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Battery performance and lifespan are greatly dependent on its temperature, and a good
battery thermal system (BTMS) can make the battery work at its favorable temperature
range, improve its electrical performance, and extend its lifespan. Due to the high heat
conductivity and large surface area of flat heat pipe (FHP), the FHP-based BTMS can
quickly remove the heat produced by the battery and improve the temperature
homogeneity among cells in the pack. In this study, the FHP is applied to the BTMS,
and the influence of its structure on the battery thermal dynamics is studied. Firstly, a
coupled thermal model for the FHP-based BTMS is established and verified by the
experiment. This model integrates the resistance-based thermal model of the battery
and FHP model based on the thermal resistance network. Then, the effect of the structure
parameters of FHP such as the thickness, porosity, and particle diameter of sintered wick
on the thermal performance of the battery is investigated. According to the results, the
temperature variation among battery cells rises significantly when the dimensionless
thickness of the wick is greater than 0.7. Moreover, the change of the porosity and
particle diameter of the wick results in a nonlinear development of the wick thermal
resistance which finally changes the heat conductivity of the FHP and battery temperature.
Finally, a neural network model (NNM) is used to establish the relationship between the
FHP parameters and battery thermal performance for optimizing the BTMS structure.
According to optimization result, the optimized FHP can keep the maximum battery
temperature below 40°C at a discharge rate of 2C and reduce the temperature variation in
the battery by 7.4%.

Keywords: lithium-ion battery, battery thermal management system, flat heat pipe, battery thermal performance,
structure optimization

1 INTRODUCTION

Nowadays, electric vehicles have been developed rapidly due to energy conservation and emission
reduction policies. Lithium-ion battery is considered to be one of the most appropriate power sources
for electric vehicles with their high energy/power density, low self-discharge rate, and long lifespan
(Shi et al., 2021). Its overall performance directly affects the operation stability and cruising range of
electric vehicles (Abada et al., 2016). Temperature is a crucial factor influencing the overall
performance of lithium-ion batteries (Rao and Wang, 2011; Cen and Jiang, 2020). Higher
temperature may cause the decomposition of the electrode and electrolyte, which finally leads to
thermal runaway or explosion of batteries (Feng et al., 2015; Dai et al., 2021). Besides, temperature
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differences among battery cells also need to be controlled, since a
large temperature difference aggravates the aging process of
batteries and severely influences the lifespan and performances
of batteries (Park and Jung, 2013; Zhang et al., 2017). With the
urgent demand of electric vehicles towards higher battery power
density and charging-discharging rate, a proper battery thermal
management system (BTMS) is of great significance to control the
temperature rise and reduce the temperature difference of
batteries. It is generally suggested that the optimal temperature
range of lithium-ion batteries is 25–40°C and the temperature
difference should be limited below 5°C (Ye et al., 2015; Panchal
et al., 2016).

Thus far, diverse cooling techniques have been conducted for
BTMS including air cooling, liquid cooling, cooling based on
phase change principle, etc. (Kim et al., 2019). Air cooling is now
widely used owing to its simple and lightweight structure with low
cost (Hong et al., 2018). Its cooling capacity can be improved by
optimizing the structure of air channels (Chen et al., 2019),
battery layout (Yang et al., 2015), and control strategies
(Mahamud and Park, 2011). However, due to the low heat
capacity of air, an air cooling system has a low heat transfer
coefficient and poor heat dissipation effect, especially under high
charge/discharge rate. Liquid cooling is more effective compared
to air cooling because liquid coolants have a high heat transfer
coefficient. Many researchers focus on the fluid channel design
and coolants’ thermal property improvement to enhance the
performance of liquid cooling (Xu and He, 2014). However,
the system components such as coolant, pumps/compressors,
and tubing increase the weight of the system and the risk of
leakage (Behi et al., 2021a). Phase change material (PCM) is
booming in the BTMS field recently, but the intrinsic lower
thermal conductivity of PCM causes the delay of the heat
dissipation rate from a power battery system (Lin et al., 2015).

Heat pipe is a kind of high-efficiency heat transfer element
which bases on phase change principles. It has superior thermal
conductivity and temperature uniformity capability (Reay et al.,
2014; Aswin Karthik et al., 2020). Heat pipe has received much
more attention on BTMS in recent years. Researchers combined
heat pipe with other cooling methods to improve battery thermal
performance (Dan et al., 2019a;Wang et al., 2019; He et al., 2022).
For example, Wang et al. (Wang et al., 2015) used L-shaped heat
pipes to explore the influence of heat generation power on heat
dissipation efficiency. The proposed method is able to keep the
battery surface temperature below 40°C if the battery heat
generation is less than 10W/cell. Rao et al. (Rao et al., 2013)
conducted a research on the thermal performance of sintered heat
pipe-based BTMS. The battery maximum temperature could be
kept below 50°C under the battery heat generation rate less than
50W. Liang et al. (2018) placed straight heat pipes between
battery cells to study the effects of coolant flow rate, coolant
temperature, and control strategies on heat dissipation efficiency.
Chen et al. (2021) combined heat pipes with PCM and verified it
can effectively reduce the temperature difference in the battery
pack. The maximum temperature difference in battery pack is
decreased by 30% after the optimization on PCM thickness
distribution. These related studies have verified the feasibility
of heat pipes in BTMS. Compared with the conventional circular

heat pipe, flat heat pipe (FHP) has a larger contact area with
battery, which efficiently advances temperature uniformity and
optimizes the system layout. Tran et al. (2014) explored the
influence of different flat heat pipe inclination angles on the
thermal performance of lithium-ion batteries. The cell
temperature can be kept below 50°C under a small range of
tilt angles and an average heat flux density. Jouhara et al. (2020)
placed a flat heat pipe under a battery module, and the system was
cooled by water flow. The maximum cell temperature was
maintained below 35°C and the temperature uniformity was
kept below 3°C at 4C discharge rate. Behi et al. (2021b)
designed a sandwiched configuration of the heat pipe cooling
system combined with forced convection. The temperature
variation of cells can be controlled under 40°C at 8C
discharging rate. The results show that flat heat pipe
combined with air or liquid cooling shows great effect on
battery thermal management.

Researchers also carried out related studies on the simulation
analysis of the flat heat pipe in BTMS. Behi et al. (2020; 2021b)
established a computational fluid dynamic BTMS model using
COMSOL Multiphysics® to analyze the thermal performance of
battery cells under various transient boundary conditions. Zhang
and Wei (2020) developed a numerical model of flat heat pipe
coupled air cooling in BTMS and compared the simulation results
to air natural convection and aluminum plate cooling. Xu et al.
(2019) combined flat heat pipe with liquid cooling and simulated
to analyze the enhanced heat conduction effect under different
discharge rates. Yao et al. (2021) proposed a novel flat heat pipe
and refrigerant-based BTMS coupled with an air-conditioning
system for a battery module. The battery temperature distribution
is numerically investigated under various ambient temperatures
and battery heat generation rates. In the abovementioned studies
on flat heat pipe simulation in BTMS, as the heat pipe is slightly
longer than batteries, it can be considered as an isothermal
conductor with constant thermal conductivity (Deng et al.,
2013). Furthermore, in order to reduce the computational
time, some researchers have applied the one-dimensional
equivalent thermal network model of the heat pipe into BTMS
simulation (Dan et al., 2019b). Greco et al. (2014) presented a
simplified thermal network model of heat pipe to predict the
thermal behavior of a prismatic lithium-ion battery cell. The
porous media in the heat pipe was taken into account. Gan et al.
(2020) and Liang et al. (2019) proposed the thermal resistance
network heat pipe model on a battery module consisted of
cylindrical cells. The relationship between the thermal
resistance and the operating temperature was considered. The
above research shows that applying thermal resistance network
heat pipe model to BTMS simulation analysis is gradually
receiving attention from researchers.

Considering the past studies, researchers have verified the
effect of heat pipes applied to battery thermal management
through simulation or experiments, and they have shown
many good results. These researches mainly focus on the
configuration of the BTMS system and demonstrate the
influence of operating conditions on battery thermal
performance. Nevertheless, these studies still have some
shortcomings which need to be improved. Firstly, the thermal

Frontiers in Energy Research | www.frontiersin.org January 2022 | Volume 9 | Article 7976642

Wang et al. Flat Heat Pipe for BTMS

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


model of FHP in BTMS should be improved. In the researches
above, some researches (Xu et al., 2019; Zhang and Wei, 2020;
Yao et al., 2021) regarded the thermal conductivity of FHP to be
constant. However, the thermal conductivity of FHP is dependent
on the temperature and cannot be regarded as constant in the
process of battery operating conditions (Reay et al., 2014). Some
researches (Gan et al., 2020) take the FHP thermal resistance into
account, but the heat source of FHP is a battery cell rather than
battery module. Thus, the simplifications of the heat source to be
single and FHP thermal conductivity to be constant evoke the
prediction uncertainty of temperature distribution in BTMS.
Secondly, structural parameters of the heat pipe, such as wick
thickness and wick porosity, have a great influence on its internal
flow and heat transfer process and then affect its heat transfer
capacity, which is a factor that cannot be ignored when
considering the thermal performance of batteries. Few studies
have considered the influence mechanism of heat pipe structural
parameters on the thermal characteristics of the battery, which
cannot make an appropriate guidance on the heat pipe structure
design for BTMS. Thirdly, the optimization of FHP structural
parameters has not yet been considered in BTMS design to
improve the temperature thermal performance of batteries.
Therefore, it is necessary to explore the effect mechanism of
heat pipe structural parameters on thermal performance of
batteries, which may lay a foundation for the optimization
design of heat pipe.

In the present article, we utilize flat heat pipe for heat
dissipation of prismatic batteries. An FHP-based thermal
management system for the battery module is proposed.
Compared with the existing studies, there are three
contributions made in this paper. Firstly, a parameterized
model for FHP-BTMS is established considering multi-heat
sources of batteries and each heat transfer thermal resistance
unit of FHP. Secondly, the impacts of FHP structural parameters,
including wick thickness, wick porosity, and particle diameter, on
battery thermal performance are investigated. Thirdly, an
optimization design method towards structural parameters of
FHP is carried out in order to improve the battery thermal
performance.

2 NUMERICAL MODELS

An FHP-based BTMS system is displayed in Figure 1A, including
relevant dimensions. The following 1D thermal resistance
network model is based on this BTMS system. Similar to a
liquid cooling system, the FHP is placed at the bottom of the
battery module. The battery module consists of 12 battery cells in
three parallel and four series. The generated heat of batteries
under charging or discharging conditions is directly transferred
to the FHP. The working fluid in the capillary wick absorbs the
heat by phase change and conducts heat to the condensation

FIGURE 1 | (A) Schematic of BTMS based on flat heat pipe. (B) Inside structure and schematic representation of an FHP.
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section. Finally, the heat is taken away by cooling fins at the
condensation section of FHP. The inside structure of FHP and
FHP working schematic is presented in Figure 1B. A thermal pad
is arranged between batteries and FHP to reduce the contact
thermal resistance. In order to ensure the temperature uniformity
along with the height of the battery module, aluminum sheet is
inserted between every two adjacent batteries. For this whole
thermal management system, the entire heat transfer process
includes the heat transfer performance of batteries and FHP. The
thermal performance of batteries is influenced by a combination
of these two aspects. Therefore, it is of great significance to
establish the heat generation model of batteries and the heat
transfer model of the FHP to clarify the influence the mechanism
between them.

2.1 Battery Heat Generation Model
In this study, a module consists of 12 prismatic batteries is used
for analysis. The parameters of a battery cell are presented in
Table 1.

The heat generation of cell consists of two primary heat
sources which are the irreversible joule heat caused by battery
internal resistance and the reversible heat caused by the entropy
change, respectively (Thomas and Newman, 2003). It is expressed
as presented in the right side of Eq. 1.

Q � I(U − UOCV) + IT
dUOCV

dT
(1)

where Q is the heat generation rate inside the battery cell; I is the
charging or discharging current through the battery; U and Uocv,
respectively, denote the terminal and open-circuit voltage of the
battery; T is the battery temperature; and dUocv/dT is the battery
entropy coefficient. According to Onda et al. (2006) and Inui et al.
(2007), Since the irreversible heat could be expressed as I2(Ro +
Rp), the heat generation rate in the unit volume (q) could be
rewritten as:

q � 1
V
[I2(Ro + Rp) + IT

dUocv

dT
] (2)

where V is the cell volume and Ro and Rp are the ohmic
resistance and polarization resistance of the battery,
respectively. The values of these two parameters are related
to the temperature, SOC, and the current of the battery, and
have a non-linear relationship. In this study, the resistance-
based battery model is set up to reflect this relationship. The

energy equation is solved to obtain the temperature
distribution of the battery cell (Yang and Tao, 2006):

ρCp
zT
zt

� z

zx
(λxzT

zx
) + z

zy
(λyzT

zy
) + z

zz
(λzzT

zz
) + q (3)

where ρ, Cp, and λ are the density, specific heat, and thermal
conductivity of the battery. The subscripts x, y, and z are the
directions of the x, y, and z axes.

The detailed modeling process and experimental validation of
the resistance-based battery model are described in our previous
studies (Li et al., 2020).

2.2 FHP Heat Transfer Model
A multi-heat-source thermal resistance network-based flat heat
pipe model is adopted to predict the thermal performance of
FHP. The heat generated inside the battery is transferred to the
shell of FHP through the thermal pad then to the capillary wick
and its internal working fluid, enters the vapor channel after
phase change, and finally is carried away at the condensation
section. The heat transfer process in each step corresponds to a
heat transfer thermal resistance, respectively. On the other hand,
the heat generation rate of each battery is different and changes
with time in the operating conditions. Hence, multiple heat
sources are transferred into different positions of vapor core in
the FHP. For the proposed FHP, there are 12 heat sources in the
battery module, and the thermal resistance network model of
FHP is shown in Figure 2. Rsi and Rwi, respectively, represent the
heat transfer thermal resistance of the shell and capillary wick of
an FHP. Rpci denotes the phase change thermal resistance. Rvi is
the generated thermal resistance due to pressure drop along the
vapor channel. The expressions of different thermal resistance
types are listed as follows, which are derived from continuity,
momentum, and energy equations.

2.2.1 Thermal Resistance of the Shell
The heat is transferred through the shell by heat conduction. The
thermal resistance of the FHP shell corresponding to each heat
source is calculated from (Poplaski et al., 2016):

Rsi � ts
λsAei

(4)

where ts and λs denote thickness and thermal conductivity of the
shell, and Aei is the area of FHP under each battery cell. In a
similar way, the thermal resistance at the condensation section is
expressed in Eq. 5 (Poplaski et al., 2016):

Rsc � ts
λsAc

(5)

where Ac is the area of the condensation section of FHP.

2.2.2 Thermal Resistance of the Capillary Wick
The internal heat transfer process of the capillary wick includes
heat conduction and convection of the working fluid. Assuming
that the capillary wick is always filled with fluid during the
working process of FHP, the thermal resistance can be
calculated from Eq. 6 (Poplaski et al., 2016):

TABLE 1 | Parameters of lithium-ion battery cells

Parameters Value (property)

Dimensions 148.3 mm * 26.7 mm * 98 mm
Anode material NCM
Electrolyte material LiPF6
Cathode material Graphite
Nominal capacity 50 Ah
Nominal voltage 3.65 V
Operating voltage 2.75–4.25 V
Mass 895 g
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Rwi � tw
λwAi

(6)

where tw is the thickness of capillary wick and λw denotes the
equivalent thermal conductivity of the wick. In our previous
study (Qian et al., 2020), three-dimensional diffusion limited
aggregation models based on the microstructure of the wick are
reconstructed, and the equivalent thermal conductivity of the
capillary wick (λw) is calculated by Eq. 7:

λw � λbulk

1 + lbulk
aw

+ lbulk

1.5
�������
d2
w − a2w

√ (7)

where λbulk is the solid phase thermal conductivity, lbulk is the
phonon mean free path of the solid phase and is related to the
porosity of the wick, aw denotes the diameter of contact interface
among particles, and dw is the particle diameter of the wick. It is
noticeable that the thermal resistance of the wick is mainly
influenced by its structural parameters.

2.2.3 Thermal Resistance of Phase Change
The working fluid of the FHP undergoes phase change at the
interface between the capillary wick and the vapor channel.
Assuming that the heat flux density of the evaporation section
has not reached the boiling stage, only evaporation occurs and the
evaporation rates are the same. The phase change thermal
resistance at the evaporation section can be calculated by Eq.
8 (Poplaski et al., 2016):

Rpci � 2 − σ

2σ
(2πRgasTvi)0.5RgasT

2
vi

Aeipvih
2
fgi

(8)

where Tv, pv, and hfg are the temperature, pressure, and latent heat
of the working medium, respectively; Rgas is the gas constant; and
σ is the accommodation coefficient, which is assumed to be 0.03
in this study. The phase change thermal resistance at the
condensation section is the same and can be expressed by Eq.
9 (Poplaski et al., 2016):

Rpcc � 2 − σ

2σ
(2πRgasTv)0.5RgasT

2
v

Acpvh
2
fg

(9)

2.2.4 Thermal Resistance of Vapor Flow
The following assumptions are made in conducting the analyses
on the vapor flow in the vapor channel:

(a) The heat transfer and fluid flow are in the steady state.
(b) The vapor flow is incompressible.
(c) The gravity effect is neglected because FHP is operated in the

horizontal mode.
(d) The gaseous working fluid has only one-directional velocity

component.

The equivalent thermal resistance of vapor flow from the
evaporation section to the condensation section is expressed as
(Poplaski et al., 2016):

Rv � RgasT
2
v

pvhfg
∫le+lc
0

dpv
Q(x) �

RgasT
2
v

pv

12μv
RgasT

2
fgt

3
v

lFHP

lw
(10)

where, μv denotes vapor dynamic viscosity; tv is the thickness of
the vapor channel; le and lc, respectively, represent the length of
evaporation and condensation section of FHP; and lFHP is the

FIGURE 2 | Network scheme for a multi-heat-source FHP.
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total length of FHP along the heat transfer direction, which is the
sum of le and lc (the length of FHP adiabatic section is neglected in
this paper).

For the BTMS system in this paper, the main cause of the
changes on maximum temperature and temperature difference of
the battery cell is the FHP thermal resistance under the same
discharging and heat dissipation conditions. As the structural
parameters of the FHP changes, its thermal resistance variates
correspondingly, which affects the thermal performance of the
batteries. For the multi-heat-source FHP presented in this article,
the temperature characteristics of each heat transfer unit depend
on the effective thermal resistance from the heat source to the
condensation section. The heat transfer path and heat transfer
thermal resistance is different due to diverse distances between
each heat source and the condensing end. Thus, in this study, the
effective thermal resistance (Ri,eff) for each heat source is defined
as the sum of the thermal resistance of each unit on the heat
transfer path from the heat source to the condensation section:

Ri,eff � Rsi + Rwi + Rpci + Rvi + Rpcc + Rwc + Rsc (11)

2.3 Coolant Heat Dissipation
In the present study, air cooling was adopted for heat dissipation.
In order to enhance the heat transfer capability, a series of fins are
placed side by side at the condensation section of FHP which can
effectively increase the heat dissipation area. We selected
rectangular fins as heat exchangers, whose material is
aluminum, the same as shell material. The convection heat
transfer coefficient (Hf) between the fin surface and the
cooling air is calculated by the following equation (Liu et al.,
2016):

Hf � 0.134
λf
lc
Re0.681f Pr

1
3
f(sfin
hfin

)0.2(sfin
tfin

)0.1134

(12)

where Ref and Prf, respectively, denote the Reynolds number and
Prandtl number of the cooling air. λf is the thermal conductivity
of the cooling air at the condensation section. sfin, hfin, and tfin,
respectively, represent the spacing, height, and thickness of the
fins. Hf is mainly influenced by the properties of cooling air and
the geometry structures of cooling fins. The key structural
parameters of cooling fins are listed in Table 2.

2.4 Battery-FHP-Coupled Model
A battery-FHP-coupled model is further established based on the
battery heat generation model and FHP thermal resistance
network model above. It is divided into three parts, including

the battery module, FHP module, and heat dissipation module.
The basic idea of the coupling method is shown in Figure 3. The
heat generation rate of each battery at each time step can be
obtained according to the current, SOC, and temperature and is
input to the battery module as an internal heat source. The
temperature of each FHP and battery node can be obtained by
solving the energy equation for each control volume. It is further
used to calculate the internal resistance and heat generation rate
of the battery at the next time step. Meanwhile, the thermal
resistance of FHP which varies with temperature can be obtained.
The value of the thermal resistance of each heat transfer unit can
be further applied to the solution of the system energy balance
equations at the next time step. The thermal performance of the
batteries can be obtained by repeating the calculating process
mentioned above. The battery-FHP-coupled model is
constructed based on MATLAB/Simulink software.

3 MODEL VALIDATION

In order to validate the battery-FHP-coupled model, the
calculation results are compared with the following
experimental data. In the present study, an aluminum FHP is
designed and fabricated. Considering the working temperature
and compatibility for aluminum, acetone is selected as the
working medium and the filling ratio is 50%. The design
parameters of FHP are listed in Table 3.

The experimental devices for the system are shown in
Figure 4. They consist of an FHP mounted with rectangular
fins, a battery module, a battery tester, and a temperature
measurement and acquisition system. The battery module
which contains 12 lithium-ion battery cells is arranged in
parallel on the surface of the FHP. The battery tester
(Digatron EVT300-0600) is used to charge the cell and
provide the external load to the battery module. Moreover, it
also collects the current and voltage when the battery cells are in
charging or discharging conditions. The relative error of the
battery tester is less than 0.1% of the measurements. The
surface temperature of the battery cells is tested by the K-type
thermocouples and the testing error of the thermocouples is (0.15
+ 0.002|T|) °C. The temperature data are then collected by the
Agilent 34972A collector through thermocouples and
synchronized to the computer at an interval of 1 s. The
relative measuring error of the collector is 0.75%. In order to
reduce the contact thermal resistance between FHP and battery
module, thermal grease (thermal conductivity less than
0.03Wm−1·K−1) is used on FHP to cover the surface of the
evaporation section. An air duct is designed for air cooling at the
condensation section of FHP. An anemograph is applied to
measure the velocity. The cooling air has a velocity of 10 m/s
and its temperature is the same as the ambient temperature
(20°C). In addition, five circular-shaped heat pipes are
equipped into the cooling fins to improve the heat dissipation
efficiency. It should be worth noting that circular-shaped heat
pipes are only used in the experiment. They are not considered in
our BMTS system (shown in Figure 1) during the simulation. The
Schultz and Cole (Sheikholeslami and Ganji, 2016) method has

TABLE 2 | Structural parameters of cooling fins

Parameters Symbol Value Units

Number of fin nfin 25 —

Width of fin wfin 0.148 m
Height of fin hfin 0.08 m
Thickness of fin tfin 0.15 mm
Spacing between fins sfin 1 mm
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been used to calculate the uncertainty. For the experimental cases
in this study, the maximum relative uncertainty is less
than 1.35%.

A comparison of the simulating results with the
experimental data for the battery cell surface temperature
distributions at the end of discharge is presented in Figure 5A.
In this experiment, the battery module discharges at 1.5 C rate
from 90% SOC to 10% SOC. From the results, the
experimental data and calculated results are close to each
other with a deviation of less than 3°C. The relative error
between the simulation and the experimental results is less
than 6.8%. The cell temperature deviation in the middle of the
module is around 1.5°C. One of the reasons is that in the
experiment, as the battery temperature rises, the ambient
temperature near the battery becomes higher (around 23°C
at the end of discharging), resulting in a relatively worse heat
dissipation effect, so the temperature rise is higher than the

simulating results. The cell temperature deviation near both
sides of the module is relatively large and generally exceeds
2°C. This is because an acrylic cover is added around the
module during the experiment to separate the batteries from
the cooling air. It further worsens the heat dissipation effect
on both sides of the module, which causes the battery
temperature deviation on both sides higher on the
contrary. Moreover, the temperature development of the
battery cell in the middle of the module is shown in
Figure 5B. The temperature difference between test results
and simulation results remains below 2°C during the
operating time. This is because the natural convection heat
transfer coefficient is dependent on the surface temperature of
the system in the experiment, which is assumed to be constant
in simulation. According to the above results and
comparisons, the battery-FHP-coupled model proposed in
this paper is reasonable for the study of the battery thermal
performance.

4 RESULTS AND DISCUSSION

4.1 Thermal Performance of the BTMS at
Different Discharge Rates
We first analyze the thermal performance of the battery-FHP
system at different discharge rates. The structural parameters
of the FHP are shown in Table 3 above. It is noted that some of
the boundary conditions used in the following simulation are
different from those in Section 3. The initial SOC of the battery
module is set to be 0.95, and the discharge process stops when
the SOC of any battery cell drops to 0.1. The initial
temperature of BTMS is set to be 10°C. The coolant air is

FIGURE 3 | Coupling method of the battery model and the FHP model.

TABLE 3 | Key structural parameters of FHP

Parameters Symbol Value Units

Number of heat sources n 12 —

Evaporator length of each heat source lei 0.026 m
Evaporator length le 0.323 m
Condenser length lc 0.1 m
FHP width wFHP 0.148 m
Total thickness of FHP ttotal 0.005 m
Thickness of shell ts 0.001 m
Thickness of wick tw 0.0015 m
Thickness of vapor channel tv 0.0015 m
Wick porosity εw 0.5 —

Wick particle diameter dw 60 μm
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applied to the cooling fins with the velocity of 10 m/s at the
condensation section. Forced convection with a
32.4 W m−2·K−1 heat transfer coefficient is applied on the
first and last battery module in the BTMS to highlight the
effect of FHP; otherwise, the temperature difference is not
obvious when the system is insulated. Figure 6 presents the
maximum temperature development of the battery module
with FHP cooling and compares it to natural convection
condition. For natural convection condition, the ambient
temperature is 10°C and the heat transfer coefficient on the
battery module surface is 5 W m−2·K−1. It is evident that the
implement of FHP can observably reduce the maximum
temperature of the battery module. For instance, the
maximum temperature of the battery module can be

controlled under 40°C with FHP cooling under 2C discharge
conditions, which is 14.41°C lower than natural convection. In
addition, the higher the discharge rate, the greater the
temperature difference. The maximum temperature can be
decreased by 7.67°C under 0.5C discharge rate and 14.41°C
under 2C discharge rate. Figure 7 shows the temperature
distribution of the battery module at the end of 2C
discharge rate. The battery cell closed to the cooling fins
has the lowest temperature, while the batteries in the
middle of the module tend to be higher. Each of the battery
cells can be regarded as an evaporator for FHP; the one closed
to the cooling fins has the lowest thermal resistance from the
evaporator to the condenser, which causes the lowest
temperature.

FIGURE 4 | Schematic representation of the experimental system devices.

FIGURE 5 | (A) Temperature distribution of 12 battery cells at the end of discharge. (B) Temperature development of the battery cell in the middle of module in
discharging process.
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4.2 Influence of FHP Structural Parameters
on Battery Thermal Performance
4.2.1 Effect of Wick Dimensionless Thickness
In this study, we consider the total FHP thickness (ttotal) constant,
and the shell thickness (ts) remains unchanged (20% of ttotal). The
influence of wick thickness (tw) and vapor thickness (tv) on the
thermal performance of batteries is further discussed. In this
paper, the dimensionless thickness of the capillary wick (τw) is
defined as the ratio of tw to the sum of tw and tv in Eq. 13:

τw � tw
tw + tv

(13)

A larger dimensionless thickness represents a larger
proportion of the wick thickness, which can improve the heat
transfer capacity. However, it is necessary to pay attention
whether the thickness of vapor core is lower than the critical
value. Oppositely, a smaller dimensionless thickness causes the
reduction of the heat transfer performance. The value of wick
dimensionless thickness should be reasonably selected in the FHP

design to meet a better heat transfer effect on battery thermal
performance.

Figure 8 reveals the influence of wick dimensionless thickness
on battery maximum temperature difference (△Tmax) under 2C
discharge rate. In general, the temperature difference rises with
the increase of τw. When the total thickness of the FHP is greater
than 2 mm, as τw increases, the change of △Tmax is not obvious
initially; but after it reaches a certain critical value (around 0.7),
△Tmax increases significantly. When the total thickness of the
FHP is 1 mm,△Tmax always maintains a relatively high value, but
when τw is greater than 0.7, △Tmax tends to decrease sharply.

The causes of the phenomenon are due to the thermal
resistance distribution of the FHP. We further analyze the
influence mechanism under 2C discharge rate at the ttotal value
of 5 mm. Figure 9 shows the effective thermal resistance and
battery temperature distribution at the end of the discharge
process under different dimensionless thicknesses. When τw is
small, the difference of effective thermal resistance at each battery
cell is not obvious. The temperature of the battery module is
mainly affected by the convection heat transfer on both sides,

FIGURE 6 | Temperature development of the BTMS at different discharge rates.

FIGURE 7 | Temperature variation of the battery cells at the end of 2C discharge.
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which shows a high temperature in the middle and low on the sides.
The thickness of the vapor channel decreases as τw rises. The vapor
channel thickness below critical value leads to a sharp increase of
vapor flow thermal resistance, and the thermal resistance
distribution of each battery cell is significantly different. The
closer the battery to the cooling fins is, the lower the effective
thermal resistance is. Therefore, the temperature of the battery cell
close to the condensation section is lower, while the battery cell far
away from the cooling fins has a relatively higher temperature. The
proportion of different thermal resistances is further calculated.
Figure 10A shows the variation of the thermal resistance in each
heat transfer unit under different dimensionless thickness. It can be
seen that the wick thermal resistance (Rw) at the evaporation section
is significantly higher than the others when τw is small, and Rw
increases with the increasing of τw on this occasion.When τw ismore
than 0.9, the thickness of the vapor channel is lower than the critical
value, and the thermal resistance of the vapor channel (Rv) becomes
higher and dominates the total thermal resistance. Figure 10B shows
that Rw is dominant when τw is lower than 0.7, while the proportion
of Rv is gradually close to Rw when τw is greater than 0.7. The
nonuniform distribution of the effective thermal resistance caused by

the obvious enhancement of the vapor channel thermal resistance at
highwick dimensionless thickness is themain reason for the increase
in the maximum temperature difference of the battery module.
Therefore, the critical wick dimensionless thickness should be taken
into consideration during the design process of the FHP for BTMS.

4.2.2 Effect of Wick Porosity and Particle Diameter
As mentioned above, the porosity (εw) and particle diameter (dw) of
the capillary wick directly affect the effective thermal conductivity,
which further influences the efficiency and heat transfer capability of
the FHP. The effect of εw and dw on the maximum temperature
(Tmax) andmaximum temperature difference (△Tmax) of the battery
module is shown in Figure 11. The coupling effect between εw and
dw causes nonlinear changes on the battery thermal performance.
According toFigure 11A, at a given εw smaller than 0.6, the variation
of dw has a negligible effect on Tmax and△Tmax. As εw reaches to 0.7,
an increase in dw from 20 to 100 μm leads to a decrease in Tmax from
37.7°C to 34.5°C. In addition, under the same value of dw, the greater
εw is, the higher Tmax is. From Figure 11B, under the same value of
dw, the greater εw is, the smaller ΔTmax is. ΔTmax drops significantly
from 2.91°C to 2.67°C with the decrease of dw from 100 to 20 μm

FIGURE 8 | Influence of τw on battery maximum temperature difference.

FIGURE 9 | (A) Effective thermal resistance at different τw. (B) Battery cell temperature at different τw.
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when the value of εw is increased to 0.7. However, the change of
ΔTmax does not exceed 0.1°C when εw is greater than 0.2 and less
than 0.6.

The batterymodule should have a lower temperature and smaller
temperature difference under operating conditions. It can be seen
from the above that there exists a certain contradiction in the
influence of wick porosity and particle diameter on the
maximum temperature and the maximum temperature
difference. In fact, the porosity and particle diameter of the wick
together influence the thermal resistance of the wick in each heat
transfer unit, which in turn impacts the thermal performance of the
battery module. Figure 12 shows the influence of the wick effective
thermal conductivity (λw) on the battery thermal characteristics.
With the increase of λw, Tmax gradually decreases and ΔTmax

increases. When λw exceeds 15Wm−1·K−1, the changing

tendency of Tmax and ΔTmax turns stable. The effect of effective
thermal conductivity on Tmax and ΔTmax is opposite. Therefore,
during the FHP design process, an optimal effective thermal
conductivity of the capillary wick should be obtained through the
reasonable matching of wick porosity and particle diameter, so as to
meet the requirements of the battery maximum temperature and
temperature difference simultaneously.

4.2.3 Effect on Heat Transfer Limitation
The structural parameters of the FHP affect not only the thermal
performance of the battery pack but also the FHP heat transfer
limitation. In order to prevent the FHP from drying out during
the battery operating conditions, the FHP must work within the
envelope range formed by different kinds of limitation
parameters, such as entrainment limit, capillary limit, and

FIGURE 10 | (A) Thermal resistance of each unit at different τw. (B) Proportion of different thermal resistances at different τw.

FIGURE 11 | (A) Influence of εw and dw on battery maximum temperature. (B) Influence of εw and dw on battery maximum temperature difference.
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boiling limit. For the battery operating temperature range, the
heat transfer capability of the FHP is mainly restricted by the
capillary limit and boiling limit. The capillary and boiling limits
of the FHP are calculated from Eq. 14 and Eq. (15) (Reay et al.,
2014):

Qca,lim � Δpca,maxhfg

μl
k

1
ρ1tw

+ 12μv
t3vρv

2lw
lFHP (14)

Qb,lim � AvλwTv

ρvhfgtw
(2σ l
rv

− ΔPca,max) (15)

where△Pca,max is the maximum capillary pressure difference, and
μl, ρl, and σl, respectively, denote the dynamic viscosity, density,
and surface tension coefficient of the liquid working medium.K is
the permeability, and ρv is the density of the vapor. λv is the vapor
thermal conductivity and rv is the core radius of the vapor. The
heat transfer capability of the FHP depends on the minimum
value of each heat transfer limit at the corresponding working

FIGURE 12 | Influence of λw on battery maximum temperature and
battery maximum temperature difference.

FIGURE 13 | Influence of τw on FHP heat transfer limitation.
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temperatures. Therefore, the heat transfer limitation of the FHP
(Qlim) can be expressed as:

Qlim � min(Qca,lim,Qb,lim) (16)
Figure 13 shows the influence of wick dimensionless

thickness on the capillary limit and boiling limit of the
FHP. According to the results, when ttotal is 2 mm, the heat
transfer capacity of FHP is mainly affected by the capillary
limit, and it has an extreme value as τw changes. When τw is
around 0.6, the capillary limit of FHP reaches the maximum.
As τw increases, there is an intersection between the capillary
limit and the boiling limit. The τw corresponding to this
intersection is the optimal value of wick dimensionless
thickness. It is worth noting that the greater the ttotal is,
the smaller the optimal τw is, which is presented in
Figure 14. The smaller the τw, the higher the heat transfer
limitation. For the FHP in this paper with a total thickness of 5
mm, when the value of τw is close to 0.52, the heat transfer
limitation of the FHP reaches an optimal value.

Based on Eq. 14 and Eq. 15, the influence mechanism of wick
porosity and particle diameter on the heat transfer limitation of
FHP is shown in Figure 15. In this case, the total thickness of FHP
is 5 mm. The thickness of capillary wick and vapor channel are
both 1.5 mm. According to the results,Qlim increases significantly
with the increase of εw. Under the same value of εw, the greater dw
is, the higher Qlim is. In general, a greater wick porosity and a
larger wick particle diameter can help to improve the heat transfer
limitation of the FHP.

4.3 Improving Battery Thermal Performance
by Optimizing Structural Parameters of FHP
The previous analysis shows that the structural parameters of
the FHP have influences on its heat transfer capacity and the
thermal performance characteristics of the batteries.
Generally, matching the maximum heat dissipation of the

batteries is the precondition for the FHP design. It is
necessary to further reduce the maximum temperature and
maximum temperature difference of the battery pack. In
situations with a complex relationship between input and
output parameters, neural networks are acknowledged to
produce accurate estimation because they map in a
nonlinear fashion. In this study, we use a neural network
model (NNM) to establish the relationship between the
FHP parameters and battery thermal performance for
optimizing the BTMS structure. There are three parameters
to be optimized including wick dimensionless thickness (τw),
porosity (εw), and particle diameter (dw). The thermal
characteristics of the BTMS system in Figure 1 are taken as
the optimization object. The maximum battery temperature
difference (ΔTmax) is set as the objective function, which is
expressed as:

FIGURE 14 | Optimal dimensionless thicknesses under different values
of ttotal

FIGURE 15 | Influence of εw and dw on FHP heat transfer limitation.

FIGURE 16 | Schematic diagram of the basic BP neural network model.
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min F � f ΔTmax
(τw , εw , dw) (17)

In the FHP design process, it is necessary to ensure that the
heat transfer limitation of the FHP is greater than the maximum
heat generation of the battery module under its operating
conditions at first. The discharging rate of the battery module
is set as 2C from 0.95 SOC to 0.1 SOC. The ambient temperature
is 10°C and the velocity of cooling air at FHP condensation
section is 10 m s−1. The battery heat generation rate reaches the
highest at the end of discharging, which is about 35W for a single
battery cell and 420W for the battery module. The design margin
of battery heat transfer is selected as 50%. Meanwhile, the
maximum temperature of the battery module is limited below
40°C. Therefore, the constraint conditions for the optimization of
the FHP can be expressed as:

Qlim ≥ 630W (18)
Tmax ≤Tmax ,lim � 40℃ (19)

We further establish the nonlinear mapping relationship
between the FHP structural parameters and the objective
function by the NNM. In this paper, the Back Propagation

(BP) learning algorithm is adopted, which can effectively
reduce the node error of the hidden layers (Suresh Kumar
et al., 2020). The basic BP neural network model mainly
consists of three layers including the input layer, hidden layer,
and output layer as shown in Figure 16. Each layer contains a
number of interconnected neurons with linked weights and
activation functions. For the specified mappings among design
variables and objective functions, the linked weights should be
adjusted and changed as a result of learning according to the
training samples after the network structure of the BP model is
determined. This will finally obtain the input and output
mapping relationship. The whole training process of the BP
neutral network model is carried out in MATLAB software.
Based on the established battery-FHP BTMS simulation
platform, the thermal performance of the batteries
corresponding to different FHP wick design parameters is
calculated under the working conditions in Section 4.1. The
database of the relationship between the FHP wick structural
parameters and the maximum temperature difference of the
battery module is created as the input in training process. The
input layer of the neural network contains three parameters

FIGURE 17 | Training results of the neural network model.
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including τw, εw, and dw. The parameter in the output layer is
ΔTmax, and 10 neuron nodes are set in the hidden layer. The
Levenberg-Marquardt and Bayesian-regularization algorithms
are used for the cross validation, including 70% training set,
15% validation set, and 15% test set. The regression model is
trained for about 116 epochs after initialization through the above
neural network configuration. The residual error of the model
reaches to 10−5, and the convergence speed reaches the ideal level.
Figure 17 shows the training results of the neural network model.
The accuracy reaches above 99.97% for training, validation, and
test samples, and the overall fitting accuracy of the model achieves
to 99.969%. The model error conforms to the Gaussian
distribution, which proves the representativeness of the
training data.

According to the results, the total objective function (ΔTmax) is
further optimized to obtain its minimum value. The results show
that when the wick dimensionless thickness is 0.63, the wick
porosity is 0.71, and the particle diameter is 26 μm, the battery
module has the smallest ΔTmax, which is 2.74°C. Compared with
the ΔTmax (2.96°C) of the original case in Section 4.1, the
maximum temperature difference is reduced by 7.4%, which is
validated by the model and shown in Figure 18. Meanwhile, the
maximum temperature of the module is controlled below 40°C.
The optimized FHP has achieved good results in reducing the
battery temperature difference.

5 CONCLUSION

In summary, we develop a flat heat pipe-based battery thermal
management system for a battery module consisting of twelve
prismatic battery cells. The multi-heat source thermal
resistance network-based FHP model is adopted on the
batteries to analyze the battery thermal performance. We

further investigate the influence of FHP structural
parameters on heat transfer performance of BTMS and
make an optimization on the FHP. According to the
analysis above, the main conclusions are achieved and listed
below:

(1) The implement of FHP can reduce the battery maximum
temperature below 40°C under 2C discharge rate with the
cooling air velocity of 10 m/s and the ambient temperature of
10°C. The battery cell closest to the condensation section of
FHP has the lowest temperature.

(2) There is a critical value of the wick dimensionless thickness
(around 0.7) on affecting the battery thermal performance.
The maximum temperature difference of the battery module
increases significantly when exceeding this critical value. In
addition, the boiling limit and the capillary limit of the FHP
have an intersection point as the wick dimensionless
thickness varies.

(3) The particle diameter of the wick has a negligible influence
on the thermal performance of the battery module at a
given porosity smaller than 0.6. When the porosity exceeds
0.7, an increase in particle diameter leads to a decrease in
maximum temperature and an increase in maximum
temperature difference. Larger wick porosity and
particle diameter can help to improve the heat transfer
limitation of the FHP.

(4) Under the same discharge condition and ambient condition,
the optimized FHP with the battery module can reduce the
battery maximum temperature difference from 2.96°C to
2.74°C, which is a 7.4% improvement. The optimized
system can also control the battery maximum temperature
below 40°C.
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GLOSSARY
Variables
A area [m2]

C capacity [J·kg−1·K−1]

d diameter [μm]

h height [m]

hfg latent heat [J·kg−1]
H heat transfer coefficient [W·m−2·K−1]

I current [A]

K permeability [m2]

l length [m]

n number [-]

p pressure [Pa]

Pr Prandtl number [-]

q heat generation rate per unit volume [W·m−3]

Q heat rate [W]

r radius [m]

R thermal resistance [°C·W−1]

Rgas gas constant [J·kg−1·K−1]

Re Reynolds number [-]

s spacing [mm]

t thickness [m]

T temperature [°C]

△T temperature difference [°C]

U voltage [V]

w width [m]

Subscripts
b boiling

c condensation

ca capillary

e evaporation

eff effective

f cooling fluid

l liquid

lim limitation

max maximum

min minimum

o ohmic

p polarization

pc phase change

s shell

v vapor

w wick

x in x direction

y in y direction

z in z direction

Greek Symbols
ε porosity [-]

λ thermal conductivity [W·m−1·K−1]

μ dynamic viscosity [Pa·s]
ρ density [kg·m−3]

σ accommodation coefficient [-]

σl surface tension coefficient of liquid [N·m−1]

τ dimensionless thickness [-]

Abbreviations
BP back propagation

BTMS battery thermal management system

FHP flat heat pipe

NCM nickel cobalt manganese

NNM neural network model

OCV open circuit voltage

PCM phase change material

SOC state of charge.
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