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Abstract: As a promising new power source, the proton exchange membrane fuel cell (PEMFC) has
attracted extensive attention. The PEMFC engine produces a large amount of waste heat during
operation. The excessive temperature will reduce the efficiency and lifespan of PEMFC engine and
even cause irreversible damage if not taken away in time. The thermal management system of the
PEMFC plays a critical role in efficiency optimization, longevity and operational safety. To solve
the problem of high heat production in the operation of the PEMFC, two approaches are proposed
to improve the heat dissipation performance of the radiators in thermal management systems.
Three kinds of nanofluids with excellent electrical and thermal conductivity–Al2O3, SiO2 and
ZnO– are employed as the cooling medium. The radiator parameters are optimized to improve
the heat transfer capability. A typical 1D thermal management system and an isotropic 3D porous
medium model replacing the wavy fin are constructed to reveal the effects of the nanofluid and the
parameters of the radiator performance and the thermal management system. The results show that
all three kinds of nanofluids can effectively improve the heat transfer capacity of the coolant, among
which the comprehensive performance of the Al2O3 nanofluid is best. When the mass flow rate is
0.04 kg/s and the concentration is 0.5 vol%, the amount of heat transfer of the Al2O3 nanofluid
increases by 12.7% when compared with pure water. Under the same conditions, it can reduce the
frontal area of the radiator by 12%. For the radiator, appropriate reduction of the fin pitch and
wavy length and increase of wave amplitude can effectively improve the spread of heat. The use
of fin parameters with higher heat dissipation power results in lower coolant temperatures at the
inlet and outlet of the stack. The performance of the radiator is predicted by the two model-based
approaches described above which provide a reliable theoretical basis for the optimization of the
thermal management system and the matching of the components.

Keywords: PEMFC; thermal management system; nanofluid; radiator parameters

1. Introduction

The advent of new energy vehicles that use unconventional fuels as power sources
reduces the dependence of vehicles on conventional energy sources and opens up possi-
bilities for solving energy and environmental problems. Proton exchange membrane fuel
cells (PEMFC) have attracted wide attention in the field of transportation because of their
high energy efficiency and zero emissions [1,2]. The PEMFC is an electrochemical device
in which hydrogen and oxygen react electrochemically to produce water and, at the same
time, produce electricity [3,4]. When a PEMFC engine is operating, it produces significant
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waste heat. More than 95% of the waste heat relies on coolant to dissipate, preventing the
stack from working at an excessive temperature [5]. Therefore, the thermal management
system requires more precise control strategies as well as careful design. In order to keep
the temperature of the stack in the appropriate range, almost all of the waste heat generated
by the PEMFC should be carried away in time by the coolant. The thermal equilibrium of
the PEMFC plays a crucial role in the performance and lifetime of the PEMFC and hence a
higher demand is placed on the cooling system. Despite significant progress in the research
field of PEMFCs, obstacles to their large-scale commercialization remain, among which the
development of thermal management systems is a huge challenge [6]. In the development
of thermal management systems in the past, the key points were the construction of some
complex models and the dynamical control of the system, for which the models have com-
plex geometries, changing boundary conditions and fluid properties, thereby increasing
the computational and analytical difficulties. Therefore, it is necessary to properly design
the PEMFC thermal management system [5].

With the rapid development of CFD technology, the simulation of the PEMFC engine
thermal management system has gradually become an irreplaceable part of this develop-
ment. Most researchers have used CFD techniques to investigate the flow patterns and heat
transfer mechanisms [7]. Dong et al. [8] experimentally investigated the effect of each ge-
ometry parameter of the wavy fins on thermal transmission performance; the experimental
data were in high agreement with the simulation data. Chen et al. [9] constructed a new 3-D
flow channel and used CFD technology to verify the performance improvement of PEMFC.
Moreover, they investigated the two geometry parameters, wavy fin amplitude and length,
that have the greatest influence on the thermal hydraulic properties and came up with a
set of optimized geometry parameters. Zhang et al. [5] studied the relationship between
airflow distribution, pressure drop and heat transfer. It has been demonstrated that the
more uniform the distribution of the flow, the smaller the pressure drop as the air crosses
the channel. In addition, the more uniform the distribution of air, the stronger the heat
transfer. Rahimi-Esbo et al. [10,11] and Zhao et al. [12] also showed that the uniformity of
gas flow increases significantly with the decrease of pressure, thus improving the efficiency
of the radiator. In addition to the structural and gas effects, some researchers have started
to use nanofluids to try and improve the performance of thermal management systems.
Bargal et al. [13] studied the performance of a PEMFC engine for vehicles by using ZnO
and AlN nanofluids based on a mixture of water and ethylene glycol (1:1). It is found that
by adding ZnO nanofluid to the base solution, the performance of PEMFC engines can be
enhanced. Johari et al. [14] proved, through experimental tests, that Al2O3-SiO2 hybrid
nanofluids were superior to the base fluid in terms of electrical and thermal conductivity
and could improve the performance of the PEMFC. Islam et al. [15] used the nanofluids as
a coolant for thermal management systems and demonstrated that the use of nanofluids as
coolant can increase the amount heat transfer and reduce the frontal area of the radiator.
Likewise, Islam et al. [6] also investigated the use of nanofluid as a coolant and suggested
that the use of nanofluid as a coolant does not increase the pressure drop in the thermal
management system.

Although simulation techniques have now also been developed to a high level, it is
still difficult to implement simulations of the entire radiator due to the complex fin structure
and the huge computational effort. This has also made porous medium models more and
more popular for the simulation of entire radiators. Peng et al. [16] used porous media in
the cathode gas passage of polymer electrolyte membrane, proving that porous media can
improve the gas heat exchange performance. Mao et al. [17] simulated the fin-and-tube
radiator model by using a porous medium model and found that the model can effectively
replace the complex fin model for heat transfer and flow simulation. Huang et al. [18,19]
used a porous medium model instead of a ribbon tubular radiator. Although the error
between simulation and experiment is found to be large, the trend of the simulation results
is approximately the same as the experimental results. Zhang et al. [20] obtained some
characteristic curves about the intercooler by replacing the fin area with a porous area. The
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aforementioned papers, all of which use porous medium models for 3D simulations, obtain
numerical results only for a particular component but not from the perspective of a thermal
management system. In order to obtain better performance properties, in this paper we
simulate not only the radiator through 3D simulations but also the thermal management
system through 1D and 3D coupled simulations.

Taking all these factors into account, this paper improves the thermal properties of
radiators in two ways. The coolant medium is replaced by a nanofluid with excellent
electrical and thermal conductivity. In addition, the fin parameters are optimized to
improve the heat transfer capability. Based on the above two points, a typical 1D thermal
management system and an isotropic 3D porous medium model replacing the wavy fin
are constructed to reveal the effects of the nanofluid and the parameters of the radiator
performance as well as on the thermal management system. The thermal properties of
radiators with nanofluid as a coolant and different fin parameters are predicted by the
above two models, which provide a reliable theoretical basis for the optimization of thermal
management systems.

2. Model Description and Methodology
2.1. System Description

The structural details of the PEMFC engine thermal management system are shown in
Figure 1, which mainly consists of stack, pump, thermostat, PTC heater and radiator. The
coolant is driven by a pump and circulates within the thermal management system. The
coolant flowing to the thermostat is divided into two branches (the inner circulation and
the outer circulation) which are composed of the PTC heater and the radiator, respectively.
The coolant flow rate of both branches is regulated by the opening of the thermostat. When
the coolant flows through the inner circulation, it returns to the stack inlet through the PTC
heater. When the coolant flows through the external circulation, it completes convective
heat transfer with the environment through the radiator and returns to the stack inlet.
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2.2. Radiator Model Analysis and Building

The geometry of the wavy fin and flat tube radiator, as well as some parametric terms,
are presented in Figure 2, and Table 1 shows the specific parameters of the fin and flat tube.
The structural diagram of the radiator model is presented in Figure 3, which contains three
layers of fin areas and four layers of flat tubes. The entire model is 203 mm long in the
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horizontal direction and 54 mm long in the vertical direction. Due to the presence of wavy
fins, the structure of the radiator becomes complex, while the heat transfer coefficient, the
heat transfer surface and the uneven flow are enhanced, ensuring the high heat dissipation
capacity of the radiator.
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A porous medium model is utilized instead of the complex wavy fin model to simulate
heat transfer. The parameters of the porous medium model are obtained by simulating a
row of wavy model fin, shown in Figure 4, which contains the fluid region of the air side.
The CFD calculation model using a porous medium instead of a wavy fin area is shown in
Figure 5. The calculated size of the model is the same as the structural size of the radiator
shown in Figure 3. Using the simulation results of a row of wavy fin model, the viscous
drag coefficient, inertial drag coefficient and porosity required for a porous medium model
are obtained. The porous medium model is assumed to be isotropic.
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The 3D simulation software Star-CCM+ is used for simulation and analysis. The
extension area and porous area are filled with polyhedral mesh and the number and
thickness of the boundary layer mesh air is selected properly based on the Y+ value.
An encrypted trimmed grid is applied to the water pipe wall, while a polyhedral and
thin-walled mesh is used on the water side. Before performing the simulation, a grid
independent check was completed to ensure the accuracy of the simulation [21].

The total heat exchange of the coolant in the radiator can be expressed as
Equation (1) [22,23]:

Q = CP M(Tout − Tin) (1)

here, Q is the heat transfer rate, CP is the specific heat capacity of the coolant at constant
pressure, Tin and Tout are the inlet and outlet temperatures, respectively, and M is the mass
flow rate.

For the water side, the frictional heat loss can be calculated using the
following equation:

h f = f
L
D

V2
avg

2g
(2)

here, h f is the frictional head loss, f is the friction coefficient, L is the length of the pipe, D
is the hydraulic diameter of the tube, Vavg is the average velocity in a certain plane and g is
the acceleration of gravity.

The friction coefficient in the turbulent state can be expressed by the Blasius formula:

f = 0.3164RRe−
1
4 (3)

Re =
u1D

v
(4)

here, v is the kinematic viscosity of the fluid medium.
The pressure drop on the water side is:

∆Pw = h f ρg (5)

here, ρ is the density of the medium.
For the boundary conditions, the fluid can be assumed to be three-dimensional, steady

state, incompressible and turbulent, and the k-ε turbulence model is chosen. The water
pipe wall is considered to be a three-dimensional and constant density solid. The finite
volume analysis is carried out in Star-CCM+. The water side inlet is set as the mass flow
rate inlet and the outlet is the pressure outlet. Similarly, the inlet and outlet at the wind side
is the velocity inlet and pressure outlet, respectively. When the influence of the water side
is analyzed, the inlet air speed and temperature of the air side are set at 6 m/s and 25 ◦C,
respectively. Meanwhile, to study the effect of fin parameters on heat transfer performance,
the mass flow rate on the water side was 0.08 kg/s and the temperature was 90 ◦C.

The continuity equation [24] is:

∂ρ

∂t
+

∂(ρu)
∂x

+
∂(ρv)

∂y
+

∂(ρw)

∂z
= 0 (6)

The momentum equation is:

∂(ρvx)

∂t
+ div

(
ρvx →v

)
= div(µgradvx)−

∂P
∂x

+ Svx (7)

∂
(
ρvy
)

∂t
+ div

(
ρvy →v

)
= div

(
µgradvy

)
− ∂P

∂y
+ Svy (8)
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∂(ρvz)

∂t
+ div

(
ρvz →v

)
= div(µgradvz)−

∂P
∂z

+ Svz (9)

The energy equation is:

∂(ρT)
∂t

+ div
(

ρ→
v

T
)
= div

(
k

Cp
gradT

)
+ ST (10)

And the standard k-ε equation is:

∂

∂t
(ρk) +

∂

∂Xi
(ρkui) =

∂

∂Xi

[(
u +

µt

σk

)
∂k

∂Xi

]
+ Gk + Gb − ρε−YM + Sk (11)

∂

∂t
(ρε) +

∂

∂Xi
(ρεui) =

∂

∂Xi

[(
u +

µt

σε

)
∂ε

∂Xi

]
+ C1ε

ε

k
(Gk + C3εGb)− C2ερ

ε2

k
+ Sε (12)

Because of the presence of numerous fins, the porous medium model is used to
describe the resistance of air flow through the radiator. The basic control equation of porous
medium theory is:

∂ui
∂xi

= 0 (13)

∂ui
∂t

+ uj
∂ui
∂xj

= −1
ρ

∂p
∂xi

+ ν
∂

∂xj

(
∂ui
∂xj

)
+ Si (14)

here, ui is the velocity along the wind direction, xi and xj are the lengths, t is the time, ρ is
the air density, p is the pressure on the fluid micro-element, ν is the kinematic viscosity and
Si is the addition of momentum source term.

In the generalized porous medium model, Si consists of two components: viscous loss
term and inertial loss term. It can be expressed as Equation (15):

Si =
3

∑
j=1

µ

αij
vj +

3

∑
j=1

kij
1
2

ρ
∣∣vj
∣∣vj (15)

The addition of the momentum source term has an effect on the pressure gradient in
the porous medium region, generating a pressure drop proportional to the velocity and to
the square of the velocity. Here, αij is the permeability coefficient, kij is the inertial drag
coefficient or pressure loss coefficient, µ is the air motion viscosity coefficient and vj is the
velocity in the x-direction.

For the numerical simulation, the porous medium model is equivalent through pres-
sure loss, and the pressure drop equation is:

∆Pa

L
= −(Pi|v|+ Pv)v (16)

here, Pi is the inertial drag coefficient and Pv is the viscous drag coefficient.
It should be noted that the effective thermal conductivity of the porous medium is

determined by the conductivity of the fin, the conductivity of the air and the porosity of
the porous medium:

Ke f f = χK f luid + (1− χ)Ksolid (17)

here, χ is the porosity of porous medium, K f luid is air thermal conductivity and Ksolid is fin
thermal conductivity.

The binomial fitting curves of pressure drop and air speed per unit length are shown
in Figure 6. The image indicates that the greater the air velocity at the radiator inlet, the
greater the pressure drop generated by the resistance. According to Equation (1), the values
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of inertial drag coefficient and viscous drag coefficient are obtained as 16.01 and 90.39,
respectively. According to Figure 6, the relationship between the pressure drop per unit
length and the wind speed is shown as follows.

∆Pa = 16.01v2 + 90.39v (18)
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2.3. 1D and 3D Coupled Simulation Model

Based on the respective advantages of 1D and 3D simulations, this paper uses a 1D
and 3D coupled simulation that can better reflect the influence of different coolant mediums
on the radiator and the thermal management system. The coupled simulation method uses
the mass flow rate and temperature of the coolant from the 1D simulation as the boundary
conditions for the 3D simulation, and the heat dissipation obtained from the 3D radiator
simulation is fed back into the 1D as the result. The model of 1D and 3D coupled simulation
built by using Amesim software is shown in Figure 7, which contains the stack module,
water pump, thermostat, PTC heater, sensor, radiator module and various signal modules.
The material properties are shown in Table 2.

Table 2. Material property.

Material Density (kg·m−3) Specific Heat
(J·kg−1·K−1)

Thermal
Conductivity
(W·m−1·K−1)

Pure water 997.561 4081.72 0.620271
Air 1.293 1003.62 0.02603

Aluminum 2702 903 237
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3. Results and Discussion
3.1. Validation of Model

In order to verify the accuracy of the model, the original wavy fin model and the
porous medium model were simulated under the same conditions and the pressure drops
of the two models under different wind speeds were obtained. The comparison of pressure
drop results at different air speeds is shown in Figure 8. It is clear that the pressure drop of
the two models has good agreement and the maximum deviation of the simulation data
is not more than 5%. It can be considered that the porous medium model can be a good
substitute for the wavy fin model.

Next, to validate the heat exchanger model based on the porous medium, the simula-
tion was conducted with the conditions of 25 ◦C inlet air temperature as well as 90 ◦C inlet
water temperature. The experimental data under the same conditions from Dong et al. [25]
were compared. The comparative results of heat transmission are shown in Figure 9. The
simulation results have a good agreement with the test data and the maximum deviation is
not more than 6%. This shows that the heat exchanger model based on a porous medium is
accurate and can also be used for further studies.

3.2. The Influence Analysis of Nanofluids

Nanofluid is a new type of heat transfer medium. Compared to conventional heat
transfer medium, nanofluids have some special properties, including high specific surface
area, high dispersion stability and high thermal conductivity. These properties can be
changed by adjusting the concentration of nanoparticles. To test the difference between the
properties of different concentrations of nanofluids and compare the quality of different
types of nanofluids, three materials (Al2O3, SiO2 and ZnO) were selected for simulation
experiment comparison; the concentrations were 0.1%, 0.3% and 0.5%, respectively. Their
physical property parameters were derived from the literature [26,27]. The effect of particle
size is ignored. The physical parameters of three nanofluids with different concentrations
are shown in Tables 3–5.
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Table 3. Physical properties of different Al2O3/water nanofluids.

Concentration Density/
(kg·m−3)

Specific Heat/
(J·kg−1·K−1)

Thermal
Conductivity/
(W·m−1·K−1)

Viscosity/
(Pa·s)

0.1% 974.42 4191.45 0.97 3.60 × 10−4

0.3% 979.68 4184.36 1.06 3.87 × 10−4

0.5% 984.94 4177.27 1.27 3.89 × 10−4

Table 4. Physical properties of different SiO2/water nanofluids.

Concentration Density/
(kg·m−3)

Specific Heat/
(J·kg−1·K−1)

Thermal
Conductivity/
(W·m−1·K−1)

Viscosity/
(Pa·s)

0.1% 973.14 4191.77 1.04 3.39 × 10−4

0.3% 975.84 4185.31 1.17 3.45 × 10−4

0.5% 978.54 4178.86 1.41 3.50 × 10−4
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Table 5. Physical properties of different ZnO/water nanofluids.

Concentration Density/
(kg·m−3)

Specific Heat/
(J·kg−1·K−1)

Thermal
Conductivity/
(W·m−1·K−1)

Viscosity/
(Pa·s)

0.1% 1049.85 3409.73 0.425 1.51 × 10−4

0.3% 1054.13 3397.45 0.434 1.62 × 10−4

0.5% 1062.29 3374.92 0.446 1.97 × 10−4

The effect of different concentrations of three nanofluids (0.1~0.5%) as a coolant on the
heat transfer performance of the radiator at different flow rates are shown in Figure 10. The
results show that the three nanoparticles significantly improved the thermal conductivity of
the base fluid. Compared with the base fluid, when the mass flow rate is 0.02 kg/s and the
concentration is 0.1 vol%, the amount of heat transfer of Al2O3, SiO2 and ZnO nanofluids
increases by 9.5%, 9.1% and 4.2% respectively. Whereas for 0.5 vol% concentrations,
the amount of heat transfer of the three nanofluids increases by 15%, 13.9% and 10%,
respectively. However, the three nanofluids showed the same trend for nanofluid at the
same concentration; the increase in the amount of heat transfer compared to the base fluid
decreases as the mass flow rate increases.
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Figure 10. The amount of heat transfer of different concentrations of nanofluids at different mass
flow rates. (a) Al2O3 nanofluid; (b) SiO2 nanofluid; (c) ZnO nanofluid.

The effect of different concentrations of the three nanofluids on the frontal area of the
radiator at different mass flow rates are shown in Figure 11. It can be seen that all three
nanofluids can significantly reduce the frontal area of the radiator. When the mass flow rate
is 0.04 kg/s, by adding 0.5 vol% of nanoparticles to pure water, the Al2O3 nanofluid can
reduce the area by 12% when compared with the base fluid. Under the same conditions,
SiO2 and ZnO nanofluids can reduce the area by 11.67% and 9.17%, respectively. With the
increase of nanoparticle concentration, the decreased range of the front area of the radiator
increases. The increase of mass flow significantly reduces the decreased range of the front
area of the radiator; this is due to the fact that the higher the mass flow rate, the smaller the
increase in amount of heat transfer when compared to the base fluid.
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Figure 11. Reduction of the frontal area of the radiator by different concentrations of nanofluid at
variable mass flow rates. (a) Al2O3 nanofluid; (b) SiO2 nanofluid; (c) ZnO nanofluid.

Since the addition of nanoparticles leads to increased viscosity of the coolant, resulting
in a greater pressure drop as the coolant passes through the radiator, more pumping power
is required to get the coolant flowing. Previous studies [28,29] have found that the tendency
of using nanofluids can cause an increase in pressure drop. The pressure drop generated
by different concentrations of three nanofluids at variable mass flow rates are shown in
Figure 12. When the mass flow rate is 0.16 kg/s, by adding 0.5 vol% nanoparticles to
pure water, the Al2O3 nanofluid can increase the pressure drop by 7.6% when compared
with the base fluid. Under the same conditions, the SiO2 and ZnO nanofluids can increase
the pressure drop by 6.1% and 5%, respectively. The study clearly demonstrates that the
addition of nanoparticles to the base fluid leads to an increase in pressure drop, and that
the pressure drops increases more as the concentration of nanoparticles and the coolant
mass flow rate rise.
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Based on the above test data, among the three kinds of nanofluids, the Al2O3 nanofluid
has the best heat transfer effect, but the pressure drop is the largest. Although the ZnO
nanofluid cause the least pressure drop, its heat transfer effect is the worst. Therefore, the
comprehensive heat dissipation performance of the Al2O3 nanofluid is the best among the
three kinds of tested nanofluids.

For the thermal management system, it is assumed that the stack is in steady state
operation and the heat output is 24 kW. The pump speed is constant, and the effect of
different coolants on the inlet and outlet temperature of the stack can be obtained under the
same pump power. The effect of the inlet and outlet temperature of the stack when pure
water and 0.5% Al2O3 nanofluid are used as the cooling mediums is shown in Figure 13. It
is straightforward to find that when using 0.5% Al2O3 nanofluid as the cooling medium, the
inlet and outlet temperature of the stack are approximately 10 ◦C lower than when using
pure water as the cooling medium. When using the nanofluid, the temperature difference
is smaller, which means that the temperature inside the stack is more uniform, suggesting
the efficient operation of the stack. In addition, the curves are relatively flat when using the
nanofluid because the addition of nanoparticles improves the specific heat of the coolant.
A more moderate temperature variation results in a better working condition and a longer
lifetime of the stack.

3.3. The Influence Analysis of Fin Parameters

The model-based method is used to investigate the effects of fin pitch, wavy length and
wavy amplitude on the heat transfer performance of the radiator. To ensure the reliability
of the results, all simulations were performed at the same coolant flow rate of 0.08 kg/s
and the medium of 0.1% Al2O3 nanofluid. As shown in Table 6, nine groups, varying the
values of the above three parameters to study the law of the effect on the heat transfer
performance of the radiator, were tested. The porous medium coefficients are calculated
for each set of parameters as above. Turning the complex fin model into a porous medium
model makes it simple to calculate the heat transfer power of the radiator model.
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Table 6. The radiator parameters.

Item Fin Height
(h)/(mm)

Fin
Thickness
(δ)/(mm)

Flat Tube
Height
/(mm)

Fin Length
(Ld)/(mm)

Fin Pitch
(Fp)/(mm)

Wavy
Amplitude
(2A)/(mm)

Wavy
Length

(L)/(mm)

A 7.5 0.2 1.5 54 2.5 0.75 10.8
B 7.5 0.2 1.5 54 3.5 0.75 10.8
C 7.5 0.2 1.5 54 4.5 0.75 10.8
D 7.5 0.2 1.5 54 4 0.55 10.8
E 7.5 0.2 1.5 54 4 0.65 10.8
F 7.5 0.2 1.5 54 4 0.85 10.8
G 7.5 0.2 1.5 54 4 0.75 6.8
H 7.5 0.2 1.5 54 4 0.75 8.8
I 7.5 0.2 1.5 54 4 0.75 12.8

The effect of fin pitch, wavy amplitude, and wavy length on radiator heat transfer
performance is shown in Figures 14–16, respectively. From the three figures, it can be seen
that the effect of fin pitch and wavy amplitude on the radiator heat transfer performance is
relatively greater, and the impact on radiator heat transfer performance increases as the
radiator inlet air speed increases. The radiator with the fin pitch of 2.5 mm has a cooling
power approximately 300 W greater than the radiator with the fin pitch of 4.5 mm. The
radiator with the wavy amplitude of 0.85 mm dissipates approximately 250 W more power
than the radiator with the wavy amplitude of 0.55 mm. When the wind speed is low, the
fin length has less influence on the radiator’s cooling power. However, the effect gradually
increases when the wind speed exceeds 6 m/s.
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Figure 16. Effect of fin length on radiator’s cooling power.

From the above nine groups of fin parameters, two groups, C and F, the groups
with the smallest and largest heat dissipation power, were selected to study the effect of
radiators with different fin parameters on the temperature of the stack through a joint
1D-3D simulation. The simulation result is shown in Figure 17. The inlet and outlet coolant
temperatures using the radiator parameters in group F are about 1.8 ◦C lower than those
using group C; this is because of the greater heat dissipation power of the radiator using
group F parameters. However, the temperature difference of coolant in both cases is not
significant, which is caused by using the same coolant.
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4. Conclusions

Two model-based approaches (replacing the cooling medium with the nanofluids
and varying the thermal radiator parameters) have been investigated to enhance the
heat transfer capacity of PEMFC thermal management systems. The radiator model is
established and the porous medium model is used to replace the fins in the radiator. The
relation between the airspeed and the pressure drop is calculated and these quantities
are used to calculate the coefficients of the porous medium. A series of simulations were
carried out to verify the validity of the porous medium coefficients and the radiator model.
The amount of heat transferred in the radiator model is in good agreement with the
experimental data, with a maximum deviation of less than 6%. Next, a simulation analysis
of a radiator using a porous medium is implemented. The heat dissipation performance
and pump power consumption of a radiator using three kinds of nanofluids as coolant
medium have been further studied. The variation of the inlet and outlet temperature of the
stack in the thermal management system using nanofluid and pure water as the cooling
medium are investigated through 1D and 3D coupled simulation. Finally, the effect of the
fin pitch on the heat transfer performance of the radiator is studied. The main conclusions
are summarized as follows:

1. In order to verify whether nanofluids can improve the performance of the radiator,
three kinds of nanofluids (Al2O3, SiO2 and ZnO) were selected for simulation tests
and compared with pure water. The results show that the amount of heat transfer
of the coolant can be improved by using nanofluids. When the mass flow rate is
0.02 kg/s and the concentration is 0.1 vol%, the amount of heat transfer of Al2O3, SiO2
and ZnO nanofluids increases by 9.5%, 9.1% and 4.2%, respectively, when compared
with pure water. It is also found that the higher the concentration of nanoparticles, the
greater the improvement in heat dissipation properties. However, the improvement
in heat dissipation performance decreases as the coolant mass flow rate increases. The
three nanofluids show the same trend.

2. The increased heat dissipation capacity means that the frontal area of the radiator can
be reduced. When the mass flow rate is 0.04 kg/s, by adding 0.5 vol% nanoparticles
to pure water, the Al2O3 nanofluid can reduce the area by 12% when compared with
pure water. Under the same conditions, the SiO2 and ZnO nanofluids can reduce
the area by 11.67% and 9.17%, respectively. As the concentration of nanoparticles
increases, the effect on frontal area reduction becomes larger. However, more pump-
ing power is consumed and as the concentration of nanoparticles rises, the required
pumping power rises. When the mass flow rate is 0.16 kg/s, by adding 0.5 vol%
nanoparticles to pure water, the Al2O3 nanofluid can increase the pressure drop
by 7.6% when compared with the base fluid. Under the same conditions, the SiO2
and ZnO nanofluids can increase the pressure drop by 6.1% and 5%, respectively.
Although the Al2O3 nanofluid caused the most pressure drop, it has the best com-
prehensive performance and is suitable for use in the coolant to improve the heat
dissipation capacity.

3. A 1D-3D coupled model is established to study the temperature changes at the
inlet and outlet of the stack using pure water and 0.5% Al2O3 nanofluid as a cooling
medium. Through simulation analysis, it is found that the inlet and outlet temperature
of the stack is about 10 ◦C lower when using nanofluid than when using pure water.
The temperature difference of the coolant is smaller and the temperature variation is
relatively mild, providing a good thermal environment for the operation of the stack.

4. A porous media model is established and used to investigate the effects of fin pitch,
wavy length, and wavy amplitude on the heat transfer performance of the radiator.
In addition, 0.1% Al2O3 nanofluid is used as the cooling medium, and the mass flow
rate is set at 0.08 kg/s. The results show that fin pitch, wavy amplitude and wavy
length all have a significant effect on the heat dissipation capacity of the radiator, and
the effect is more pronounced when the inlet air speed of the radiator is higher. The
use of fin parameters with higher heat dissipation power results in lower coolant
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temperatures at the inlet and outlet of the stack, but the temperature difference does
not change significantly. Among the nine groups of parameter values, group F has
the best comprehensive heat dissipation performance and can be used for radiator
parameter optimization.

Our future work will continue to focus on the coolant optimization of the PEMFC
engine cooling system and the structural optimization of the radiator. The next step will be
to try bench testing to get the results more in line with actual conditions and to apply them
to actual fuel cell engines.
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