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Summary

Flying car is an effective transport to solve current traffic congestion. The
power batteries in flying cars discharge at a high current rate in the takeoff
and landing phase, evoking a severe thermal issue. Flat heat pipe (FHP) is a
relatively new type of battery thermal management technology, which can
effectively maintain the temperature uniformity of the battery pack. We have
constructed a resistance-based thermal model of the batteries considering the
impact of the state of charge (SOC), battery temperature, and current on the
battery heat generation. The FHP model is developed based on segmental heat
conduction model, and integrated into the battery model to form the battery-
FHP-coupled model for a battery module. Experiments are carried out to verify
its accuracy. Then, the battery thermal performance is analyzed under the dif-
ferent discharging conditions including constant discharge rates and dynamic
discharge rates for flying cars. Under the condition of the flying cars, the bat-
tery maximum temperature appears at the end of takeoff stage, while the maxi-
mum temperature difference appears during the forward flight segment.
Moreover, different FHP heat dissipation structures are studied to further
improve the battery thermal performance. The configuration with the best per-
formance is adopted for the battery pack, and it can meet the heat dissipation
requirements of the pack at a discharge rate of 3C or that of flying cars.
Finally, the influence of inlet cooling air velocity and temperature on battery
thermal performance is investigated. According to the research results, air
velocity has little effect on the battery maximum temperature at the discharge
rate of flying cars, but it can obviously affect the temperature decrease rate.
Besides, the battery maximum temperature and its temperature difference
develop linearly with the air temperature.

Abbreviations: BTMS, battery thermal management system; CFD, computational fluid dynamics; FHP, flat heat pipe; GUI, graphical user interface;
NCM, nickel cobalt manganese; OCV, open circuit voltage; PCM, phase change material; SOC, state of charge.
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1 | INTRODUCTION

Advances in the automobile industry have exacerbated
traffic conditions, raising people’s economic, and life
expenses. The electric vertical takeoff and landing aircraft
(eVTOL or flying car) which can fly in the air intends to
alleviate traffic congestion and has been a hot discussion
topic among researchers and the public." Power batteries
significantly affect the fully electronic system of flying
cars. The critical aspect of designing flying cars is deter-
mining whether the power batteries meet the operational
requirements.” The related research works>* have dem-
onstrated that the power batteries should have high
power density and high specific energy. The battery pack
should operate at a high discharge rate (above 4C) during
takeoff and landing segments, and the peak discharge
rate should be around 5C. Lithium-ion battery is
regarded as one of the promising power batteries for fly-
ing cars because of the high energy/power density, low
self-discharge rate and extended lifespan.>® However, the
lithium-ion battery cells are very sensitive to the tempera-
ture.” The high discharge rate causes high-temperature
rise and high-temperature difference in the batteries,
affecting their lifespan and the overall performance.®’
Therefore, a proper battery thermal management system
(BTMS) is crucial for maintaining battery packs within
the appropriate temperature range.'’ The optimal operat-
ing temperature range of lithium-ion batteries is 25-
40°C, and the temperature difference is no more than
5°C.'"'* Some researchers have regarded 45°C as an
upper limit of the maximum temperature for BTMS in
some moderate operating conditions."?

There is a small amount of research on flying cars'
battery thermal management and operating conditions.
However, various cooling techniques for BTMS, such as
air cooling, liquid cooling, phase change principle-based
cooling and the combination of the abovementioned
approaches, have been developed for electric vehicles.'*
Different from battery thermal management for electric
vehicles, batteries in flying cars have higher transient dis-
charge rate and more special boundary conditions (such
as at higher or lower ambient temperatures). Moreover,
flying cars have a higher requirement for the lightweight
of the BTMS. However, the current battery thermal man-
agement methods for electric vehicles can provide corre-
sponding guidance for the BTMS in flying cars in certain

degrees. Air cooling is widely used in the BTMS of elec-
tric vehicles because of its simple and lightweight struc-
ture and low costs.'”> However, the air-cooling system
exhibits a poor heat dissipation effect and a non-uniform
temperature distribution,'® especially under a high
charge/discharge rate in the flying cars operating condi-
tions. Liquid cooling is more effective for heat dissipation
than air cooling because of its higher heat transfer coeffi-
cient.'” It can easily maintain the maximum temperature
of the battery below 45°C at a discharge rate of less than
2C."® Nevertheless, the liquid cooling components
increase the system weight and leakage risk'® while low-
ering the power to weight ratio of the flying car electric
propulsion system. Phase change material (PCM)-based
BTMS has garnered increased traction nowadays, further
leading to the development of a more uniform tempera-
ture distribution.?’ However, the lower thermal conduc-
tivity of PCM delays heat dissipation from the battery
system, especially at high discharge rates.

A heat pipe operating on gas-liquid phase change
principles is a type of high-efficiency heat transfer ele-
ment. It has high thermal conductivity and is light-
weight, allowing relatively better heat dissipation when
combined with the air cooling or liquid cooling technol-
ogy.*>** Heat pipes for BTMS have received substantially
more attention recently. Researchers integrated heat
pipes with other cooling methods to improve the thermal
performance of batteries.”**> For example, Wu et al*®
compared natural convection, forced convection, and
heat pipe-based air-cooling methods on the battery ther-
mal performance. They discovered that the combination
of heat pipe and air cooling appears to be effective for
reducing battery temperature rise and controlling tem-
perature uniformity. Behi et al*’ presented a heat pipe
embedded with copper sheets in BTMS and combined it
with air cooling at the condensation section. Their
results indicated the lowering of battery maximum tem-
perature up to 42.7% and improvement of the tempera-
ture uniformity by 73.4% compared to natural air
cooling. Yuan et al*® proposed a battery liquid cooling
structure comprising a heat pipe and cooling plate. The
new structure can control battery maximum temperature
at 34.1°C and reduce temperature difference at 1°C
under the discharge rate of 2C and an ambient tempera-
ture of 30°C. The feasibility of the heat pipes in BTMS
has been validated.
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The flat heat pipe (FHP) can significantly increase the
contact area with batteries compared to conventional
one-dimensional heat pipes, efficiently flattening the bat-
tery temperature distribution and reducing thermal resis-
tance.”’ Moreover, FHP can provide flexibility with the
BTMS’s compact structure suited for a flying car electric
propulsion system. Zhao et al’® designed an ultra-thin
FHP and studied the thermal performance of four pouch
batteries at high discharge rates. They presented wet
cooling-integrated FHP-BTMS and experimentally com-
pared it with other types of cooling methods. Gou et al*'
explored a novel 3D FHP (vapor chamber) in a small bat-
tery module to investigate the effects of the filling ratio
and system inclinations on the battery thermal behavior.
Jouhara et al** developed a test rig and mounted the bat-
tery pack on the top of the FHP cooled by water flow.
The maximum battery temperature could be limited to
under 35°C, and the temperature difference was con-
trolled within 3°C at a discharge rate of 4C. The above-
mentioned experimental research works reveal that the
FHP-based BTMS combined with air or liquid cooling
significantly improves the battery thermal characteristics.
Some researchers also conducted a relative simulation
analysis to determine the heat dissipation effects of FHP
on BTMS. Behi et al** established a sandwiched configu-
ration of the FHP cooling system with a forced convec-
tion system. They created a computational fluid
dynamics (CFD) model to simulate the battery thermal
performance under different transient boundary condi-
tions. Zhang et al** developed a numerical model of FHP
integrated with cooling fins on BTMS to effectively
improve the battery thermal performance with minimum
energy costs. Yao et al*> proposed a novel FHP-based air
conditioning system for a battery module and numeri-
cally investigated the battery temperature distribution.
The results indicated that the battery temperature differ-
ence could be maintained within 3°C under the 40 W
heat generation rate of each cell. Xu et al*® verified ther-
mal management effect of FHP combined with liquid
cooling on a single battery pack. The highest temperature
of the system could be controlled within 48°C at 2C
discharge rate.

Both the experimental and simulation results in the
abovementioned studies demonstrated the heat dissipa-
tion capability of FHP in the BTMS system under certain
extreme battery working conditions. Researchers mainly
focused on the configuration of FHP-based BTMS and
investigated the effects of system parameters on the bat-
tery thermal performance. Nevertheless, considering the
different operating conditions between electric vehicles
and flying cars, there are still some shortcomings in
BTMS for flying car utilization. First, the discharge rate
is relatively higher for the batteries in flying cars. Some
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of the abovementioned research works*>*® analyzed the

battery thermal behavior under a low discharge rate with
constant current during the discharging process. The bat-
tery discharge rate changes dynamically in flying cars
and keeps above 4C at takeoff and landing segments.
Researchers have not explored the battery thermal per-
formance in FHP-based BTMS under flying cars tran-
sient operating conditions. Second, most of the research
only investigated the heat dissipation effect of FHP on
single battery cells’®*® or a small battery mod-
ule.*"**2*3> The heat transfer capacity of FHP on a bat-
tery pack was seldom considered. Third, liquid cooling is
not suitable for heat dissipation due to the lightweight
design requirements of flying cars. Therefore, FHP com-
bined with air cooling is required in this situation. The
configuration of FHP integrated with cooling fins in
BTMS may affect the battery temperature distribution,
which is not further compared and discussed in the
research works. Therefore, it is meaningful to investigate
the effects of FHP configurations and its structural
parameters on thermal performance of the battery pack
under flying cars working conditions, which could pave
the way for the usage of FHP in BMTS for flying car
utilization.

This research paper uses an FHP combined with an
air-cooling method for the heat dissipation of prismatic
batteries. Three main contributions are made compared
with the existing studies. First, an FHP-based BTMS for a
battery module is proposed and the model of the system
is established and verified experimentally. The battery
thermal performance is analyzed under different dis-
charge rates, including the constant discharge rate and
flying car discharging conditions. Second, we present four
FHP configurations of the BTMS on improving battery
thermal performance and compares them subsequently.
An optimal layout of FHP is chosen and used on the bat-
tery pack. Its heat dissipation effectiveness is verified.
Third, the influence of discharge rate, coolant air veloc-
ity, and coolant air temperature on the battery thermal
characteristics are examined.

2 | NUMERICAL MODELS

2.1 | Geometric model description

First, the cooling effect of FHP-based BTMS on a battery
module was analyzed. Figure 1 depicts the schematic rep-
resentation of this system. Table 1 presents the parame-
ters of a prismatic battery cell. The battery module
comprises 12 battery cells with 3 parallel and 4 series
arrangements. The capacity of lithium batteries used in
actual flying cars are depended on many factors, such as
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Aluminum sheet Battery FIGURE 1 Schematic
representation of FHP-
based BTMS
Cooling fins
Flat heat pipe Thermal pad
TABLE 1 Parameters of lithium-ion battery cells TABLE 2 Key structural parameters of FHP
Parameters Value (Property) Parameters Value Units
Dimensions 148.3 mm * 26.7 mm * 98 mm FHP length 0.44 m
Anode material NCM Evaporator length 0.331 m
Electrolyte material LiPFq Adiabatic section length 0.012 m
Cathode material Graphite Condenser length 0.097 m
Nominal capacity 50 Ah FHP width 0.148 m
Nominal voltage 3.65V Total thickness of FHP 5 mm
Operating voltage 2.75V-425V Thickness of shell 1 mm
Mass 895¢g Thickness of wick 1.5 mm
Thickness of vapor channel 1.5 mm
weight, range, power. Take E-Hang 184 for example, the
. . -1 .
power dens‘lty of battery pack is 157'Wh .kg > W}_nle the TABLE 3  Structural parameters of cooling fins
power density of the battery module in this paper is more
than 240 Wh kg™ "*” Considering a 70% efficiency from Parameters Value Units
the module to battery pack, the power density of the pack Number of fin 25 /
in this paper is about 170 Wh kg~ !, which is a little Width of fin 0.148 m
higher t'han 'that of ]?-Ha'ng 184. There1'°ore, tl}e battery Height of fin 0.08 m
module in thl'S paper is sulta‘ble for th'e' simulation ana?ly— e 1 mm
sis under flying car operating conditions. The spacing i
between each battery cell was 1 mm. Thermal pad was Spacing between fins 3 mm
placed between the module and FHP to reduce contact
thermal resistance. So in this paper, contact thermal
resistance was considered negligible during simulation. 2.2 | FHP-based BTMS simulation model

Table 2 enlists the major structural parameters of FHP.
The shell of FHP was made of aluminum because of its
low density and high thermal conductivity. Acetone was
selected as the phase change working medium of FHP
because of its working temperature and compatibility
with aluminum. Air cooling was used for heat dissipation
at the condensation section. A series of cooling fins were
arranged next to each other on the condensation
section to expand the heat transfer area and improve heat
dissipation effect. The rectangular cooling fins were made
of aluminum (same as the FHP shell). Table 3 presents
the structural parameters of cooling fins.

This study used a CFD model to simulate the thermal
behavior of batteries under different working conditions.
Each model of the BMTS components is described below,
including the battery model, FHP model, and coolant
model. The following assumptions are presented to sim-
plify the model’s simulation:

a. The thermal conductivity of the battery material is
heterogeneous in different directions. Moreover, the
specific heat capacity and thermal conductivity were
constant and temperature independent.



WANG ET AL.

b. The heat generation was uniformly distributed in
the cell.

c. Heat convection and radiation in the cell were consid-
ered negligible. Only the convective heat transfer was
considered on battery cell, FHP, and cooling fins sur-
face with the external environment. Moreover, the
contact thermal resistance was neglected between bat-
teries and FHP.

d. The FHP works below its heat transfer limitation. The
heat transfer performance of the FHP is unaffected by
its setting direction. Phase change on the wick-vapor
interface and working medium flow inside FHP were
ignored.

e. The thermal conductivity of the FHP is assumed con-
stant. Its working performance was unaffected by the
temperature, battery heat generation, and heat dissi-
pation structures.

2.2.1 | Battery thermal model

A single battery cell was divided into the following parts:
battery shell, battery heat source, positive tab (alumi-
num), negative tab (nickel), and cavity. Figure 2
(A) presents the physical model of the single battery cell.
In the simulation, the following energy equation was
solved to obtain the temperature distribution®®:

6,712 (L 7T) 2 (LT, 2 (0T
P g o\ ax ) Tay\ Moy ) T az\"az) T4

1)

where p, C, and 4 denote the density, specific heat, and
thermal conductivity of the battery, respectively.

Positive tab

Negative tab

Battery shell Cavity

(A)

FIGURE 2

Battery heat source
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T denotes the battery temperature and g represents the
heat generation rate in the unit volume of the
battery cell.

The heat was generated in the cell by two primary
heat sources, presented on the right side of Equation (2).
The first term refers to the irreversible joule heat created
by the internal resistance of the battery, whereas the sec-
ond term refers to the reversible heat generated by the
entropy change.*

dU
Q:I(U_UOCV)‘FIT% (2)

where Q denotes the total heat generation rate in the bat-
tery. I is the charging or discharging current, U and Uy,
are respectively the terminal and open-circuit voltage of
the battery. dU,,/dT represents the battery entropy coef-
ficient. According to the related studies,’®*' the irrevers-
ible joule heat can be expressed as I*(R, + R,) in this
simulation. Then, q is rewritten as:

dUocv
dT

1
q== |I*(Ro+Rp) +IT (3)

|4

where V is the cell volume. R, and R, denote the ohmic
resistance and polarization resistance of the battery,
respectively. These parameters shared a nonlinear rela-
tionship and were affected by state of charge (SOC), tem-
perature and current of the battery. This study
established a resistance-based battery model to reflect
this relationship. The detailed modelling process and
experimental validation were described in previous stud-
ies.*” Figure 2B shows the heat generation rate of the bat-
tery cell under natural convection from 90% SOC to 10%
SOC at different discharge rates. The heat generation rate

T T T T T T T
22 - 4
i—1C discharge rate
20 ‘— 1.5C discharge rate| -
g |=—=2C discharge rate

< 18 - 4
s

= 16 .
©

214 _
[0)
o

w®12r .
2

5‘10 - -
=

5 8r 4
om

°r /_\_/ ]

4+ -

1 " 1 " 1 L 1 s 1 " 1 " 1

0 500 1000 1500 2000 2500 3000
Time (s)

(B)

(A) Physical model of a battery cell, (B) Heat generation of a battery cell under different discharge rates
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of the battery decreases at around 20% DOD (depth of
discharge) and begins to increase gradually at around
60% DOD. That’s because the
decreases gradually before the middle stage of the dis-
charge (about 50% DOD), then increases gradually,
which leads to the tendency of heat generation rate in
Figure 2B.*

2.2.2 | FHP model

Figure 3 shows the internal structure FHP in this study’s
simulation, including aluminum shell, sintered wick, and
vapor channel. The working principle of FHP is shown as
follows. The heat generated by the batteries was trans-
ferred to the evaporation section of FHP. The working
fluid absorbed the heat by phase change and conducted
heat into condensation section because of pressure drop.
Finally, the heat was dissipated by the cooling air at the
condensation section. Then the working fluid flows back
to the evaporation section by the wick capillary force. As
previously mentioned, the FHP was considered an iso-
thermal conductor with constant thermal conductivity.
Table 4 enlists the thermal properties of the materials
used in the BTMS. The battery physical parameters are
obtained by experimental tests. The calculating process of
FHP parameters, including density, specific heat, and
thermal conductivity is based on the following equations:

_palVa+pyVw+pVy
PFHP =

(4)

Vrup

Evaporation section Condensation section

AL L L oTo NN,

NSNS i 70

Wick Vapor Shell
FIGURE 3 Internal structure of the FHP
Material p (kg m3) C, (kg 'K
Battery 2519 1022.8
Aluminum 2719 871
Nickel 8900 460.6
Air 1.225 1006.43
FHP 1655 910

WANG ET AL.
C Cp,Al ma) + Cp,w My, + Cp,v my (5)
. . JFHP —
internal resistance P MyHP
~ lpmp
lFHP - (6)
RrupSrup

where the subscripts FHP, s, w, and v respectively denote
the parameters of FHP (total), aluminum shell, wick, and
vapor channel. [ and S are the length and sectional area,
respectively. R is the FHP thermal resistance which is cal-
culated based on the thermal resistance model in our pre-
vious study in Ref** For batteries under different
discharge rates from 2C to 4C, the thermal conductivity
of FHP is around 2000 (+20%) W-m K™ '. So in this
paper, the thermal conductivity is set 2000 W-m ™~ "K .

2.23 | Coolant model

Air was supplied to dissipate heat at the condensation
section of FHP. A total of 25 cooling fins were inserted
on the FHP, and the schematic diagram is presented in
Figure 1. In the air-cooled BTMS, the Reynolds number
of the inlet flow was usually larger than 10* hence, the
status of the airflow was turbulence.*’ Assuming that the
cooling air was incompressible, the Navier-Stokes equa-
tions with the k — & model was adopted to simulate the
airflow along the cooling fins in the BTMS:

J .

—;[‘lJrV-(pav):O (7)
Vo~ N~ 1 R
(Z—:—F(V-V)v:—p—Vp—H/VZv (8)
OTa (= N ke
ot (v -V)Ta_piacpﬂv T, 9)

where p, p, T, 4, and v denote the density, pressure, tem-
perature, thermal conductivity and kinematic viscosity,

TABLE 4
materials

A(Wm 1KY Properties of the

1.0962 (z axis)
22.4459 (x and y axis)
202.4

91.74

0.0242

2000
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respectively, and v is the velocity vector. The subscript
a refers to air. C,, is the air-specific heat capacity. The
control equations of the whole system are discretized by
finite-volume method. SIMPLE algorithm is used as the
scheme of the solvers. The spatial discretization methods
and the boundary conditions are selected and set in
ANSYS Fluent GUI (graphical user interface).

2.24 | [Initial and boundary conditions

The initial temperature of the BTMS system was 20°C,
which was same as the ambient temperature. The batte-
ries discharge from 90% SOC to 10% SOC. The inlet flow
of the cooling air was set as the velocity inlet. The outlet
was set to be a pressure outlet whose temperature was
equal to the ambient temperature. The contacts between
batteries and FHP, cooling fins and FHP, and cooling air
and FHP were set as coupled walls. The bottom of FHP
was set as adiabatic, whereas the other system surfaces
were under the natural convection condition with heat
transfer coefficient value of 5 W-m >K .

22,5 | Computational grid

This study conducted grid independence tests to ensure
the simulation’s accuracy. ANSYS FLUENT with user
defined function programmed by the authors was used to
solve battery thermal performance with the FHP-based
BTMS. A grid independence test was conducted to deter-
mine the suitable grid number for the simulation. In the
verification cases, the battery discharge rate was 3C and
the inlet velocity was 10 m s~ '. The highest temperature
of the module in discharging process was selected as the
assessment criteria, and the results are presented in
Figure 4. Maximum temperature of batteries changed no
more than 0.1°C when the grid number was from
52 x 10° to 1.4 x 10°. Therefore, the grid number
5.2 x 10° was chosen, and the grid division method, in
this case, was applied to other simulations under differ-
ent FHP configurations in Section 4.

3 | MODEL VALIDATION

The simulation results were compared with the following
experimental data to validate the proposed model.
Figure 5 shows the schematic diagram of the experimen-
tal system. It comprises an FHP with 25 rectangular fins,
a battery module consisting of 12 cells, a battery tester, a
temperature measurement and acquisition system, and
an air-cooling system. The battery cells were placed in
parallel on the surface of FHP. The battery tester
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FIGURE 4 Results of the grid independence test

(Digatron EVT300-0600) was used to provide external
load to the battery module and collect the current and
voltage data during the charging or discharging condi-
tions. The relative uncertainty of the battery tester was
<0.1% of the measurements. The temperatures of the bat-
teries were measured by K-type thermocouples and the
testing error was 0.15 + 0.002|T|°C. In total, 24 thermo-
couples were placed at the face centroid on both sides of
each single battery cell, which is illustrated in Figure 6.
The temperature data were gathered by the data collector
(Agilent 34972A) and then transmitted to a computer at
an interval of 1 s. The thermal grease with a thermal con-
ductivity more than 3.0 W-m "-K ' was covered on FHP
evaporation section to reduce the contact thermal resis-
tance between the module and FHP. Cooling air was sup-
plied at condensation section with the assistance of an
electric fan and air channel. An anemograph was
inserted through the air channel to measure the velocity.
The bottom of FHP was covered with thermal insulation
material to prevent heat transfer to the ground. The cool-
ing air velocity was 5 m s~ and the ambient temperature
was the same as the BMTS’s initial temperature (20°C).
The battery module was placed in the laboratory with an
ambient temperature of about 20°C, and the boundary
conditions could be approximately equivalent to natural
convection condition. As the laboratory was a relatively
large space and the indoor temperature was maintained
by air-conditioning, it could be approximated that the
ambient temperature was 20°C. After each discharging
and charging process, the battery module was let stand in
the environment for more than 10 hours. When the batte-
ries were cooled down and the temperature measurement
data of thermocouples was stable within the range of 20
+ 0.5°C, the next experimental discharging process could
be started. We used Schultz and Cole™ method to
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Measure

Temperature

Temperature data collector

FIGURE 5 Schematic diagram of the experimental system devices
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calculate the measurement uncertainty. The maximum
relative uncertainty was <1.35%.

The battery discharges at a 1.5C rate from 90% SOC to
10% SOC in our experiment. Figure 7 shows the compari-
son of simulation results and experimental data for the
battery temperature distribution at the end of discharging
process. Figure 7A shows the surface temperature from
measure point 1 to 12 corresponding to battery numbers
1 to 12, respectively. The calculated results and experi-
mental data were close with a deviation of 3°C. The rea-
son is that as the battery temperature rises in
experimental process, the ambient temperature near the
battery module rises synchronously, which is around
23°C at the end of discharge. This may result in a rela-
tively worse heat dissipation effect. Also, we can find that
the temperature of the fourth battery cell is relatively
lower in Figure 7A. The reason maybe that the data mea-
sured by thermal couple has measurement uncertainty as
error bar shows in Figure 7A. The temperature measured

Power supply

FHP-based battery module

K-type thermocouples

Cooling fins inlet

FIGURE 6 Schematic diagram of
the temperature measuring points of the
batteries

in the fourth battery maybe lower than the true value
and the deviation maybe relatively large. On the other
hand, there may be some operation problems during the
experiment, such as poor contact between the fourth
thermocouple and the battery cell. We also compared the
temperature development and heat dissipation of battery
cell 1 between experimental and simulation results. The
heat dissipation of battery cell is calculated by
Equation [10]:

aT

z (10)

Qais = Q—pCp

where, Qgis denotes the heat dissipation of the battery
cell. Figure 7B presents the temperature development of
measure point 1 on the surface of battery 1 while
Figure 7C shows the comparison of battery 1 heat dissi-
pation between experiment and simulation. The results
were relatively similar at the first half of discharging.
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FIGURE 7 (A) Temperature distribution of 12 battery cells at the end of 1.5C discharge, (B) Temperature development of the measure

point 1 in the discharging process, (C) Battery heat dissipation development of battery cell 1 in the discharging process

However, the heat dissipation effect was worse at the end
of the experiment, leading to a higher temperature-rising
speed than simulation. Based on the above results, the
CFD model proposed in this paper can accurately predict
the thermal performance of batteries.

4 | RESULTS AND DISCUSSION

41 | Thermal performance of the BTMS
at different discharging conditions

The thermal performance of FHP-based BTMS was first
analyzed at different battery discharge rates (defined as

rates of the charge or discharge as compared to the nomi-
nal capacity of the battery). The initial temperature was
set as 20°C, which is same as the ambient temperature.
The cooling air with a velocity of 10 ms~' was used at
the FHP condensation section. The inlet coolant tempera-
ture was 20°C. Section 2.2.4 mentioned the other bound-
ary conditions of the simulations. The system’s thermal
behavior was first simulated under constant discharge
rates of 1C, 2C, and 3C. Then, the results were compared
to the natural convection condition. Figure 8A presents
the maximum temperature development of the FHP sys-
tem under different discharge rates and boundary condi-
tions. The use of FHP in BTMS can reduce battery
maximum temperature effectively. For instance, the
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in FHP-based BTMS at the end of 3C discharge rate

module’s maximum temperature can be controlled under
40°C at 2C discharge rate, which is 4.65°C lower than
natural convection. The higher the discharge rate, the
greater the decline of the maximum temperature. The
maximum temperature drops by 3.85°C under 1C dis-
charge rate and 7.65°C under 3C discharge rate. Figure 8
(B) shows the temperature distribution of each cell at the
end of the 3C discharge rate. The battery cell closest to
the condensation section has the lowest temperature,
whereas the temperature of other battery cells located
elsewhere tends to be higher. The reason is that the bat-
tery cell next to the cooling fins has the lowest thermal
resistance from the evaporation to condensation section,
causing temperature to be the lowest. Based on the
results shown in Figure 8, the maximum temperature of
the system can be seen to exceed 45°C, while the maxi-
mum temperature difference was above 5°C under the
3C discharge rate, meaning that the configuration of FHP
on this battery module was quite unsuitable. This is
because the cooling fins were placed only on the right
side of FHP, causing the generated heat of left-side batte-
ries more difficult to dissipate.

Next, the battery thermal performance was consid-
ered under transient flying cars working conditions. The
flying car battery discharge rate simulated in this paper
was referred to the previous related studies.*>*® The total
mass of the flying car is about 3000 kg. The parameters of
flying car mission profile are listed in Table 5. Figure 9
presents the discharge rate time curve corresponded to
the parameters presented in Table 5. The batteries yield
the greatest power in the vertical climb segment, as the

TABLE 5 Parameters of flying car mission profile
Parameters Value (Property)
Climb acceleration 2ms?
Maximum climb velocity 45ms!

Flight altitude 500 m
Forward acceleration 2ms 2
Forward velocity 100 km h™*
Flight range 50 km

highest discharge rate reaches 4.8C within a short time
and keeps more than 4.3C until the end of takeoff seg-
ment. The discharge rate of the cell in the forward flight
segment turns to be lower, which is maintained at
around 1.3C for this period. The discharge rate grows
rapidly in the descent segment and settles at around
44C. The batteries can provide the transient output
power required by the flying car under such a discharge
rate, and the whole discharge time is about 30 minutes.
In this paper, we started with the battery module instead
of the whole battery pack and analyzed the battery ther-
mal characteristics of the module under flying cars’ work-
ing conditions.

Figure 10 shows maximum temperature rise and tem-
perature difference of the module under flying cars oper-
ating conditions. For batteries with natural convection in
Figure 10A, the maximum temperature increases rapidly
in the beginning and reaches more than 55°C at the end
of the climb segment. Then as the discharge rate decreases
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to 1.3C, the increasing rate of maximum temperature
decreases sharply. The maximum temperature remains
almost unchanged in the forward flight segment. When
flying car begins landing, the maximum temperature
increases with the discharge rate, reaching 61.30°C in the
end. After about 200 s in the flying car operation, the max-
imum temperature of the module consistently exceeds
50°C, which is unfavorable to battery overall performance.
For the batteries with FHP-based air cooling, the develop-
ment rate of maximum temperature in the takeoff and
landing segments is not much different from natural con-
vection. The most significant difference between them is
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the cruising period. When the battery discharge rate drops
to 1.3C in the forward flight segment, the maximum tem-
perature decreases because of heat dissipation in the con-
densation section. At the end of the forward flight
(at 1750 s) segment, the maximum temperature drops to
39.40°C, which is a 46.31% decrease in maximum temper-
ature rise than natural convection. To sum up, the tem-
perature decrease rate (°C min ') of the batteries during
the forward flight segment needs to be considered while
analyzing the thermal characteristics of the power batte-
ries in the flying car operating condition.

Figure 10B shows the maximum temperature differ-
ence of the module under natural convection or FHP
cooling. For natural convection, the maximum tempera-
ture difference increased at a nearly linear development
rate and achieved the highest value of 11.55°C at the end
of discharge. For FHP cooling, at the beginning of the
high discharge rate, the temperature difference increased
rapidly with time because the battery cell near cooling
fins had a better heat dissipation effect. Although the dis-
charge rate fell to 1.3C at 200 s, the maximum tempera-
ture difference still increased with time delay. The
temperature decrease rate of the battery cell further from
cooling fins was still lower than that in the area closer to
the fins. The maximum temperature difference reached
the highest value of 11.43°C at around 600 s. Then, it
decreased to around 8°C at the end of discharge. The
results showed that the maximum temperature difference
appeared during the cruise segment for batteries with
FHP cooling. In this simulation case, the maximum tem-
perature difference was greater than the battery tempera-
ture uniformity limitation (5°C), which should be
improved in the following section.
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4.2 | Influence of different FHP
configurations on battery thermal
performance

The simulation results for the FHP-based BTMS pre-
sented in Section 4.1 revealed that the maximum temper-
ature of the batteries was much higher than 45°C, with
the maximum temperature difference being higher than
5°C under both 3C constant discharge rate and flying cars
operating conditions. The heat dissipation area of the
cooling fins was not large enough, causing a relatively
higher temperature under a high discharge rate. On the
other hand, the cooling fins at the FHP condensation
section were only placed on one side of the battery mod-
ule, resulting in poor heat dissipation for the battery cells
located further away from the cooling fins. Three new
FHP-based cooling fins configurations on the battery
module (Figure 11) were proposed in this paper to
improve the battery thermal performance. For Scheme
2 in Figure 11, the exact specifications of the original
cooling fins (Figure 1, Table 3) were placed on both sides
of FHP. This will increase the heat dissipation area and
shorten the heat diffusion path of the batteries on the

from evaporation to condensation section, mainly along
the thickness direction of FHP. Table 6 enlists the struc-
tural parameters of cooling fins of Schemes 3 and 4. It is
worth noting that the weight of the cooling fins is the
same for these three systems. Besides, since the thermal
conductivity of FHP is a factor that affects the battery
thermal characteristics at different FHP configurations, it
is set to be the same (2000 W-m~'-K™) in these simula-
tion cases as a controlled variable.

The battery thermal characteristics were simulated
with these new FHP configurations under different work-
ing conditions and then compared. Figure 12 shows the
thermal performance at the constant 3C discharge rate.
Compared to the original FHP configuration, the maxi-
mum temperature can be limited to 46.57°C by Scheme
2, which is a 19.6% decrease on the maximum tempera-
ture increase. However, the batteries coupled with
Schemes 3 and 4 FHP configurations embody a much
better thermal performance. The maximum battery tem-
peratures were 42.20°C for Scheme 3 and 41.74°C for

TABLE 6 Structural parameters of cooling fins
module’s left side. For Schemes 3 and 4, the cooling fins
and the battery module are placed on both sides. It is dif- Parameters Scheme 3 Scheme 4
ficult to directly mount the cooling fins at the surface of Number of fin 42 84
the battery for the real BTMS. The fins need to be welded Width of fin (m) 0.148 0.098
at the condensation section of FHP first, and then dissi- Height of fin (m) 0.0475 0.036
pate heat of the battery module. This w?ll .exte.nd the heat Thickness of fin (mm) 5 2
transfer area and strengthen the heat dissipation effect of Soacing b . . .
the system. The heat generated by cells is transferred pacing between fins (mm)
Scheme 2
WA .
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FIGURE 11 Schematic

Scheme 3

Scheme 4

representation of three new FHP-based
BTMS configurations
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batteries coupled with Scheme 4 FHP. As for the maxi-
mum temperature difference, Scheme 2 FHP configura-
tion can reduce the value from 11.04°C to 5.71°C.
Scheme 3 and 4 FHP configurations can further decrease
the maximum temperature differences to 0.72 and
0.63°C, respectively. The Schemes 3 and 4 FHP configu-
rations exhibit a remarkable heat dissipation -effect
because the maximum temperature rise can be reduced
by around 33% and the maximum temperature difference
can be decreased by around 94%.

It is obvious that the battery thermal performance is
greatly improved for Scheme 3 and Scheme 4. The reason
is that the thermal resistance of each battery cell is
reduced significantly under Scheme 3 and Scheme 4. For
the heat generated in each battery cell, the generated
heat is transferred to FHP and then conducted to the con-
densation section. Then the heat is taken away by the
cooling fins. The greater the thermal resistance, the smal-
ler the heat dissipation of the battery cell, and the higher
the battery maximum temperature. For Scheme 1, the
battery cell on the left side (furthest from the cooling
fins) has the largest thermal resistance, as the heat trans-
fer passage is relatively longer than the other battery
cells, which causes the higher temperature. For Scheme
2, as a new condensation section is presented, the heat
diffusion path for the battery cell on the left side is
greatly reduced, which leads to a sharply decrease of the
thermal resistance for these battery cells. Then the heat
dissipation effect is improved and the maximum temper-
ature is reduced. However, the battery cell in the middle

of the module still has a relatively longer heat passage for
heat dissipation, the thermal resistance for the battery
cells in the middle is still higher in Scheme 2, which
means the maximum temperature reduces slightly in
these middle battery cells. For Scheme 3 and Scheme
4, the cooling fins are placed under FHP and the heat
generated by the battery cells can be conducted and dissi-
pated directly along the thickness of the FHP. Each bat-
tery cell (not only at left side but also in the middle) of
the module has a lower thermal resistance for heat trans-
fer, so the maximum temperature of the module can be
further reduced compared to Scheme 2. As for the maxi-
mum temperature difference, the thermal resistance for
each battery cell are uniformly distributed. Then the heat
dissipation rate for each battery cell is approximately
equal to each other, which leads to a lower temperature
difference for Scheme 3 and Scheme 4.

The thermal behavior of BTMS was analyzed under
flying car operating conditions, whose results are shown
in Figure 13. Similar to the conclusions in Figure 13, the
batteries coupled with Schemes 3 and 4 FHP configura-
tions have a lower temperature rise and a better tempera-
ture uniformity. For the maximum temperature curve in
Figure 13 (A), although the maximum temperature at the
end of climb segment exceeds 50°C for all the FHP con-
figurations, the batteries by Schemes 3 and 4 have a
higher temperature drop rate during the forward flight
segment. The maximum temperature dropped below
45°C in <3 minutes while cruising and was finally kept
below 30°C at the end of the flight forward segment.
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Although the discharge rate rises during the descent seg-
ment at the end of discharge, the maximum temperature
still does not exceed 45°C. Moreover, maximum tempera-
ture difference shown in Figure 13B can also be limited
to under 1°C by using Schemes 3 and 4 FHP configura-
tions. The reason of different FHP heat dissipation per-
formance under different schemes are similar to the
analysis in the last paragraph.

To summarize, Schemes 3 and 4 FHP configurations
can improve the battery overall thermal performance at
both 3C constant discharge rate and transient flying cars
operating conditions. The reason for this is that the cool-
ing fins and battery module in these two configurations
were installed on the opposite surfaces of FHP. The heat
generated by each cell can be dissipated efficiently along
thickness direction, greatly enhancing the heat dissipa-
tion effect of battery cells, especially those in the middle
of the module. This will further lower the maximum
temperature of the module. Furthermore, cooling fins
were arranged evenly on the FHP’s condensation sec-
tion. The symmetrical BTMS structure can also greatly
reduce the maximum temperature difference among the
cells. In contrast, the heat dissipation effect of Scheme
4 was slightly better than that of Scheme 3. Given that
the FHP of Scheme 3 was arranged at the bottom of the
battery and the FHP of Scheme 4 was arranged on both
sides of the battery, the FHP of Scheme 3 has a much
simpler layout structure. Therefore, Scheme 3 was used
as the FHP-based BTMS configuration for the battery
pack. The parametric analysis was conducted further in
Section 4.3.

4.3 | Heat dissipation effect of FHP-
based air cooling on the battery pack

43.1 | Battery thermal performance under
different discharge rates

As mentioned above, Scheme 3 FHP-based cooling fins
were chosen for BTMS in a battery pack. Figure 14 shows
the schematic representation of this system. Four battery
modules (4 parallel and 1 series) were arranged in line
with a 10-mm space between them. The battery cells
were numbered from 01 to 48 orderly. The FHP
(623.2 mm x 331.4 mm x 5 mm) was placed under the
bottom of the pack. The cooling fins were mounted under
the bottom of FHP, meaning that the battery pack and
cooling fins were located at the top and bottom of FHP.
The number of cooling fins was 49, whereas the width
and height of cooling fins were 331.4 mm and 50 mm,
respectively. The other parameters of cooling fins were
the same as Scheme 3 presented in Table 6.

The battery thermal performance was first verified
under different discharge rates. The results are presented
in Figure 15. For the 1C and 2C constant discharge rates,
the maximum temperature of the battery pack can be
controlled by 25.00 and 33.67°C, respectively. As for 3C
discharge rate, the highest temperature was 45.19°C,
which was slightly higher than the maximum tempera-
ture limitation. For flying cars' transient discharge rate,
the maximum temperature was 50.37°C at the end of
takeoff segment. Then, the temperature dropped with an
average speed of 1.5°C min~' at the beginning of the
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FIGURE 14 Schematic diagram of FHP-based BTMS for the
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forward flight segment. It was finally controlled under
45°C at around 390 s. The abovementioned results dem-
onstrate that the FHP in this configuration can fully meet
the thermal characteristics requirements of 1C and 2C
discharge rates when applied to BTMS for the battery
pack. It can also meet the requirements more than 80%
of the time at 3C and different flying car discharge rates.
Figure 16 depicts the temperature distribution of the
pack at 3C and flying cars' discharge rate. It can be
noticed that the average temperature of the cells located
in the center of the battery pack was generally higher
than that located on the outside. This is because the
nearby batteries affect the convective heat transfer effect
between the central cells and the environment. Further-
more, the average temperature of the battery cells tends
to increase along the direction in which the cooling air-
flows. The reason for this result is that the temperature of
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the cooling air increases continuously along the direction
of flow channel, worsening the heat dissipation effect of
the cells located further away from the inlet. Therefore,
the temperature of the battery cells numbered 14 to
16 and 27 to 29 were higher, and the battery cells num-
bered 12, 24, 36, and 48 were lower. Also noted that the
temperature distribution in each battery module is asym-
metric. The battery cells near the inlet have relatively
lower temperature while the cells near the outlet higher.
That is because the temperature of cooling air increases
along the air path from inlet to outlet. The battery cells
near the cooling inlet have a relatively better heat dissipa-
tion effect, and the average temperature of these battery
cells are lower than the others. As the increasing cooling
air temperature worsens the heat dissipation effect for the
batteries near the outlet, the temperature of the battery
cell rises gradually along the air path from inlet to outlet.
For the battery cells at the back of the pack (numbered
01, 13, 25, 37), the average temperature decreases because
of the convective heat transfer with the environment.

4.3.2 | Battery thermal performance under
different inlet velocities

The simulation process of this paper studied the effects of
the inlet flow velocity on battery thermal characteristics
to improve heat dissipation effect of the FHP system com-
bined cooling fins. The constant 3C discharge rate and
transient flying cars discharge rate were adopted for this
simulation. Cooling air velocities ranged from 5 to
30 m s}, with an interval of 5 m s~ Figure 17 depicts
the maximum temperature and maximum temperature
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difference of battery pack at different flow velocities.
With the increase in the flow velocity, the maximum
temperature decreases and the maximum temperature
difference increases. However, the variation magnitude
of the maximum temperature and maximum temperature
difference decreases gradually with the increase in the
inlet velocity, meaning that the heat dissipation effect of
the system was no longer evident when the airflow veloc-
ity increased to a certain level.

Furthermore, for the batteries under flying car dis-
charge conditions, increasing the flow velocity slightly
affects the improvement of the maximum temperature.
When the velocity increased from 5 to 30 m s~ *, the high-
est temperature of the pack only decreased by 0.28°C.
This is because the extreme point of maximum tempera-
ture arrives at the end of the climbing segment of the fly-
ing cars with a value of around 170s. Because the
batteries generate a large amount of heat in a short
period of time, the effects of increasing inlet velocity to
lower the battery maximum temperature are not notice-
able. Therefore, the effects of inlet velocity on tempera-
ture decrease rate were further analyzed. The dotted line
in Figure 17A represents the decrease rate of the maxi-
mum temperature within 1 minute after reaching the
extreme point. The greater the inlet velocity is, the faster
the temperature drop rate is. However, the impact of inlet
velocity on the temperature decrease rate was relatively
more apparent. When the flow velocity was increased
from 5 to 30 m s~ ', the maximum temperature decrease
rate increased from 1.96 to 2.29°C min'. This outcome
indicates that increasing inlet flow velocity can rapidly
control the battery temperature below the maximum lim-
itation (45°C).
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The fan power consumption of the BTMS is an impor-
tant factor that impacts the specific energy of the battery
pack when considering the influence of airflow velocity
on battery thermal performance. The ideal fan power
consumption can be calculated by the following
Equation'®:

P=VAP=V (P —Pow) (11)

where P denotes power, AP is the pressure drop, and V
denotes the inlet volumetric flow rate. The relationship
between flow velocity and fan power consumption is pre-
sented in Figure 17(B). As the flow velocity increases, the
fan power consumption increases and the increasing rate
grows faster. When the flow velocity exceeds 20ms™ ",
the power consumption is >25W, which may influence
the specific energy of the battery pack. Hence, the inlet

airflow velocity should be selected considering both bat-

tery thermal performance and the fan power
consumption.
4.3.3 | Battery thermal performance under

different inlet temperatures

This section investigates the thermal characteristics of
the pack under different inlet flow temperatures. The
cooling air at —10, 0, 10, 20, and 30°C were applied to the
inlet of the cooling fins at the FHP condensation section.
The initial battery pack temperature was kept 20°C in
these simulations. For the inlet temperature with the
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value of —10°C, 0°C, and 10°C, considering that flying
cars may fly at high altitudes, where the ambient temper-
ature may drop when the flying cars are cruising in the
sky. On the other hand, for autumn or winter conditions,
the ambient temperature is lower, the batteries are first
preheated to the initial temperature (20°C) before the fly-
ing car takes off, and then the battery pack is cooled by
the ambient airflow. Figure 18 demonstrates the change
of battery maximum temperature and maximum temper-
ature difference with the temperature of inlet flow at 3C
and flying cars’ discharge rate. With the decrease of flow
temperature, the battery maximum temperature declines
and the maximum temperature difference increases in a
nearly linear relationship. Similar to Section 4.2.2, the
influence of flow temperature on the temperature
decrease rate within 1 minute was further analyzed after
reaching the extreme temperature point. The dotted line
shows the result in Figure 18A. The maximum tempera-
ture decrease rate increased from 1.86 to 2.83°C min '
when the flow temperature decreased from 30°C to
—10°C. It should be worth noting that although decreas-
ing the inlet flow temperature can significantly reduce
the battery maximum temperature, it will increase the
battery maximum temperature difference. For batteries
under flying cars' discharging conditions, the maximum
temperature difference of the battery exceeds 5°C when
the inlet temperature is <0°C. The conclusions of this
section can provide a preliminary guidance for the selec-
tion of the inlet temperature in certain ways. The flow
temperature value should be reasonably selected to meet
a better heat transfer effect on the battery thermal
performance.
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5 | CONCLUSIONS AND
FUTURE WORK

In summary, a thermal model was established for a battery
module cooled by FHP-based airflow. Furthermore, the
battery thermal performance was analyzed at different dis-
charging conditions, including the steady constant dis-
charge rate and flying cars’ working conditions. Then,
different FHP-based cooling fins configurations were pro-
posed and compared among different BTMS schemes.
Next, one of the schemes wherein the battery module and
cooling fins were relatively arranged at the top and the bot-
tom of FHP was chosen for the battery pack. Finally, the
different discharge rate, flow velocity, and flow tempera-
ture on the battery thermal performance of the pack were
further investigated. Based on the abovementioned analy-
sis, the main conclusions were drawn and listed below:

1. The use of FHP can effectively lower the battery maxi-
mum temperature. For flying cars’ discharge rate, the
maximum temperature appears at the end of the take-
off segment, whereas the maximum temperature dif-
ference appears during the forward flight segment.
Furthermore, the temperature decrease rate of the
batteries during the cruising segment needs to be con-
sidered while analyzing the battery thermal perfor-
mance in the flying cars operating conditions.

2. Different configurations of FHP-based air cooling on
BMTS can affect maximum temperature and maxi-
mum temperature difference of the batteries. The sys-
tem that places the batteries and cooling fins on the
opposite surfaces of FHP can significantly strengthen
the heat dissipation effect and then lower the maxi-
mum temperature. In contrast, the BTMS with a sym-
metrical structure can effectively lower the maximum
temperature difference among the battery cells.

3. The FHP configuration applied on the battery pack
can completely meet the thermal characteristics
requirements of 1C and 2C discharge rates. It can also
meet the requirements more than 80% of the time at
3C and flying cars’ discharge rates.

4. Increasing the inlet flow velocity or decreasing the
flow temperature can reduce the maximum tempera-
ture while increasing the maximum temperature dif-
ference. The flow velocity has a little effect on the
maximum temperature for batteries at flying cars’ dis-
charge rate, but it can affect the temperature decrease
rate. Besides, there was a linear relationship between
flow temperature and battery thermal performance.

This paper only verified the possibility of using FHP
on BTMS under high battery discharge rate, and

preliminarily discussed the effects of different FHP con-
figurations on the battery thermal performance. There-
fore, we only consider the arrangement of cooling fins,
and the matching design among the air duct, FHP and
battery pack has not been carried out for the whole sys-
tem right now. After the selection of a better FHP-
cooling fins scheme presented in this paper, the detailed
design of the BTMS will be performed including air duct
design, the selection of fins' structural parameters, the
matching design of the whole system. These contents
will be reflected in our future works. Moreover, consid-
ering that the BTMS system presented in this paper has
some difficulties in controlling the battery temperature
under 45°C in some simulation cases under high dis-
charge rate. The heat dissipation effect of the system can
be further strengthened by optimizing FHP structural
parameters of the (such as FHP thickness and length) or
the parameters of the cooling fins (such as the thickness
and spacing of the fins), and this is also our next step of
future work.
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NOMENCLATURE
Variables

specific heat [J kg ' K]
current [A]

pressure [Pa]

heat generation rate per unit volume [W m 7]
heat rate [W]

Resistance [Q]

time [s]

temperature [°C]

voltage [V]

Volume [m?]

SgHTRORT YN

Subscripts

air

ohmic
polarization
in x direction
in y direction
in z direction

N < X mt™ O w
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Greek symbols

A thermal conductivity [W m ™' K]
p kinematic viscosity [m*s™']

p density [kg m ]
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