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Abstract: Due to its advantages of high efficiency, high power density at low temperature, fast
start-up and zero emission, fuel cells are of great significance in automobile drive application. A car
powered by electricity generated by an on-board fuel cell device is called a fuel cell vehicle (FCV). Fuel
cells have a large demand for heat dissipation, and the layout space of automotive cooling modules
is limited. Based on this situation, a parallel arrangement of multiple radiators is proposed. Using
numerical simulation means to verify and optimize the designed multiple circuits cooling system
(MCCS), from the original layout scheme based on the Taguchi method to establish the objective
function of the reliability design of the MCCS, select A2/B1/C1/D2/E1/F1. In the scheme, the outlet
temperature of the fuel cell is finally reduced to 75.8 ◦C. The cooling performance is improved, and
the spatial layout of the individual cooling components can also be optimized. The whole vehicle
experiment was carried out under four working conditions of full power idling charging, half power
idling charging, constant speed of 40 km/h and constant speed of 80 km/h, to verify the cooling
performance of the MCCS and to prove the effectiveness of the MCCS designed in this paper.

Keywords: fuel cell vehicle (FCV); multiple circuits cooling system (MCCS); multiple radiators;
thermal performance optimization

1. Introduction

As a new energy technology, the fuel cell has many applications [1]. Among them,
the fuel cell vehicle (FCV) has the advantages of environmental protection, zero pollution,
and high efficiency [2–4]. They are a vehicle of the future and are highly regarded as an
electricity source worthy of ongoing focus [5–7]. They have become a current research
hotspot [8]. The heat generated by the proton exchange membrane fuel cell (PEMFC) [9]
mainly depends on the circulation of the coolant in the cooling system. Temperature is an
important parameter affecting the performance of the fuel cell [10–12]. Temperature is also
related to the efficiency [13]. Therefore, it is necessary to develop and optimize the cooling
system of the FCV. The front cabin cooling system is an important part of the FCV, mainly
used to dissipate heat from the PEMFC. Due to the large heat dissipation requirements
of the PEMFC and the limited layout space of the vehicle cooling module, it is difficult
for the cooling system of the FCV to meet the heat dissipation requirements. Therefore,
this paper proposes a parallel arrangement of multiple radiators: separately arranging
multiple radiators at positions with good air circulation, which can effectively reduce the
volume of single radiators, saves space in the front cabin and meets fuel requirements
and performance usage requirements for battery cooling. For the FCV cooling system
configuration, Xu et al. [14] established a vehicle-integrated thermal management system,
in which two radiators and a condenser are arranged in series. The cooling system is
compact and can reduce air resistance but reuse of cooling air results in insufficient heat
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transfer capacity. Zhang et al. [15] established a one-dimensional simulation model of a
30 kW PEMFC cooling system and used a coupled simulation model to calculate the heat
dissipation performance of the cooling system. The results show that the simulation results
of heat transfer are in agreement with the experimental data, but the low-temperature
cooling system of the stack is the same as the traditional structure, which cannot obtain
high heat transfer efficiency. Xing et al. [16] established a PEMFC stack and cooling
system model for a new hybrid vehicle model, which ensured that additional PEMFC heat
would be removed to stabilize the stack temperature but ignored the PEMFC temperature
change and heat dissipation requirements. Zhang et al. [17] established a liquid-driven
fan cooling system for a hydrogen fuel cell forklift to ensure that the fluid temperature
at the radiator outlet was within the control range. However, when the cooling demand
increases, the technical advantages of the cooling system are not obvious. To make up for
the shortcomings of the above research, this paper establishes a multiple circuits cooling
system (MCCS), which considers the temperature change of the PEMFC outlet water and
the heat dissipation requirements, improves the heat exchange capacity of the system,
improves the air circulation of the radiator and thus improves the heat exchange efficiency
and saves space in the front cabin.

For the thermal performance optimization of the FCV, Zhu et al. [18] studied the
simulation analysis of the cooling system for a high-temperature PEMFC used in automotive
power and proposed a cooling strategy for optimizing performance. The superposition
model was verified according to the experimental results, which show that adjusting the
cooling oil flow rate (2.5–5 kg/s) can meet the heat dissipation requirements of the PEMFC
stack, but the oil cooling system technology is not mature enough. Philip et al. [19] used
a mathematical method based on Pinch Analysis to optimize the thermal management
system of the FCV. The research results showed that by using paraffin, the heat dissipation
area of the radiator can be greatly optimized and meet the requirements of the vehicle, but
the use of this phase change material will increase the cost and body weight. In cooling
system control strategy optimization, Fly et al. [20] established a complete set of system
simulations and then compared conventional liquid cooling and evaporative cooling fuel
cell systems. The results showed that the aluminum condensing evaporative cooling system
achieves heat and water balance with a larger frontal area of the radiator than conventional
liquid cooling. The system costs 27% less, but the contamination problem of the aluminum
heat exchanger and the change of the working fluid from liquid to two-phase requires a
redesign of the traditional radiator, which greatly increases the cost. Su et al. [21] proposed a
decoupled control strategy and established a pump flow controller, a fuzzy PID fan controller
and a Simulink-GT fuel cell cooling system model. The results showed that the control
strategy successfully met the heat dissipation requirements of the fuel cell. For PEMFC heat
dissipation performance optimization, the MCCS studied in this paper is different from
the above-mentioned optimizations. It is a new type of cooling circuit optimization, which
can not only improve the cooling performance but also optimize the spatial layout of each
cooling component, and the technical difficulty and cost are relatively low.

Aiming at the above problems, this paper has carried out the following research:
(a) Propose a MCCS for an FCV, establish a model and analyze the performance of the
MCCS simulation; (b) Determine the thermal performance optimization of the MCCS
performance based on the Taguchi method. (c) Verify the effectiveness of the MCCS
designed in this paper and the correctness of the one-dimensional/three-dimensional
simulation through real vehicle experiments.

2. Model Establishment and Thermal Performance Verification
2.1. Temperature Control Structure

The heat dissipation of the FCV depends on the cooperation of various components
inside the MCCS. The water-cooled MCCS mainly consists of radiators, water pumps and
pipelines (as shown in Figure 1). After the PEMFC stack generates heat, it transfers the heat
to the coolant, and the temperature of the coolant rises. The water pump will use on the



Sustainability 2023, 15, 3132 3 of 23

coolant in the MCCS to promote the circulation of the coolant in the pipeline and control
the flow of the coolant. Heat will be carried through the radiator in this circulating flow,
and when the coolant flows through the core of the radiator, it will be blown strongly by the
cooling fans of each radiator, causing the temperature of the coolant to drop rapidly. The
coolant will re-enter the cooling cycle of the PEMFC its temperature is lowered. During this
period, the coolant evaporates and decreases due to the high working temperature of the
PEMFC, and when it decreases to a certain extent, it will be replenished by the expansion
tank. The PEMFC has a suitable working temperature range.
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Figure 1. Temperature control structure of PEMFC.

2.2. Thermal Characteristics Model
2.2.1. PEMFC Heating Model

PEMFC heating is mainly caused by the loss of voltage, and its heating value is related
to the output current and output voltage. The actual output voltage of the PEMFC is Nernst
open circuit voltage after activation polarization loss, concentration polarization loss, and
ohmic pole. The actual output voltage of the PEMFC can be expressed as [22–24]:

Vcell = Enet −Vact −Vohm −Vcon (1)

In the formula, Enet is the Nernst open circuit voltage, V; Vact is the activation po-
larization voltage, V; Vohm is the ohmic polarization voltage, V; Vcon is the concentration
polarization voltage, V.
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(1) Nernst Open Circuit Voltage Enet

The Nernst open circuit voltage is related to the operating temperature, the partial
pressure of oxygen at the cathode and the partial pressure of hydrogen at the anode, and
its expression is:

Enet = 1.229− 0.85× 10−4(Tst − 298.15) + 4.3085× 10−5Tst ln
(

PH2 P0.5
O2

)
(2)

In the formula, Tst is the operating temperature of the PEMFC, K; PH2
is the partial

pressure of hydrogen at the interface between the anode catalyst and the gas, atm; PO2
is the

partial pressure of hydrogen at the interface between the anode catalyst and the gas, atm.
The partial pressure of hydrogen PH2

can be obtained according to the following formula:

PH2 =
(

0.5Psat
H2O

) 1

exp
(

1.653i
T1.334

st

)
ϕaPsat

H2O
Pa

− 1

 (3)

In the formula, Psat
H2O is the saturated water vapor pressure, atm; i is the current density,

A/cm2; ϕa is the relative humidity of the anode water vapor (humidification by saturated
water vapor, ϕa = 1) and Pa is the anode gas pressure, atm.

The saturated water vapor pressure can be calculated by the following formula:

lgPsat
H2O = −2.1794 + 0.02953(Tst − 273.15)− 9.1837× 10−5(Tst − 273.15)2

+1.4454× 10−7(Tst − 273.15)3 (4)

The oxygen partial pressure PO2
can be calculated by the following formula:

PO2 =

(
Pc − ϕcPstt

H2O

)
1 + 0.79

0.21 exp
(

0.291i
T0.832

st

) (5)

In the formula, Pc is the cathode gas pressure, atm; ϕc is the relative humidity of
cathode water vapor (humidification by saturated water vapor, ϕc = 1).

(2) Activation Polarization Voltage Vact

The activation polarization electromotive force is mainly caused by the sluggish
electrochemical rate [25], which can be expressed as:

Vact = ξ1 + ξ2 · Tamb + ξ3 · Tamb · (ln Co2) + ξ4 · Tamb · (ln Ist) (6)

In the formula, Co2 is the oxygen concentration, g/L; ξ1, ξ2, ξ3, ξ4 are empirical
coefficients, Tamb is the ambient temperature, K; Ist is the output current of the PEMFC, A.

Oxygen concentration Co2 can be calculated by Henry’s law [26,27]:

CO2 =
PO2

5.08× 106 · exp(−498/Tst)
(7)

(3) Ohmic Polarization Voltage Vohm

The ohmic polarization electromotive force is mainly caused by the equivalent mem-
brane impedance of the proton exchange membrane [28,29], so it can be expressed by the
following formula:

Vohm = Ist · Rohm (8)
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In the formula, the expression of the equivalent impedance Rohm of the battery is as
follows:

Rohm =
l exp[−350(1/303− 1/Tst)]

−0.003 + 0.0915ϕst − 0.2048ϕ2
st + 0.185ϕ3

st
(9)

In the formula, l is the thickness of the electrolyte, cm; ϕst is the water content of the
proton exchange membrane.

(4) Concentration Polarization Voltage Vcon

The concentration polarization voltage is mainly caused by the high concentration of
reactants [29], which can be expressed by the following formula:

Vcon = −R · Tst

zF
ln
(

1− i
imax

)
(10)

In the formula, R is the reaction constant; z is the number of reaction electrons; F is the
Faraday constant; imax is the maximum current density, A/cm2. PEMFC heating is mainly
caused by the above-mentioned loss voltage, and its heating value is related to the output
current and output voltage. The calculation method of the heating value is shown in the
following formula [30]:

Qs = Ncell · (Enet −Vcell) · Ist (11)

In the formula, NCell is the number of PEMFC cells.

2.2.2. MCCS Heat Dissipation Model

There are three main ways to dissipate the heat generated by the PEMFC. Most of the
heat is taken away by the coolant [31–33]. The operating temperature of the PEMFC can be
expressed as:

cstmst
dTst

dt
= Qs −Qcl −Qamb (12)

In the formula, cst is the average specific heat capacity of the PEMFC, J/(kg·K); mst is
the mass of the PEMFC, kg; Qcl is the heat taken away by the coolant, kW; Qatm is the heat
exchanged with the environment, kW.

The heat removed by the coolant can be expressed as:

Qcl = Lc · Cw · (Tc,out − Tc,in) (13)

In the formula, Lc is the flow rate of the coolant flowing through the PEMFC, kg/s; Cw
is the specific heat capacity of the coolant, kJ/(kg·K); Tc,out is the outlet temperature of the
coolant flowing through the PEMFC, K; Tc,in is the inlet temperature of the coolant flowing
into the PEMFC, K.

In this study, if the operating temperature of the PEMFC is approximately equal to the
outlet temperature of the coolant [34,35], then:

Qcl = Lc · Cw · (Tst − Tc,in) (14)

If the heat exchanged between the PEMFC and the external environment is mainly
related to the ambient temperature and its own operating temperature, then the heat
exchanged with the external environment can be expressed as:

Qamb = (Tst − Tamb)/Rt (15)

In the formula, Rt is the PEMFC thermal resistance, K/W.
The heating of the PEMFC will affect its working performance; therefore, it is very

important to control the temperature of the PEMFC. If the heat is not dissipated in time, the
operating temperature of the PEMFC will exceed the safe temperature range, which will



Sustainability 2023, 15, 3132 6 of 23

not only affect the efficiency of the PEMFC but also cause safety hazards, and the service
life of the PEMFC will also be reduced.

2.3. Wind Characteristics Model
2.3.1. Radiator Wind Resistance Model

Air side resistance refers to the resistance encountered when the air is blown in by the
fan and flows through the MCCS during the heat dissipation process of the MCCS. The
air side resistance of the system mainly comes from the radiator, and the cooling gas flow
required by the radiator is [36]:

Va =
Qcl

∆ta · γa · ca
(16)

In the formula, ∆ta is the air temperature difference between the inlet and outlet of the
PEMFC, ◦C; γa is the density of the coolant in the radiator, kg/m3; ca is the specific heat
capacity of the coolant in the radiator, J/(kg·K).

The cooling area of the radiator is [37]:

FR =
Va

va
(17)

In the formula, va is the air velocity, m/s; Va is the required air flow rate, cfm.
The air side resistance in the radiator can be calculated by the Formula (18):

∆PR =
Va

2

2ρ1 A2

[(
1− σ2 + Kc

)
+

4 f L
Dh

ρ1

ρm
+ 2
(

ρ1

ρ2
− 1
)
−
(

1− σ2 − Ke

)ρ1

ρ2

]
(18)

In the formula, A is the frontal area of the radiator, m2; ρ1, ρ2 are the air inlet and
outlet densities of the radiator, kg/m3; Dh is the equivalent diameter of the air side; ρm is
the average density of the air in the radiator, kg/m3; σ is the relative free section; Kc, Ke
are the inlet and outlet pressure loss coefficients; f is the surface friction coefficient of the
radiator core; L is the internal flow channel length of the radiator, m.

2.3.2. Radiator Cooling Fan Model

The total resistance to be overcome by the cooling fan during work is equal to the sum of
the flow resistance of all the components in the air duct, and this model can be described as:

.
V =

.
V0 − a(pr − 1)b (19)

In the formula, V0 represents the maximum air volume of the fan; pr is the pressure
ratio; b is the pressure rise coefficient.

(1) Air Volume of Fan

The air volume of the fan can be calculated by the Formula (20):

Vf =
Va

η f
(20)

Vf is the air volume of the radiator fan, m3·s−1; Va is the cooling air requirement,
m3·s−1; ηf is the volumetric efficiency of the fan, generally 0.7~0.9.

(2) Wind Pressure of Fan

The internal structure of the MCCS radiator is complex, and the fan sucks and rotates
behind the radiator, causing a pressure drop after the air flow passes through the radiator.
In order for the cooling air to overcome the resistance of the circulation system and pass
through the radiator smoothly to achieve the cooling effect, the fan needs to generate a
certain pressure. The wind pressure ∆Pf of the fan is determined by the resistance ∆P of the
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cooling air circulation system. Generally, ∆Pf = (1.5~2) ∆P. The resistance ∆P of the cooling
air circulation system can be calculated by the Formula (21):

∆P = ∆PR + ∆PI (21)

In the formula, ∆P is the cooling air circulation resistance, Pa; ∆PR is the cooling air
flow resistance through the radiator, Pa; ∆PI is the resistance other than the cooling air flow
through the radiator. Generally, ∆PI = (0.4~1.1) ∆PR.

2.4. Water Characteristics Model
2.4.1. Radiator Water Resistance Model

Radiator cooling water resistance refers to the energy loss caused by the acceleration,
rotation and eddy current of the coolant when the coolant flows in the radiator pipeline.
The internal water side resistance of the radiator can be calculated by the Formula (22):

∆Pw =
ρwu2

w
2

(4 f i · l/Dw + ξ)Il (22)

In the formula, ρw is the cooling water density in the radiator, kg/m3; uw is the cooling
water flow rate in the radiator pipe, m/s; fi is the friction factor; l is the length of the cooling
water pipe in the radiator, m; Dw is the radiator diameter of inner cooling water pipe, m; ξ
is the local resistance coefficient inside the radiator; Il is the number of cooling water pipes
in the radiator.

2.4.2. Electric Water Pump Model

The electric water pump is an important component of the car MCCS. The pump
model needs to provide the flow rate of the pump at a certain speed and also needs to
provide the flow rate when the external pressure is 0. The performance curve of the electric
water pump can be described by the Formula (23):

VH2O = V0 − a(∆p)ba = Vr

(∆p)b
o−(∆p)b

r
V0 = Vr × 1

1−[(∆p)r/(∆p)0]
b

a = Vr

(∆p)b
o−(∆p)b

r

(23)

The pressure rise rate and flow rate are calculated by the Formula (24):
∆p = (∆p)0

[
1− V

V0

[
((∆p)r/(∆p)0]

b
]1/b

V = Vr · 1−[(∆p)/(∆p)0]
b

1−[(∆p)r/(∆p)0]
b

(24)

In the formula, ∆p is the pressure increase rate of the cooling water pump, Pa; V0 is
the maximum volume flow rate of the cooling water pump, m3/s; b is the pressure rise
index of the cooling water pump; Vr is the reference volume flow rate of the cooling water
pump, m3/s; (∆p)r is the reference cooling water pump pressure rise rate, Pa; (∆p)0 is the
cooling water pump pressure rise rate when the external pressure is 0, Pa.

2.5. Thermal Performance Simulation
2.5.1. Three-Dimensional Flow Field Simulation

There are many components in the front cabin of a car, and these components are
placed very compactly. This makes the cabin structure complex, and it is easy to block the
cooling air flow, causing local backflow and heat damage. Therefore, the analysis of the
flow field and temperature field in the front cabin is a point that needs to be paid attention
to in the field of heat balance. In the following, the velocity field and temperature field
distribution in the Y and Z directions are intercepted after the simulation, and then the
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distribution characteristics of the flow field and temperature field in the front cabin are
studied. After the flow field simulation, the average air inlet wind speed on the surface
of each core body under the idling charging condition is obtained, as shown in Table 1.
According to the characteristics of idling charging conditions, the rotating suction of each
cooling fan is the main driving force for the incoming air to flow into the front cabin. After
the cooling air enters the front cabin, it cools the high-temperature components in the cabin
and takes away part of the heat.

Table 1. Average inlet air speed on the surface of each core.

Part Surface Average Wind Speed

Condenser 6.08 m/s
Main radiator 5.76 m/s

Left auxiliary radiator 4.15 m/s
Right auxiliary radiator 4.54 m/s

As shown in Figure 2, it can be observed from the front cabin velocity field section of
Y = 0 that the cooling air passes through the radiator, the suction effect of the cooling fan is
not very significant, and there is an obvious vortex at the end of the back of the cooling fan.
The heat accumulated around the PEMFC cannot be discharged in time, resulting in the
accumulation of heat and excessive temperature. In addition, part of the cooling air flows
into the upper space of the front cabin; it can be found that the baffles on the upper part
of the front cabin block the cooling air and form a backflow, and the corresponding areas
where the relative air does not circulate will also be relatively high.
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Sectional View.

2.5.2. One-Dimensional Flow Field Simulation

According to the model built above, the water resistance and heat dissipation simula-
tion of the MCCS is performed. The total water resistance in the final circuit is 35.50 kPa,
and the total flow rate is 203.98 L/min. Among them, the flow rate in the main radiator
circuit is 69.85 L/min, and the water resistance is 28.3 kPa; the flow rate in the left auxiliary
radiator circuit is 61.49 L/min, and the water resistance is 32.62 kPa; and the flow rate in
the right auxiliary radiator circuit is 72.64 L/min, and the water resistance is 34.50 kPa.

Figure 3 shows the heat dissipation simulation results of the FCV MCCS. The tem-
perature difference between the inlet and outlet of the PEMFC coolant is about 12.9 ◦C,
which proves that the designed system has a good cooling effect. The outlet temperature
of the coolant is 78.7 ◦C, which meets the requirement of the outlet water temperature of
the PEMFC in the MCCS. The temperature simulation results of the main and auxiliary
radiators are shown in Table 2:
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Table 2. Temperature simulation results of main and auxiliary radiators.

Part Air Volume Inlet Water Temperature Outlet Water Temperature Outlet Air Temperature

Main radiator 0.96 kg/s 78.54 ◦C 64.10 ◦C 61.74 ◦C
Left auxiliary radiator 1.13 kg/s 78.54 ◦C 65.72 ◦C 63.82 ◦C

Right auxiliary radiator 1.22 kg/s 78.54 ◦C 66.84 ◦C 63.73 ◦C

According to the simulation results, the designed water pump can meet the total
resistance requirement of the system (70 kPa), and the water resistance and flow rate of the
main and auxiliary radiators are all at reasonable values. When the PEMFC is output at
the highest power, the temperature of the water entering and exiting the PEMFC and the
temperature of the water entering and exiting the main and auxiliary radiators are all at
reasonable values.

3. Thermal Performance Optimization
3.1. Sensitivity Analysis
3.1.1. Main and Auxiliary Cooling Circuit Flow Distribution

The present study aims: carry out sensitivity analysis on the coolant flow rate of the
main and auxiliary radiators in the MCCS, calculate the sensitivity coefficient according
to the basic value of the input data and the common fluctuation range above and below
the basic value, and verify the impact of the coolant flow rate of the main and auxiliary
radiators on the cooling performance of the MCCS. The sensitivity analysis results of the
radiator coolant flow in the MCCS are shown in Table 3:
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Table 3. Sensitivity analysis results of coolant flow in main radiator.

Part Radiator Coolant Flow
Increment 100%

Water Temperature
Decrement 100%

Absolute Value of Water
Temperature Decrease Sensitivity Value

Main radiator

0% 0.00% 0 0
10% 0.48% 0.31 3.10
20% 1.15% 0.74 3.70
30% 1.71% 1.16 3.87

Auxiliary radiator

0% 0.00% 0 0
10% 0.43% 0.28 2.80
20% 0.85% 0.57 2.85
30% 1.38% 0.91 3.03

3.1.2. Distance between Radiator and Fan

During the simulation analysis of the flow field in the front cabin, the factors that
affect the air flow organization and heat dissipation in the cabin can be found; these are
often attributed to the structure and layout. Table 4 shows the sensitivity analysis results
for the optimization of the distance between the radiator and the cooling fan in the MCCS:

Table 4. Sensitivity analysis results of the distance between radiator and fan.

100% Increase in Distance
between Radiator and Fan

100% Reduction in Water
Temperature

Absolute Value of Water
Temperature Drop Sensitivity Value

0% 0.00% 0 0
10% 1.34% 0.86 8.60
20% 2.35% 1.51 7.55
30% 3.34% 2.14 7.13

When studying the influence of the distance between the radiator and the fan on the
flow field in the front cabin, the distance between the fan and the radiator is continuously
increased: the fan is moved away from the radiator in 10 mm, 20 mm, 30 mm and 40 mm
increments, and the distance between other components is maintained. The position
remains unchanged, and the three-dimensional simulation analysis of the flow field in the
front cabin under the idling charging condition is carried out. Table 5 shows the results of
the influence of the four layout schemes on the heat dissipation of the front cabin:

Table 5. Simulation results of each radiator and fan at each spacing.

Increase Distance
between Radiator

and Fan (mm)

Air Intake of
Main Radiator

(kg/s)

Air Intake of Left
Auxiliary

Radiator (kg/s)

Air Intake of
Right Auxiliary
Radiator (kg/s)

Total Air
Intake of Fan

(kg/s)

Air Intake of Radiator
Increases Total Specific

Gravity

0 0.960 1.130 1.220 0.813 0
10 0.968 1.136 1.224 0.832 1.890%
20 0.974 1.142 1.235 0.843 3.749%
30 0.981 1.154 1.241 0.846 6.032%
40 0.976 1.149 1.238 0.851 4.825%

Under the idling charging condition, when the distance between the radiator and the
fan increases by 0 mm~30 mm, the air intake of each radiator shows a rising trend. Because
the radiator fan is three-dimensionally twisted, when the fan rotates, part of the air flow
cannot form an effective pressure difference. Therefore, a reasonable increase in the distance
between the fan and the radiator can effectively increase the air intake speed on the surface
of the main radiator core. When the distance is further increased, the air intake of each
radiator is reduced. This is because the distance between the fan and the radiator is too large,
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which leads to the disorder of the flow field in the local area and the problem of blockage.
Therefore, the distance between each radiator and fan is increased by 30mm at most.

3.2. Thermal Performance Optimization Model

Because there are many uncertain factors in the actual design of the front cabin MCCS
that will eventually affect the thermal performance of the MCCS, the reliability of the
uncertain factors is analyzed by the Taguchi Method. The purpose of the Taguchi Method
design is to select a parameter combination that makes the experimental results stable
and less volatile, and, based on a small number of experiments, the optimization trend is
obtained. In order to make the selection of the MCCS experimental data more reasonable,
the L8 orthogonal table is used to select experimental parameters, arrange experiments
and evaluate more factors that affect the experimental results through fewer parameter
combinations. The factors affecting the experimental results of the static Taguchi Method
experiment in this paper can be divided into six controllable factors (parameters) and noise
factors (random errors). By adjusting the level of controllable factors (parameters), the
influence of noise on experimental results can be reduced. The signal-to-noise ratio was
used to evaluate the stability of the experimental results, and the optimal level (parameter
value) of each factor was selected according to the PEMFC effluent temperature response
characteristics. Using the Taguchi Method can improve the quality of the MCCS, free
engineers from trial and error and improve design efficiency. The experiment steps are
as follows: build a mathematical model according to the structural characteristics of each
component of the MCCS, establish the objective of the reliability cooling system design
function, determine each influencing test factor and level number, establish a reasonable
orthogonal test table and formulate a test plan. The Taguchi Method designs the reliability
of the front cabin MCCS into the simulation verification process and resists the interference
of uncontrollable factors by controlling the design scheme of the source. In the Taguchi
Method, the signal-to-noise ratio η is a reliability index of MCCS thermal performance,
mainly including the following:

(1) The signal-to-noise ratio of the target value., That is, the optimal target is m, and
the system output characteristics are y1, y2, y3,..., yn; a total of n output characteristic values,
according to the optimal target and output characteristics are as follows (25). To calculate
the signal-to-noise ratio η: 

η = Sm−Ve
nVe

Ve =

n
∑

i=1
(yt−y)2

n−1

Sm =

(
n
∑

i=1
yt

)2

n

(25)

(2) Look at the signal-to-noise ratio of small features. That is, the smaller the output
response value, the better. Generally, noise, error and wear of parts are considered. The
signal-to-noise ratio of the small feature can be calculated by the following Formula (26):

η =
n

n
∑

i=1
y2

t

(26)

(3) Look at the signal-to-noise ratio of the characteristics. That is, the larger the output
response value, the better. Generally, the coolant flow rate, cooling fan air volume and wear
amount are considered. The signal-to-noise ratio of the small feature can be calculated by
the following Formula (27):

η =

n
∑

i=1
y2

t

n
(27)

(4) Signal-to-noise ratio of dynamic characteristics. Taking the output target value as an
example, determine the relationship between MCCS thermal performance reliability and SN
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ratio. If the output characteristic of the MCCS is the target value y, which obeys the normal
distribution N (m, σ2), m is the target value, and the cooling performance limit is set to ∆0;
that is, when |y − m| < ∆0, the specified cooling requirements can be completed. Otherwise,
the MCCS does not meet the standard, and the performance reliability currently is:

R = P{m− ∆0 < y < m + ∆0} (28)

Substitute σ = ∆0/k into the Formula (29) to get:

R = P{m− kσ < y < m + kσ} = 2φ(k)− 1 (29)

At this time, the SN ratio is shown in the following Formula (30):

η =
m2

σ2 =
k2m2

∆2
0

(30)

Substitute k = 1, 2, 3, 4 into the above formula, as shown in Table 6.

Table 6. Relationship between reliability and signal-to-noise ratio.

K 1 2 3 4

R 0.6724 0.9617 0.9943 0.999937
η η1 4η1 9η1 16η1

It can be seen from the above table that the greater the SN ratio of the thermal per-
formance output by the MCCS, the greater the reliability of the MCCS. Similarly, the
above-mentioned characteristics are not only suitable for quickly obtaining the target value
but also suitable for the minimum, maximum and dynamic characteristics. Through the
above analysis and comparison, it can be concluded that the reliability design of the signal-
to-noise ratio in the Taguchi Method is roughly the same as the reliability design of the
thermal performance of the MCCS.

3.3. Thermal Performance Optimization Design

Under the MCCS designed for this model, the outlet water temperature of the PEMFC is
78.7 ◦C. Since the optimization goal in this paper is to reduce the outlet water temperature of
the PEMFC, the optimization system characteristic is a small characteristic problem. The actual
engineering and simulation experience recommends the selection of six design parameters
that, among all the factors affecting the thermal performance of MCCS, have the greatest
impact. These six design parameters are the main and auxiliary radiator air intake speed, the
main and auxiliary radiator core area, water pump speed ratio and heating pipe diameter. By
adjusting these six design parameters, we hope to solve the current quality problems. These
design parameters that must be systematically changed during the experiment are called
“controllable factors” and use the English letters A, B, C, . . . , etc. to represent the control factor.
Each factor is set to two levels, and the noise factor only considers the ambient temperature of
38 ◦C. Among them, the air intake speed of the main and auxiliary radiators, the core area of
the main and auxiliary radiators and the pipe diameter can all be realized by changing the
parts. Although the change of pump speed ratio is a controllable factor, it should be taken as a
follow-up alternative measure. The purpose of the experiment is to determine the set values
of the controllable factors. Controllable factors and levels are shown in Table 7.

The experiment then requires selection of the appropriate orthogonal table according
to the controllable factors in MCCS and the values of each level in the table above. The
selection principle of the orthogonal table is that under the premise that the experimental
factors and interactions can be arranged, the smaller orthogonal table should be selected as
much as possible to reduce the number of experiments. In general, the number of levels of
test factors should be equal to the number of levels in the orthogonal table; the number
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of factors (including interaction) should not be greater than the number of columns in the
orthogonal table; and the sum of the degrees of freedom of each factor and interaction
should be less than the specified. Next, the total degrees of freedom of the orthogonal table
is chosen, in order to estimate the experimental error. Since the number of levels in each
column is 2, an equal-level orthogonal table is used. In this example, there are six 2-level
factors, and L8 (27) or L12 (211) can be selected. However, this test only examines the effects
of the six factors on the PEMFC outlet water temperature. Influence effect does not examine
the interaction between factors, so it is better to choose L8 (27) orthogonal table. To examine
the interaction, L12 (211) should be used. Eight combination schemes are determined in the
test table. Compared with the full factor test combination of 26 = 64 tests, the number of
orthogonal optimization tests is reduced by 87.5%. Using the one-dimensional simulation
optimization model, the signal-to-noise ratio and PEMFC outlet water temperature of each
combination scheme are obtained, as shown in Table 8.

Table 7. Controllable factors and levels table.

Project
A Main

Radiator Air
Intake Speed

B Auxiliary
Radiator Air
Intake Speed

C Main
Radiator Core

Area

D Auxiliary
Radiator Core

Area

E Water Pump
Speed Ratio

F Heating Pipe
Diameter

Level 1 6.00 m/s 4.60 m/s 0.52 m2 0.43 m2 1.35 15.8 mm
Level 2 6.25 m/s 4.75 m/s 0.58 m2 0.46 m2 1.52 12.0 mm

Table 8. Test combination scheme and simulation result table.

Controllable Factor Ai Bi Ci Di Ei Fi Water Temperature/◦C S/N

Plan 1 1 1 1 1 1 1 77.35 −37.77
Plan 2 1 1 1 2 2 2 76.45 −37.67
Plan 3 1 2 2 1 1 2 75.00 −37.50
Plan 4 1 2 2 2 2 1 76.62 −37.69
Plan 5 2 1 2 1 2 1 77.91 −37.83
Plan 6 2 1 2 2 1 2 78.76 −37.93
Plan 7 2 2 1 1 2 2 75.32 −37.54
Plan 8 2 2 1 2 1 1 78.87 −37.94

Based on the combination scheme in the above table, the PEMFC outlet water temper-
ature response analysis diagram and the signal-to-noise ratio response analysis diagram
are drawn, as shown in Figure 4.
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Measured values of quality characteristics are not suitable for direct use as quality
indicators. In the Taguchi Method, the S/N ratio is used as the unit of measurement for the
thermal performance of the MCCS. According to the characteristics of the corresponding
variables, the signal-to-noise ratio with the smallest characteristics is selected; that is, the
smaller the output response value, the better. The factor effect refers to the influence of the
change of the control factor on the S/N ratio or quality characteristics. When the change
of a factor will have a significant impact on the S/N ratio (or quality characteristics), the
factor is called an important factor. It can be seen from the response analysis diagram
that controllable factor A, controllable factor D and controllable factor F are important
factors affecting the final PEMFC outlet water temperature and are also factors that have the
greatest impact on reliability. From the data in the above table, we can see that the effects of
the three effects are almost the same. The factor effect is large, and it is an important factor
The controllable factors B and E have a certain influence on the outlet water temperature
of the PEMFC and are regarded as adjustment factors; the controllable factor C has little
effect on the robustness and is regarded as a secondary factor. So, A2/B2/C1/D2/E2/F2 is
chosen as the initial optimal combination. However, changing D, E and F at the same time in
actual engineering practice will result in a substantial increase in the cost of transformation.
Considering factors such as the cost and time required for optimization, it is decided
to choose A2/B2/C1/D2/E2/F2 and A2/B1/C1/D2/E1/F1, which are compared and
analyzed. Table 9 shows the comparison of the results of the two optimization schemes in
the one-dimensional simulation.

Table 9. Optimization scheme combination and simulation results comparison.

Controllable Factors Ai Bi Ci Di Ei Fi Water Temperature/◦C

Plan 9 2 2 1 2 2 2 74.26
Plan 10 2 1 1 2 1 1 74.63

Among them, Plan 9 is the combination of A2/B2/C1/D2/E2/F2, and Plan 10 is the
combination of A2/B1/C1/D2/E1/F1. The outlet water temperature of the PEMFC is 74.26 ◦C
in Plan 9. However, the optimization of the water pump speed ratio F not only affects the
service life of the system components, but also increases the cost and time of the transformation,
so it is decided to ignore the impact of the change of the water pump speed ratio. The outlet
water temperature of the PEMFC is 74.63 ◦C in Plan 10, which is only 0.37 ◦C higher than
the target outlet water temperature of the PEMFC in Plan 9 for the cooling system design.
Considering the reasons such as the design margin and the error caused by the simulation, as
well as the cost of structural optimization and the optimization time, etc., it is determined that
Plan 10—that is, the combination of schemes A2/B1/C1/D2/E1/F1—is the best optimization
scheme; compared with the original scheme, this scheme just optimizes the core area of the
auxiliary radiator and the air intake speed of the main radiator, and the cost and duration of
optimization are relatively low, which are in line with the actual engineering indicators.

3.4. Thermal Performance Optimization Results

Substituting the optimized best parameter combination into the three-dimensional
simulation, under the idling charging condition, the improvement phenomenon of the
formulated improvement plan is more obvious, so the flow field nephogram under the
idling charging condition is intercepted for analysis. It can be seen from Figure 5 that the
cooling air is divided into two parts after entering from the left air intake grille, and a small
part of the gas is sucked into the condenser for heat exchange. After optimization, the gas
circulation is obviously smoother, and the gas flow rate is larger.
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Figure 5. Simulation diagram of cooling air flow after entering the grille: (a) before optimization;
(b) after optimization.

However, as shown in Figure 6, most of the gas is inhaled by the main radiator; the
air flow in some areas around the main radiator is no longer disorderly compared with
before optimization, and there is no backflow phenomenon. It can smoothly enter the front
cabin to quickly cool down the high-temperature components, the heat is taken away, the
proportion of the air intake of the main radiator is significantly increased and the cooling
performance is also improved.
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As shown in Figure 7, in the environment that keeps the temperature constant and
ensures the water flow rate of the PEMFC, the cooling system mainly improves the heat
dissipation effect by improving the heat transfer performance of each radiator core and
the wind speed of the radiator cooling fan. Therefore, when optimizing the outlet water
temperature of the PEMFC, the core area of the auxiliary radiator is mainly adjusted, and
then the air intake through the radiator is adjusted. The air intake of the optimized auxiliary
radiator is significantly improved, the air volume distribution is more uniform and the
wind speed is more stable. The heat dissipation effect is more obvious.

After the simulation of the three-dimensional model of the MCCS is completed, the
air volume results of each radiator are substituted into the one-dimensional simulation
model for water resistance and water temperature simulation. The flow rate is stable at
200.07 L/min, and the total water resistance is stable at 36.14 kPa; the flow rate in the
main radiator circuit is 72.36 L/min, and the water resistance is 28.32 kPa; the flow rate
in the left auxiliary radiator circuit is 63.58 L/min, and the water resistance is 32.62 kPa;
the flow rate in the right auxiliary radiator circuit is 64.13 L/min, the water resistance is
33.72 kPa, the optimized water resistance and flow data are shown in Table 10, and the
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temperature difference between the inlet and outlet of the PEMFC coolant is about 13.4 ◦C,
which proves that the designed MCCS has a good cooling effect. The outlet temperature
of the coolant is 75.8 ◦C. Based on meeting the temperature requirements of the PEMFC
outlet water in the MCCS, the heat dissipation effect is significantly improved compared
with the original solution.
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Table 10. Optimized water resistance and flow data.

Loop Flow Water Resistance

Total circuit 200.07 L/min 36.14 kPa
Main radiator circuit 72.36 L/min 28.32 kPa

Left auxiliary radiator circuit 63.58 L/min 32.62 kPa
Right auxiliary radiator circuit 64.13 L/min 33.72 kPa

Table 11 shows the one-dimensional simulation results of the main and auxiliary
radiators. According to the simulation results, the optimization scheme can meet the total
resistance requirement of the system (70 kPa) based on the original, and the water resistance
and flow of the main and auxiliary radiators are equal. Compared with the original scheme,
when the PEMFC outputs are 117 kW, the inlet and outlet water temperatures of the PEMFC
and the inlet and outlet water temperatures of the main and auxiliary radiators are lower,
which further proves that this optimization scheme is more effective.

Table 11. Simulation results of each radiator after optimization.

Part Air Volume Water Temperature Water Temperature Outlet Temperature

Main radiator 1.26 kg/s 74.26 ◦C 62.37 ◦C 60.83 ◦C
Left auxiliary radiator 1.57 kg/s 74.26 ◦C 63.54 ◦C 61.94 ◦C

Right auxiliary radiator 1.62 kg/s 74.26 ◦C 64.19 ◦C 62.35 ◦C

4. Thermal Performance Optimization Experimental Vehicle Verification
4.1. Experimental Objects

This experiment is based on the experiment of the MCCS. The PEMFC experimental
vehicle used in this experiment is a light truck independently developed by a certain
company. The vehicle is a hydrogen PEMFC hybrid box-type truck with a body length of
9 m, a height of 3 m, a width of 2.4 m, and a wheelbase of 5.8 m. The rated power is 117 kw,
the total mass of the vehicle is 10,530 kg, and the temperature of the PEMFC coolant is not
higher than 85 ◦C. The photos of the vehicle are shown in Figure 8.



Sustainability 2023, 15, 3132 17 of 23

Sustainability 2023, 15, 3132 17 of 24 
 

Table 11. Simulation results of each radiator after optimization. 

Part 
Air  

Volume 
Water  

Temperature 
Water  

Temperature 
Outlet  

Temperature 
Main radiator 1.26 kg/s 74.26 °C 62.37 °C 60.83 °C 

Left auxiliary radiator 1.57 kg/s 74.26 °C 63.54 °C 61.94 °C 
Right auxiliary radiator 1.62 kg/s 74.26 °C 64.19 °C 62.35 °C 

4. Thermal Performance Optimization Experimental Vehicle Verification 
4.1. Experimental Objects 

This experiment is based on the experiment of the MCCS. The PEMFC experimental 
vehicle used in this experiment is a light truck independently developed by a certain com-
pany. The vehicle is a hydrogen PEMFC hybrid box-type truck with a body length of 9 m, 
a height of 3 m, a width of 2.4 m, and a wheelbase of 5.8 m. The rated power is 117 kw, 
the total mass of the vehicle is 10,530 kg, and the temperature of the PEMFC coolant is not 
higher than 85 °C. The photos of the vehicle are shown in Figure 8. 

Figure 8. Experimental vehicle. 

4.2. Experimental Equipment 
Experimental instruments and equipment should be calibrated before use, used 

within the validity period, and adjusted to ensure normal operation and accurate load 
requirements. The required experimental equipment includes a fault diagnosis instru-
ment, flow meter, temperature sensor, anemometer, data acquisition card, vehicle-
mounted inverter, etc. During the experiment, in order to facilitate the evaluation of the 
cooling effect of each radiator, the detection points of each sensor were selected as follows: 
T1: water inlet temperature of the main radiator; T2: water inlet temperature of the left 
auxiliary radiator; T3: water inlet temperature of the right auxiliary radiator; T4: water 
outlet flow rate of main radiator; T5: water outlet flow rate of left auxiliary radiator; T6: 
water outlet flow rate of right auxiliary radiator; T7: water outlet temperature of main 
radiator; T8: water outlet temperature of left auxiliary radiator; T9: Water outlet tempera-
ture of the right auxiliary radiator; T10: PEMFC inlet water temperature; T11: PEMFC out-
let water temperature. Typical sensor installation positions are shown in Figure 9: 

Figure 8. Experimental vehicle.

4.2. Experimental Equipment

Experimental instruments and equipment should be calibrated before use, used within
the validity period, and adjusted to ensure normal operation and accurate load require-
ments. The required experimental equipment includes a fault diagnosis instrument, flow
meter, temperature sensor, anemometer, data acquisition card, vehicle-mounted inverter,
etc. During the experiment, in order to facilitate the evaluation of the cooling effect of
each radiator, the detection points of each sensor were selected as follows: T1: water inlet
temperature of the main radiator; T2: water inlet temperature of the left auxiliary radiator;
T3: water inlet temperature of the right auxiliary radiator; T4: water outlet flow rate of
main radiator; T5: water outlet flow rate of left auxiliary radiator; T6: water outlet flow rate
of right auxiliary radiator; T7: water outlet temperature of main radiator; T8: water outlet
temperature of left auxiliary radiator; T9: Water outlet temperature of the right auxiliary
radiator; T10: PEMFC inlet water temperature; T11: PEMFC outlet water temperature.
Typical sensor installation positions are shown in Figure 9:
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4.3. Experimental Method

To ensure the integrity and reliability of the experiment, the experiment was tested in
the following four working conditions: (1) Full power idling charging condition; (2) Half
power idling charging condition; (3) Constant speed of 40 km/h working condition; (4) Con-
stant speed of 80 km/h working condition. This experiment verifies the heat balance of
the whole vehicle on the outdoor road, so the outdoor road of the experiment is required
to be free from rain and fog, the wind speed should not exceed 3 m/s and the ambient
temperature should not be lower than 30 ◦C. Due to the influence of heat accumulation
near the PEMFC, ground radiation, hot air backflow and other factors, as the ambient
temperature rises, the temperature of the PEMFC and coolant will rise faster than the
ambient temperature. In other words, the experiment will get a higher allowable ambient
temperature experimental result at a lower ambient temperature, and the actual effect can
only be obtained when the ambient temperature is close to the target ambient temperature.
Therefore, the ambient temperature cannot be lower than 30 ◦C. For the road itself, the
road surface is required to be hard, smooth, clean, dry and paved with concrete or asphalt.
The experimental vehicle itself should be maintained according to the vehicle technical
conditions or instructions to keep the experimental vehicle in good technical condition. The
appearance should be symmetrical, and the body should be upright; the free pedal stroke
of the clutch should be correct; the opening of the accelerator pedal should be checked; the
vehicle should not be adjusted, replaced, maintained or repaired during the experiment.

The experimental steps are as follows: (1) Adjust and maintain the experimental
prototype vehicle, and check whether the vehicle is powered on; (2) Install the temperature
sensor and flow meter correctly to ensure that the connection is tight; (3) Warm up and
drive, by observing the PEMFC water temperature. Determine whether the experimental
prototype vehicle has completed the warm-up driving; (4) Check whether the data collector
is powered on and whether the upper computer is charging, to prevent the interruption of
data acquisition and storage; (5)When each cooling medium reaches thermal equilibrium
within 8 min, the experimental condition ends; (6) After the experiment, each test sensor is
disassembled, and the collected data is processed and analyzed.

4.4. Experimental Results

A real vehicle was tested at a test site for full power idling charging, half power idling
charging, and heat balance experiments at a constant speed of 40 km/h and a constant
speed of 80 km/h. The ambient temperature of the test site was about 38 ◦C, the humidity
was 26% and the wind speed 1.9 m/s. Through the experiment of each sensor arranged,
as shown in the previous section, the experimental data and results under this working
condition are shown in Table 12.

4.4.1. Idling Charging Condition

As shown in Figure 10a, the temperature of the experimental site is 38 ◦C, and the
temperature of the PEMFC outlet water changes within 12 min under the condition of
full-power idling charging of the whole vehicle. The liquid-air temperature difference has
been controlled within 55 ◦C, which meets the heat dissipation requirements. Comparing
the outlet water temperature, the curve of this experiment with the PEMFC outlet water
temperature and the curve of the previous simulation, when the experimental value and the
simulation value are stable, the PEMFC outlet water temperature is relatively similar, which
proves that the previous simulation is correct and referable. Under the same experimental
conditions, the actual water outlet temperature of the main and auxiliary radiators is higher
than that of the simulation, but the error is within the allowable range. About 12 min
after the main and auxiliary radiators are turned on, the outlet water temperature does
not change. The cooling system has reached a state of thermal equilibrium, the outlet
water temperature of the main and auxiliary radiators is less than 70 ◦C and the liquid-air
temperature difference is within 50 ◦C. Under this working condition, the heat dissipation
performance of the cooling system can smoothly meet the heat dissipation requirements.
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Table 12. Experimental data and results.

Vehicle Condition Full Power Idle
Charging

Half Power Idle
Charging

Uniform Speed
40 km/h

Uniform Speed
80 km/h

Main radiator coolant flow rate (L/min) 74.21 73.96 73.45 73.84
Left auxiliary radiator flow rate (L/min) 64.15 65.28 65.71 65.41

Right auxiliary radiator flow rate (L/min) 65.74 66.13 65.86 66.39
PEMFC inlet water temperature (◦C) 66.23 64.46 64.63 62.05

PEMFC outlet water temperature (◦C) 76.05 75.18 75.35 74.53
Ambient temperature of the vehicle (◦C) 38 38 38 38
Liquid-air temperature difference of each

radiator (◦C) 50 50 50 50

Air intake grill wind speed in front cabin (m/s) 2.24 2.23 6.57 10.03
Outlet water temperature of main radiator (◦C) 64.09 61.05 61.26 60.16

Outlet water temperature of left auxiliary
radiator (◦C) 65.03 62.04 61.65 61.52

Outlet water temperature of right auxiliary
radiator (◦C) 65.65 62.84 63.25 61.55Sustainability 2023, 15, 3132 20 of 24 
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The experimental data show that compared with full power idling charging, PEMFC
heat generation is smaller under half power idling charging, and the temperature of the
water entering and exiting each radiator is also lower because different extreme working
conditions do not affect the distribution of coolant. Therefore, the flow rate of the main and
auxiliary radiators is similar to that of the full power idling charging condition. Figure 10b
shows the temperature change curve of the PEMFC outlet water under this working
condition; it can also be seen that 12 min after the start of the experiment, the temperature
of the PEMFC outlet water does not change anymore, and the whole vehicle reaches a
thermal equilibrium state. The fan speeds of the main and auxiliary radiators are the same
as those under the condition of full power idling charging. As shown in Figure 10b, it
can also be seen that 12 min after the start of this working condition, the outlet water
temperature of the main and auxiliary radiators is less than 70 ◦C; this shows that the
MCCS has good heat dissipation performance.
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4.4.2. Uniform Speed Condition

The experimental data show that when the real vehicle is running at a constant speed
of 40 km/h, compared with the idling charging condition, the wind speed of the air intake
grille in the front cabin is significantly increased, the air intake of the MCCS is increased
and the outlet water temperature of each radiator is lowered, which helps improved
cooling performance. Under this working condition, the outlet water temperature of the
PEMFC, the outlet water temperature of each radiator and the flow rate of coolant all
meet the heat dissipation requirements. The change curve is shown in Figure 11a. The
temperature of the experimental site is 38 ◦C. After the vehicle runs a 9 km straight track
at a constant speed of 40 km/h, there is basically no change in the PEMFC outlet water
temperature after 12 min. The outlet water temperature of the PEMFC is less than 80 ◦C,
and the liquid-air temperature difference has been controlled within 55 ◦C. Under this
working condition, the outlet water temperature of the PEMFC can smoothly meet the
heat dissipation requirements. As shown in Figure 11a, about 12 min after the main and
auxiliary radiators are turned on, the outlet water temperature does not change any more,
the MCCS reaches a thermal equilibrium state and the outlet water temperature of the main
and auxiliary radiators is less than 70 ◦C. The liquid-air temperature difference is within
50 ◦C. Under this working condition, the heat dissipation performance of the MCCS can
successfully meet the heat dissipation requirements.
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The experimental data show that, compared with the working condition of 40 km/h at
a constant speed, the heat generated by the PEMFC is larger under the working condition
of a constant speed of 80 km/h, but the wind speed of the air intake grille in the front cabin
will also be significantly increased, and the air intake of the MCCS will increase, so there
will be more air volume per unit time to take away the heat generated by the PEMFC, and
the temperature of the inlet and outlet water of each radiator will be lower, because different
extreme working conditions will not affect the distribution of coolant; therefore, the flow
rate of the device is similar to the working condition of a constant speed of 40 km/h.
Figure 11b shows the change curve of the PEMFC outlet water temperature under this
working condition: it can also be seen that 12 min after the start of the experiment, the
PEMFC outlet water temperature does not change, and the whole vehicle reaches a thermal
equilibrium state. The fan speeds of the main and auxiliary radiators are the same as those
under the condition of constant speed of 40 km/h. As shown in Figure 11b, it can also be
seen that 12 min after the start of this working condition, the temperature is less than 70 ◦C;
this shows that the MCCS has good heat dissipation performance.
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5. Conclusions

PEMFC have the advantages of high efficiency and environmental protection, and
they are gradually replacing traditional engines as the power source of new energy vehicles.
Unlike engine heat that is mainly dissipated by exhaust gas flow and cylinder block
radiation, 95% of the heat generated by PEMFC electrochemical reactions needs to be taken
away by cooling water. The development and optimization of FCV cooling systems has
become one of the hot spots and difficulties today. In this paper, a FCV MCCS is taken as
the research object, and the numerical simulation method is used to study the design and
optimization performance of the vehicle’s PEMFC MCCS, which can provide reference for
the development and design of the vehicle’s front compartment cooling system. The main
research contents are as follows:

(1) Determine the structure and working principle of the PEMFC MCCS designed in
this paper, classify the existing components according to the actual operation of the MCCS
and establish a mathematical model for the coupling of heat, wind and water in the PEMFC
cooling system.

(2) In order to verify the matching performance of each component of the MCCS, the
flow field distribution information flowing through the surface of each radiator is extracted,
the parameter model of the cooling system is established and the wind speed matrix of each
radiator is imported into the software for joint simulation, to obtain the flow field of each ra-
diator inlet and outlet temperature and flow resistance. To verify the simulation results, this
paper conducts PEMFC front cabin heat balance experiments and obtains relevant experi-
mental results. The comparison results show that one-dimensional/three-dimensional joint
simulation can get more accurate simulation results than single simulation. Co-simulation
can consider the efficiency and accuracy of simulation and can provide a reference for the
design of similar FCV cooling systems.

(3) Establish the objective function of cooling system reliability design based on the
Taguchi Method; combined with the fuzzy comprehensive evaluation method, choose the
A2/B1/C1/D2/E1/F1 scheme, and, the final PEMFC outlet temperature of 75.8 ◦C was
reduced by 2.9 ◦C compared to the unoptimized simulation result. The temperature difference
between the inlet and outlet of the PEMFC coolant is about 13.4 ◦C. While the cooling
performance is improved, the spatial layout of each cooling component can also be optimized.

(4) Under the condition of full power idling charging, the temperature of the PEMFC
water is 76.05 ◦C. After optimization based on the Taguchi Method, the temperature of the
PEMFC outlet water is 75.8 ◦C. The experiment predicts that due to the obvious increase of
the wind speed of the air intake grille in the front cabin, and the increase of the air intake of
the MCCS, the outlet water temperature of the PEMFC is 75.35 ◦C under the condition of
a constant speed of 40 km/h, and the outlet water temperature of the PEMFC is 74.53 ◦C
under the condition of a constant speed of 80 km/h, which is lower than that under the
idling charging condition. This verifies the rationality of the experimental results and
confirms the reliability of the simulation results. The experimental results also show that
about 12 min from the start of each working condition, the outlet water temperature of
each outlet no longer fluctuates greatly, and the outlet temperature and flow rate are in
line with the experimental expectations. The MCCS can indeed effectively solve the heat
dissipation problem of the PEMFC and prove the effectiveness of the MCCS designed in
this paper and the correctness of the one-dimensional/three-dimensional simulation.
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