © 1'04j 1348.29
735218, and 942592. Mesh independence e 1
. . . 1.02 1 1348.00
is evaluated based on two key indicators: 1 |
current density and maximum tempera- %" jesnt  Mesh2 | Mesh3  Meshd

tl}re, Tmax. Figure 3 Shows the currer.lt ,d?n' Figure 3. Current density and Tmax of PEMFC with
sity and Tmax under different mesh division  gifferent mesh numbers (voltage = 0.6V)

schemes at an operating voltage of 0.6 V.

Mesh independence was assessed based on the variation of key physical quantities with a con-
vergence criterion defined as a relative change of less than 0.5%. When the mesh number was
increased from 735218-942592, the variations in these quantities remained below this thresh-
old, indicating that the numerical solution had reached grid independence. Therefore, the mesh
with 735218 elements was selected, as it provides sufficient numerical accuracy while signif-
icantly reducing computational cost compared to finer meshes. This choice ensures the relia-
bility of the simulation results while maintaining computational efficiency.

Model validation

The PEMFC model is solved under operating conditions of 353 K and 100% relative
humidity at both anode and cathode. The detailed simulation parameters are listed in tab. 2.
The SIMPLE algorithm was used for velocity-pressure coupling, and gradients were calculated
using the least squares method. The energy, momentum, and mass conservation equations were
discretized using a second-order upwind scheme, while the electron and ion conservation equa-
tions employed a first-order upwind scheme. In order to judge the convergence of the solution
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process, the convergence criterion of energy equation is less than 1x1076 and the convergence
criterion of other governing equations is less than 1x10~*, If the governing equations converge
and the current density of cathode plate and anode plate is stable, the calculation converges.

Table 2. Main operating parameters of PEMFC

Parameters [units] Value Parameters [units] Value
Operating temperature [K] 353 Coolant temperature [K] 343
Pressure [Pa] 101325 Coolant velocity [ms™] 1.0

GDL porosity 0.60 Coolant density [kgm] 998.2
CL porosity 0.20 Voltage [V] 0.6

Equivalent weight of membrane [kgkmol™]| 1100 Anode exchange current density [Am™] | 10000
H: reference diffusivity [m?s'] 1.1x10*| Cathode exchange current density [Am~3] | 0.5
O: reference diffusivity [m?s™] 3.2x10* Anode/cathode inlet temperature [K] 353

H20 reference diffusivity [m?s™] 7.35x104 Anode/cathode relative humidity 100%

Figure 4 shows the comparison between
AF i~ ) the simulation results and the reference data [11].
.9 M Both the reaction gas flow channel and the cool-
ol w ing channel in the simulation of fig. 4 adopt a
B serpentine configuration, which is consistent
with the channel design reported in [11]. Using
the same channel type ensures comparable flow
Sr characteristics and heat transfer conditions, al-
4t lowing fig. 4 to be directly compared with the
0al results in the reference and eliminating discrep-
o L L ancies arising from different channel geometries.

00 02 04 06 08 10 12 14 16 Acrossa voltagerange 0of0.95-0.10 V, the devi-

Voltage [V]
©O O O O O O =
A 00 & N ®» © o
T

Current density [Acm”] ation between simulated and reference current

Figure 4. Comparison of reference data [11] densities remained within 2%, indicating a high

and simulation results level of reliability for the developed mathemat-
ical model.

Results
Performance comparison of four cooling channels

Velocity field of cooling channels

As the coolant enters the cooling channel, it continuously absorbs the heat generated
by the electrochemical reactions within the PEMFC. This process continues until the coolant
exits the channel, completing the heat removal cycle. During this process, the velocity of the
coolant plays a critical role in determining the cooling performance. Within a certain range, a
higher coolant velocity corresponds to greater heat removal, thereby reducing the overall cell
temperature. Figure 5 shows the velocity distribution in the center section of cooling channels
when the coolant inlet velocity is 1.0 m/s. In fig. 5, the parallel cooling channel exhibits the
worst flow uniformity, with the central region having a velocity lower than 0.1 m/s. In contrast,
the serpentine cooling channel demonstrates the highest flow velocity, maintaining coolant
speeds above 1.3 m/s throughout the channel, with excellent flow uniformity. The bionic leaf
and composite cooling channels both exhibit higher coolant velocities at the inlet and outlet
regions.
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Figure 5. Velocity at cooling flow channel; (a) parallel cooling channel, (b) serpentine cooling channel ,
(c) bionic leaf cooling channel, and (d) composite cooling channel

However, the velocity distribution in the composite channel is more uniform, owing
to its unique structural design. The introduction of a fluid oscillator generates periodic oscil-
lating jets in the coolant before it enters the bionic vein channels. This dynamic disturbance
breaks the fixed flow paths present in conventional static channels. The oscillating jets contin-
uously change direction and speed, allowing the coolant to more fully cover the entire channel
cross-section, particularly improving the flow distribution in the central region. The velocity
distribution in the composite channel is observed to be more uniform than in traditional designs.
This phenomenon is primarily attributable to the active flow disturbance introduced by the
integrated fluid oscillator. In conventional static channels, coolant flow establishes fixed, pre-
dictable paths dictated by pressure gradients and channel geometry, often resulting in persistent
velocity gradients and under-utilized core regions. The fluid oscillator fundamentally alters
this dynamic by generating periodic oscillating jets at the inlet. This imposes a time-varying
momentum component on the incoming coolant, which achieves two key effects. Firstly, the
oscillating jets continuously disrupt the formation of stable, high-velocity core streams and
stagnant flow zones. Secondly, the periodic change in jet direction and speed promotes vigor-
ous lateral mixing across the channel cross-section, forcing coolant to penetrate regions that
would otherwise be poorly serviced. Consequently, the coolant is dynamically distributed
across the available flow area over each oscillation cycle. This active mixing mechanism, par-
ticularly the momentum injection into the central region, results in a more uniform temporal-
mean velocity distribution compared to a static channel design.

Pressure field in cooling channels

The pressure drop in the cooling channel is an important factor affecting the perfor-
mance of PEMFC and directly related to the net power output. Figure 6 shows the pressure
distribution in different channels. As observed, all four channels exhibit a general trend of
pressure gradually decreasing along the direction of coolant flow. The pressure drop value of
the serpentine cooling channel is not in the same range as that of the other three channels, so
its range is set separately. The maximum pressure drop of parallel cooling channel is 1432.36
Pa, serpentine cooling channel is 28218.34 Pa, bionic leaf cooling channel is 1617.73 Pa, and
composite cooling channel is 1477.28 Pa.

The pressure drop of serpentine cooling channel is much higher than that of the other
three channels because it has the longest channel length and the most corners, which leads to
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Figure 6. Pressure drop at the center section of the cooling channel; (a) parallel cooling channel,
(b) serpentine cooling channel, (c) bionic leaf cooling channel, and (d) composite cooling channel

severe variation of coolant velocity and thus more energy loss. Compared with parallel cooling
channel, bionic leaf cooling channel has more uniform distribution of coolant in the channel
due to the entrance in the middle of the channel. Moreover, bionic leaf cooling channel reduces
the number of 90° corners, which greatly reduces the pressure drop. In the composite cooling
channel, when the coolant enters the throat of the fluid oscillator, there will be a large pressure
drop due to the small cross-sectional area of the throat. However, compared with the parallel
cooling channel and serpentine cooling channel, the cooling channel with bionic fractal struc-
ture can significantly reduce the pressure drop, reduce the energy loss of the pump, and im-
prove the power generation efficiency of the battery.

Temperature field in cooling channels

Figure 7 illustrates the temperature distribution of the coolant in the four cooling
channel configurations. In all cases, the coolant temperature increases along the flow direction,
as the heat generated by the electrochemical reaction is continuously absorbed and transported
downstream. By comparing the temperature field in fig. 7 with the velocity field in fig. 5, the
relationship among channel structure, flow behavior, and heat transfer performance can be
clearly elucidated.

For the parallel cooling channel, its symmetric structure leads to a non-uniform
velocity distribution, characterized by a low flow rate in the central region, as shown in

(d)

Temperature [K]
Figure 7. Temperature distribution in the cooling channel; (a) parallel cooling channel,
(b) serpentine cooling channel, (c) bionic leaf cooling channel, and (d) composite cooling channel
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fig. 5. The weakened convective heat transfer in this region results in insufficient heat
removal, forming a distinct local overheating zone in fig. 7 and causing the poorest thermal
uniformity.

In the serpentine cooling channel, the structural constraint of a single flow path forces
the coolant to flow at a relatively high velocity. However, the long flow length causes contin-
uous heat accumulation along the channel, leading to the highest outlet temperature despite the
enhanced convection associated with high velocity.

The bionic leaf cooling channel improves flow distribution due to its branching struc-
ture, which mitigates extreme velocity deficiencies. Nevertheless, a high temperature region
still appears in the upper right area. This phenomenon is closely related to the serpentine gas
channel: the reaction gas enters from one side, resulting in an asymmetric heat generation rate
that is highest near the gas inlet and decreases along the flow direction. As a result, even with
a symmetric cooling structure, localized high-temperature regions emerge where heat genera-
tion is most intense.

In contrast, the composite cooling channel, which integrates a fluid oscillator with
the bionic leaf structure, exhibits a distinct advantage. The oscillator generates periodic oscil-
lating jets that continuously alter the velocity magnitude and direction, fig. 5, enhancing flow
mixing and turbulence intensity. This dynamic flow effectively strengthens convective heat
transfer and suppresses localized heat accumulation, leading to a more uniform temperature
distribution in fig. 7 compared with the bionic leaf channel. This confirms the effectiveness of
the composite design in improving thermal uniformity through the established structure-flow-
heat transfer chain.

Although the geometric structures of the bionic leaf and composite cooling channels
are symmetric, the governing mechanisms for flow and heat transfer differ. The velocity and
pressure fields are primarily determined by the symmetric channel geometry and identical inlet
and outlet boundary conditions of the coolant. As a result, the coolant flow experiences nearly
identical hydraulic resistance on both sides, leading to an almost symmetric distribution of
velocity and pressure.

In contrast, the temperature field is influenced not only by the coolant flow but also
by the spatial distribution of heat generation within the fuel cell. The reaction gas channel
adopts a serpentine configuration, causing the reactant gas to flow along a single path. Conse-
quently, the electrochemical reaction rate and heat generation are highest near the gas inlet and
gradually decrease along the flow direction, forming an inherently asymmetric heat source.
When this asymmetric heat generation interacts with a symmetric cooling channel, localized
high temperature regions inevitably appear, particularly in areas with more intense reactions,
such as the upper right region of the channel. Therefore, while the flow field remains symmet-
ric, the temperature field becomes asymmetric due to the non-uniform thermal source.

Temperature distribution in the MEA

The MEA is one of the key components of PEMFC, its thermal characteristics seri-
ously affect and restrict the actual performance of battery. Figure 8 shows the temperature
distribution of the central section of MEA, tab. 3. The temperature distribution of the central
section of MEA is similar to that of the cooling channel. The middle of MEA with parallel
cooling channel also has the same high temperature region as that of the cooling channel. In
addition, the temperature distribution of the middle section of the MEA corresponds to the
structure of the reaction gas channel. In all cases, the MEA temperature is higher near the gas
inlet and lower at the outlet. This is because the electrochemical reaction at the inlet of the
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Figure 8. Temperature distribution in the MEA; (a) parallel cooling channel,
(b) serpentine cooling channel, (c) bionic leaf cooling channel, and (d) composite cooling channel

channel is intense and the reaction heat is more generated. In the region near the outlet of the
channel, the heat is more easily carried out of the channel by the gas and the heat is not depos-
ited.

Table 3. Temperature effects of four channels on MEA

Cooling channel Tmin [K] Timax [K] AT [K] IUT

Parallel cooling channel 344.83 348.45 3.62 1.53

Serpentine cooling channel 344.42 346.04 2.22 0.57

Bionic leaf cooling channel 344.20 346.93 2.73 0.64

Composite cooling channel 344.15 346.28 2.13 0.49
Water content of MEA

In the electrochemical reaction of PEMFC, protons generated by hydrogen oxidation
reaction can quickly pass through the proton exchange membrane to the cathode catalytic layer
and combine with oxygen ions when the proton exchange membrane is wet. When the water
content of the MEA decreases, the ohmic resistance increases, which hinders the proton prop-
agation, thus affecting the current density and causing the performance of the PEMFC to de-
crease. However, too high water content will cause flooding phenomenon, which also affects
the performance of the PEMFC. Therefore, the water content distribution is also one of the
important indicators for evaluating the performance of the cooling channel.

Figure 9 presents the water content distribution within the MEA for the four cooling
channel configurations. Although the cooling channels differ significantly in structure and flow
characteristics, the water content distribution remains largely consistent. This phenomenon
arises because MEA moisture is primarily governed by electrochemical reactions, gas-phase
transport, and membrane diffusion, all of which are controlled by the reaction gas channels
rather than the coolant flow. In this study, all cases employ identical serpentine gas flow chan-
nels, resulting in similar reactant distribution, electrochemical reaction rates, and water gener-
ation and removal paths.

While differences in cooling structures modify the local temperature field, their in-
fluence on water content is indirect. As shown by comparing figs. 8 and 9, regions of higher
temperature consistently correspond to lower water content, due to enhanced water evaporation
and membrane dehydration, whereas lower temperature regions retain higher moisture levels.
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Figure 9. Water content of MEA; (a) parallel cooling channel, (b) serpentine cooling channel,
(c) bionic leaf cooling channel, and (d) composite cooling channel

Because the temperature patterns induced by the asymmetric gas flow are similar across all
cases, the resulting water content distributions also exhibit a similar spatial pattern, despite
variations in coolant-side flow and geometry.

Structure optimization of fluid oscillator

Flow characteristics of the fluidic oscillator

The previous studies show that the composite cooling channel has good heat dissipa-
tion performance in PEMFC. In order to improve the heat transfer efficiency and pressure drop,
it is necessary to further study the basic characteristics of fluid flow in the fluid oscillator.
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Figure 10. Velocity (top) and pressure (bottom) of a fluid oscillator during half period;
(a) 1/107, (b) 1/57, (¢) 3/107, and (d) 2/5T

Figure 10 shows the variation of velocity (top) and pressure (bottom) in half oscilla-
tion cycle in the fluid oscillator. At 1/10 T, the main jet deflects towards the upper wall of the
mixing chamber. As the jet gradually moves to the upper wall of the mixing chamber, the
pressure on the upper side of the fluid oscillator gradually increases, and at the same time, a
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small part of the fluid will flow to the lower feedback channel and return to the inlet throat.
The main jet will be pushed to the lower channel of the mixing chamber to continue moving.
At 1/2 T, the fluid jet will adhere to the lower side of the mixing chamber. This periodic flow
change can continuously disturb the fluid in the mixing chamber, thus helping to break up the
thermal boundary layer and enhance the heat transfer effect. Therefore, the mass flow rate in
the feedback channel has an important influence on whether the fluid oscillator can produce
oscillating jets. If the fluid returns from the feedback channel to the inlet throat is too small,
the pressure difference between the two sides and the diversion force are not enough to push
the main jet to the other side, the fluid oscillation will not be obvious or even occur. Throat
inlet and outlet directly determine how fluid enters and leaves the oscillator, so it is necessary
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Figure 11. Influence of w/dx (a) and d:/dn (b) on mass-flow rate in the upper feedback channel

to parameterize these two parameters.

Parametric study of w/dy and d/dy

This section investigates the performance of the fluid oscillator by varying the inlet
throat width, w, and outlet throat width, d;, of the mixing chamber. Figure 11(a) shows the
effect of different w on the mass-flow velocity of the upper feedback channel. It can be con-
cluded that the flow rate of the upper feedback channel reaches a maximum value when w/dj,
= (.74, and there is a slight negative mass-flow velocity in one cycle. At w/d, = 0.80, the flow
velocity is slightly less than w/dj, = 0.74, but no backflow occurs in the feedback channel. When
wldy is less than 0.74, the maximum mass-flow rate through the feedback channel decreases
with w/dy. At w/d, = 0.62, the mass-flow velocity through the upper feedback channel is the
lowest. Figure 11(b) shows the mass flow rate variation of the upper feedback channel for
different d,. It can be seen that d/d; has no significant effect on the mass flow rate through the
feedback path.

The PEMFC performance improvement

Since d; has little effect on the performance of the fluid oscillator, the influence of
optimized structure parameters on the performance of PEMFC is studied by changing the struc-
ture w length to 0.74 mm (w/d, = 0.74). Figure 12 shows the change of cooling channel per-
formance when w/d, = 0.68 and w/d, = 0.74. It can be observed that when w/dj, = 0.74, the
pressure drop is reduced by 129.56 Pa compared with w/dj, = 0.68, and the IUT is only 0.41.

This stepwise investigation offers a more comprehensive understanding of the fluidic
oscillator’s operating principles, supporting the development of efficient and reliable thermal
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cooling channel. The following conclusions

are as follows.

e The pressure drop of the composite cooling channel is only 1477.28 Pa, which is much
lower than that of the serpentine cooling channel.

o The inlet throat width significantly affects mass flow in the upper feedback channel. At
w/d, = 0.74, the mass-flow rate reaches its maximum. When w/dj, is less than 0.74, the
maximum mass-flow rate through the feedback channel decreases with the decrease of
widp.

e The outlet throat width has minimal influence on fluid dynamic characteristics within the
oscillator.

When the optimized fluid oscillator is applied to the composite cooling channel, the
thermal management performance of PEMFC is further improved. Compared with the original
composite cooling channel, the pressure drop is reduced by 129.56 Pa, and the temperature
uniformity index is only 0.41.

Although this study demonstrates the effectiveness of the composite cooling channel
with a fluid oscillator, several limitations remain. The parameter optimization was conducted
within a relatively limited range, and the coupled effects of key structural parameters, such as
chamber geometry, feedback channel width, and diffusion angle, on oscillation behavior and
heat transfer performance were not systematically explored. Future work will expand the pa-
rameter space and employ global multi-objective optimization methods to achieve enhanced
temperature uniformity while minimizing energy consumption.
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Nomenclature

A — surface area [m?] Sk — source of species

D — diffusion coefficient, [m?s™!] S — source of mass [kgm3s']

e — energy density [Jm™] Su — source of momentum [Nm]

M — current density [Am~] T — temperature [K]

i — heat source term from u — velocity vector [ms™]
chemical reactions [molm=s7] Ur — index of uniform temperature

P — pressure [Pa] Y — mass fraction of chemical species
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Greek symbols € — porosity

¢ — electric potentials [V] u — velocity [ms™]

p — density [kgm™] 0° — layer thickness [m]
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