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Vehicle fuel cell systems release a large amount of heat while generating electrici-
ty. The suitable thermal management system must be built to ensure system perfor-
mance and reliability. Based on the analysis of the working principle of the vehicle
fuel cell thermal management system, the paper establishes a control-oriented fuel
cell thermal management. The stack, air cooler, hydrogen heat exchanger, bypass
valve, heat sink, and cooling water circulating pump model are taking into account.
System model, and the relationship between stack current, coolant flow rate, fin sur-
face wind speed, bypass valve opening, and fuel cell temperature are in established
in simulation experiments. The paper discusses their effects on system as a whole, air
coolers, hydrogen heat exchangers, and the influence of the temperature difference
between the inlet and outlet of the radiator. The simulation results can provide guid-
ance and help to design the fuel cell thermal management control system.
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Introduction

Many automobiles have caused environmental pollution, global warming, and oil
shortages, thereby prompting people to find safe and efficient energy sources. As an efficient and
clean energy conversion device, fuel cells have received widespread attention in the automotive
industry. The proton exchange membrane fuel cell (PEMFC) has the advantages of low operat-
ing temperature, fast start-up speed, high power generation efficiency, and mature technology. It
is the most suitable as a power source for automobiles. The temperature has an essential impact
on the performance and reliability of the fuel cell system. The increase in the stack temperature
will increase the electrochemical reaction activity and the membrane’s conductivity, which will
help improve the battery’s performance. However, the temperature resistance of the electrolyte
membrane of PEMFC is limited, and considering the water content of the membrane, the work-
ing temperature cannot be higher than 100 °C. Besides, if the fuel cell’s operating temperature
is too high, the platinum particle transport will be accelerated, and the catalyst will be degraded
faster, resulting in a reduction in the effective area of the catalytic layer.

There has been some literature on the temperature modelling and characteristics of
fuel cells. In terms of stack temperature modelling, some scholars have proposed to reduce
the dimensionality, calculation time, and memory required to reduce the complex calculation
of the internal mass transfer phenomenon of the fuel cell based on maintaining the geometric
resolution and the essential characteristics of the fuel cell 2-3 quantity levels. Some scholars
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cascade the equivalent circuits of multiple single cells to obtain the battery stack temperature
model, introduce non-linear resistance to make it suitable for the entire operating temperature
range, and its parameters are obtained by experimental curve fitting. In the fuel cell temperature
system model, some scholars have proposed a control-oriented fuel cell intensive parameter
model for predicting the temperature of the stack, the exhaust reaction gas, and the coolant out-
let. Some scholars have established an 8-order non-linear fuel cell temperature system model
for vehicles, verified the model with 120 kW fuel cell data, and proposed a useful reduced-or-
der linear model [1]. Some scholars’ temperature system model does not consider the increase
in air temperature when the compressor compresses air and decreases hydrogen temperature
when the high pressure hydrogen storage tank discharges hydrogen. Some scholars consider
these two parts, but they only study the suitability of the reduced-order linear model. Based on
this, this article first establishes a vehicle fuel cell thermal management model, uses the built
model to study the relationship between stack current, coolant flow rate, fin surface wind speed,
bypass valve opening, and fuel cell temperature, and discusses their effects on air coolers. The
influence of the temperature difference between the population and the outlet of the hydrogen
heat exchanger, stack and radiator provides guidance for the design of the best temperature
controller for the system.
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Figure 1. Fuel cell system for vehicles
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Figure 2. Energy balance of the stack system

cooler, a hydrogen heat exchanger, an electric
stack, a bypass valve and a heat sink, and cor-
responding pipe-lines [2].

Thermal management system modelling

To establish a control-oriented fuel cell
thermal management system model, the paper
does not consider the coolant space position’s
flow change and uses a lumped parameter
model. We based our modelling on the follow-
ing assumptions,

— the internal temperature field of each com-
ponent is uniformly distributed,

— the influence of the kinetic energy and po-
tential energy changes of the gas-flow on the
system is ignored,

— the fluid temperature out of each compo-
nent is assumed to be the same, and

— the constant pressure heat capacity parameters of various substances are assumed to be con-
stants. The thermal management system modelling includes the stack, air cooler, hydrogen
heat exchanger, bypass valve, heat sink, and cooling water circulation pump model.
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Stack model

When a vehicle fuel cell is working, the battery’s electrochemical reaction produces
electricity and generates a large amount of heat, which causes the temperature of the stack to
rise. The reactant gas’s temperature and coolant in the stack rises and flows out of the stack
through heat transfer. The gas and coolant take away a lot of heat. The signal flow diagram of
the stack temperature model is shown in fig. 2. The increase in system energy is the increase in
the stack’s thermal energy, represented by the change in stack temperature [3].

Ignoring the heat exchange between the surface of the stack and the outside world,
the thermal power obtained by the stack can be obtained from the First law of thermodynamics:

qsl hot + (qca in qca,out ) + (qan,in - qan,oul ) + (qcool,in - qcool,out ) (1)

where P is the heating power generated by the stack and ¢e.in, ¢eaow — the heating power
brought and taken out of the stack cathode by the humid air, and ¢, i, anou— the heating power
brought and taken out of the stack by the anode hydrogen. The primary material of the bipolar
plate in the stack is graphite, and the heat capacity parameters can be graphite parameters:

qct = (mst Cpst + pwair Vca prair + psz Van prHz + pcool cool (2)
where my is the mass of the stack, Cp, — the heat capacity parameter of the bipolar plate, pcool
and V.., — the density and volume of the coolant, respectively, py.i and pyu, — the density of the

cathode wet air and anode wet hydrogen, respectively, V., and V,, — the volume of cathode flow
field and anode flow field, respectively, Cpy.ir and Cpyn,, — the constant pressure heat capacity
of cathode wet air and anode wet hydrogen, respectively, and 7. — the stack temperature.

Air cooler

The compressed air is sent to the cath-
ode flow field of the fuel cell. Compressed air
will cause the air temperature to rise sharply,
far exceeding the set temperature range, and
a cooler is required to adjust the temperature,
as shown in fig. 3.
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where &, represents the heat exchange efficiency between air and coolant, and the range is
(0, 1), which can be tested according to actual conditions or can be obtained from the data pro-
vided by the equipment manufacturer [4].
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Hydrogen heat exchanger

After the pressure is reduced from the high pressure hydrogen tank, the hydrogen
enters the stack’s anode flow field. After the pressure is reduced, the hydrogen temperature will
be lower than the temperature range required by the stack, so a heat exchanger is needed to heat
it. The signal diagram of the hydrogen heat exchanger is shown in fig. 4. Same as the air cooler,
assuming that the flow rate m.q01x.1n Of the coolant entering the hydrogen heat exchanger is equal
to the flow rate M ool exion OUL OF it:

dT.,
pcool I/ex Cpcool dt = mcuul,ex,out Cpcuul (T;x - T::ool,ex,in ) + qHz (5)
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of waste heat generated by the stack to the sur-
rounding environment. The model includes the
heat exchange between it and the surrounding environment, which is affected by the ambient
temperature, the surrounding air velocity, the coolant flow rate, and the inlet temperature. The
relationship between the data can be obtained through experiments and then made into a table

Figure 5. Bypass valve
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for interpolation calculation. The other part is the Pan
heat exchange between it and the coolant [5]. The l

heat sink signal diagram is shown in fig. 6. If the
incoming coolant flow rate 7.l .in, 1S €qual to the ® Compressor
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ture of the coolant flowing into the heat sink, and =¥ Thermodynamic -
g.i: — the heat power transferred from the heat sink P > equation 7
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The coolant circulation pump provides
power for the coolant to flow between the components and the pipe-line. Under its rated work-
ing speed, its output flow:

0, = aspfv +02Pi +ap,t+a, ©)

In actual work, the rotation speed of the circulating pump is often not at the rated
speed. Using a similar principle, the output flow O, at this time:

N
QWN = (Ej Qwe (10)

Considering the speed’s dynamic response time, the first-order inertia link can be
used, namely 1/(1 + 7,s), where 7, is the time constant.

Simulation results and analysis

This article models the thermal management system of BALLARD's Mark 902
(85 kW) fuel cell. The data used comes from the experimental data in published literature and
BALLARD's product specification. In the simulation, the air excess coefficient is 1.8, the hy-
drogen excess coefficient is 1.6, the pressure of the cooling water flow field is 1.22 - 10*Pa lower
than the cathode flow field’s pressure, and the 50
temperature of the supplied coolant is 50 °C.
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diator increases, the stack inlet and outlet temperatures gradually decrease. Under the same heat
dissipation conditions, the greater the stack current, the higher the stack population and outlet
temperature [6]. When the wind speed is 6-8 m/s, the stack temperature does not change with the
wind speed increase. The reason is that the temperature of the supplied coolant is set to 50 °C.
According to the simulation results, the wind speed must be greater than 4.2 m/s when the
current is 200 A, and the wind speed must be greater than 5.3 m/s when the current is 300 A to
ensure that the coolant inlet temperature is within the expected range (the stack inlet coolant
temperature is expected to be 50-65 °C). It can be seen that the greater the current, the greater
the heat power generated by the battery reaction, and a higher wind speed is required to dissi-
pate this heat.

The influence of bypass valve
coefficient on stack temperature

100%

The circulating pump speed is 2000
rpm, the bypass valve coefficient varies from
0.1-1, the stack current is 20 A, and the wind
speed is 5 m/s. The simulation results are shown
in fig. 8. The stack temperature can be adjust-
ed by changing the bypass valve opening, but
when the valve opening is more significant than
0.5, it will hardly affect the stack temperature.
The reason is that at a certain wind speed when
the coolant flow in the radiator reaches an abso-
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is 5 m/s. The simulation results are shown in
\esdxand arve @aples fig. 9. By adjusting the circulating pump’s
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remain unchanged. Simultaneously, as the ro-
tation speed increases, the temperature differ-
ence between the exit and the stack entrance
can be reduced [8].

In the case of ignoring the air and hydrogen flow fields in the stack, according to the
law of thermodynamics, when the stack temperature is stable, the heating power taken by the
coolant is equal to the heating power generated by the stack:

Figure 9. Circulating pump speed and
temperature characteristics
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mcool,st Cpcool (Tcool,st,in - T;ool,st,out ) = phot (1 1)

Usually, the temperature difference between the reactor population and the outlet tem-
perature is less than 10 °C. The flow rate of the coolant flowing through the reactor should meet:

V4 hot

m . 2
cool,st 1 Ocvpc‘m1 (1 2)

When the stack current is 200 A, and the temperature is 65 °C, the stack’s thermal
power is 69.19 kW. The calculation from eq. (12) shows that the stack’s coolant flow rate should
be greater than 99 standard Lpm. It can be seen in fig. 3 that when the speed is 1000 rpm (flow
rate 108.64 standard Lpm), the stack temperature difference is about 10 °C, and the calculated
results are consistent with the experimental results [9].

Analysis of dynamic characteristics
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The stack current, the radiator’s surface
wind speed, and the circulating pump speed
take a series of jump values, as shown in fig. 10.
The bypass valve opening is unchanged at 50 °C,
and the simulation results are shown in fig.
10. The temperature difference between the air o
cooler’s outlet and inlet and the hydrogen heat 0
exchanger is less than 1°C. Compared with the oo T
hydrogen heater, the air cooler has a massive 10 . , , ‘ . ,
temperature difference. The reason is that the s P
heat generated by compressing air from atmo- Figure 10. Stack temperature and
spheric pressure to 1.8 - 10° Pa is greater than  temperature difference
that of hydrogen. Reduce the heat absorbed from
3 -10°Pato 2 - 10°Pa. The stack current, the radiator’s wind speed, and the circulating pump’s
rotation speed have little effect on the temperature difference at the hydrogen heat exchanger
outlet. When the circulating pump speed is 1000-1600 rpm, the coolant flow rate is 1.8107-
2.8971 kg/s. If the temperature difference of the hydrogen heat exchanger is 0.5 °C, the heat
power brought by the coolant is 1.8573-2.8652 kW. When the stack current is 300 A, the hydro-
gen supplied (excess factor 1.6) is 0.2217 g/s, the temperature of the hydrogen when entering
the heater is —60.75 °C, if the temperature of the hydrogen after heating is 65 °C, the heating
power required for the hydrogen is 0.115 kW is much smaller than the heating power brought
in by the coolant, so the temperature difference of the hydrogen heat exchanger is almost not
affected by the stack current, the wind speed of the radiator and the rotation speed of the circu-
lating pump. We consider that in the existing system, gas cylinders, pipes, valves, etc. will ab-
sorb heat from the environment during the hydrogen decompression process, and the hydrogen
temperature cannot be so low, and the actual heat exchange is required is less [10]. Considering
the complexity of the system, the existing system, the hydrogen heat exchanger can be eliminat-
ed. In the air supply system, the air compressor is often equipped with an independent thermal
management system to dissipate heat from the compressor pump head, making the system more
complicated. It is a feasible way to simplify the system through the fuel cell coolant entering the
pump head to cool the compressed air and the pump head.

At ¢ =1000-2600 seconds, the circulating pump speed increases, and the temperature
difference of the air cooler decreases. At ¢ = 1600 seconds, the pump speed decreases, and the
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temperature difference of the heat exchanger increases. It can be seen that increasing the pump
speed can reduce the temperature difference of the heat exchanger while changing the wind
speed on the surface of the radiator hardly affects the temperature difference [11].

The pump speed change has almost no effect on the stack population and outlet tem-
perature but has a slight effect on the temperature of the heat sink outlet. In the steady-state,
when the pump speed is high (600 s <7 < 1000 s, the 2600 s < ¢ < 3000 s), the temperature
difference between the stack population, outlet, and the heat sink outlet is small. When the
pump speed is low (1600 s <7< 2000 s), the temperature difference is large. It can be seen that
adjusting the coolant flow rate can improve the temperature difference between the stack and
the heat sink. If the stack current is constant and the wind speed is increased, the stack’s tem-
perature will be lower due to the increase in heat dissipation. On the contrary, if the wind speed
is reduced, the stack’s temperature will increase. The stack’s temperature is determined by the
stack current and the wind speed on the surface of the heat sink.

Conclusion

In this paper, the vehicle fuel cell thermal management system is modeled, and the
steady-state and dynamic characteristics are simulated. The results show that the stack tempera-
ture is affected by its current, wind speed on the radiator’s surface, coolant flow rate, and the
opening of the bypass valve. By controlling the speed of the radiator fan to change the wind
speed on the surface of the radiator, the fuel cell coolant can be controlled within the desired
temperature range, and effective thermal management of the battery system can be realized.
Changing the bypass valve opening and the circulating pump speed can be to a certain extent
adjust the temperature difference between the inlet and outlet of the stack. The simulation re-
sults also show that the thermal load caused by air compression and hydrogen decompression
accounts for a small proportion of the fuel cell coolant system. If you consider reducing the sys-
tem complexity and control accuracy, you can rely on natural heat absorption for the hydrogen
circuit. The hydrogen heat exchanger is not used for hydrogen preheating for the air circuit, the
coolant system can be directly used to cool the air compressor’s pump head instead of a separate
circulating cooling system.
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