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ABSTRACT

The serpentine tube liquid cooling and composite PCM coupled cooling thermal management system is designed
for 18650 cylindrical power batteries, with the maximum temperature and temperature difference of the power
pack within the optimal temperature operating range as the target. The initial analysis of the battery pack at a 5C
discharge rate, the influence of the single cell to cooling tube distance, the number of cooling tubes, inlet coolant
temperature, the coolant flow rate, and other factors on the heat dissipation performance of the battery pack, initi-
ally determined a reasonable value for each design parameter. A control strategy is used to regulate the inlet flow
rate and coolant temperature of the liquid cooling system in order to make full use of the latent heat of the com-
posite PCM and reduce the pump’s energy consumption. The simulation results show that the maximum battery
pack temperature of 309.8 K and the temperature difference of 4.6 K between individual cells with the control
strategy are in the optimal temperature operating range of the power battery, and the utilization rate of the com-
posite PCM is up to 90%.
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Nomenclature
a cooling tube’s sectional width [m]
b cooling tube’s sectional height [m]
cp;b battery’s specific heat capacity [kJ kg−1 K−1]
cp;CPCM CPCM’s specific heat capacity [kJ kg−1 K−1]
cp;t cooling tube’s specific heat capacity [kJ kg−1 K−1]
cp;w coolant’s specific heat capacity [kJ kg−1 K−1]
dw fluent equivalent diameter [m]
H CPCM’s specific enthalpy [J K−1]
h CPCM’s specific sensible heat
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hw natural convection coefficient [W m−2K−1]
kb battery’s thermal conductivity [W m−1 K−1]
kCPCM CPCM’s thermal conductivity [W m−1 K−1]
kt cooling tube’s thermal conductivity [W m−1 K−1]
kw coolant’s thermal conductivity [W m−1 K−1]
P hydrostatic pressure [Pa]
q battery’s specific volume heat generation rate
Re Reynolds number
Tamb ambient temperature [K]
Tb battery’s temperature [K]
TCPCM CPCM’s temperature [K]
T0 CPCM’s initial temperature [K]
Tl CPCM’s liquid phase point temperature [K]
t Time [s]
Tt;in cooling tube’s inner wall temperature [K]
Tt cooling tube’s temperature [K]
Tt;out cooling tube’s outer wall temperature [K]
TS CPCM’s solid phase point temperature [K]
Tw coolant’s temperature [K]
lw coolant’s dynamic viscosity
~v coolant’s velocity vector [m s−1]
vw coolant’s flowing speed [m s−1]
x, y, z Cartesian coordinates [m]
r nabla operator
b CPCM’s liquid fraction [%]
c CPCM’s latent heat [J]
qb battery’s density [kg m−3]
qCPCM CPCM’s density [kg m−3]
qw coolant’s density [kg m−3]
qt cooling tube’s density [kg m−3]
Tt;out Cooling tube outlet temperature [K]

1 Introduction

As one of the three major components of new energy vehicles, the performance of the power battery
directly affects the power, economy, safety, and range of the vehicle. From lead-acid batteries to lithium-
ion batteries, energy density has been continuously improved. The market share of lithium-ion batteries is
gradually increasing every year because of their long cycle life [1], high energy conversion efficiency,
low self-discharge rate, and other advantages. As the energy density of lithium-ion batteries and motor
performance improve, new demands are placed on the battery pack management system, particularly the
thermal management of battery packs. To shorten the charging time of new energy vehicles, the research
direction is to use 800–1000 V high-voltage DC fast charging [2]. In the vehicle’s climbing, rapid
acceleration and load conditions, the battery pack needs to be discharged quickly at a rate of 5C or even
higher, which all inevitably leads to a short period of rapid heating of the battery pack. The temperature
greatly affects battery performance. In low temperature conditions [3], electrolyte activity is reduced,
directly leading to increased resistance [4], prompting the battery pack to prematurely reach the end
voltage. When charging at low temperatures [5], lithium ions are transferred to the surface of the negative
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electrode to form lithium dendrites, whose further growth pierces the diaphragm and leads to capacity loss [6]
and even the risk of internal short circuit [7]. When the lithium ion works in a high-temperature environment,
the battery capacity decays significantly, and there is a risk of thermal runaway [8] or even explosion [9] at
high discharge rates. Therefore, to ensure the stable operation of the battery pack and extend its service life, it
is necessary to design an efficient battery thermal management system.

The BTMS (battery thermal management system) combines battery heat production mechanism with
heat transfer mechanism to solve the problems of thermal runaway and lithium dendrites encountered by
the battery under extreme conditions, thus improving the overall battery performance. Its main goal is to
ensure that the battery pack operates within the optimal temperature range of 20°C–40°C [10]. Secondary
to this is improving the temperature uniformity of the battery pack [11], the uniformity of the internal
temperature of a single cell and the uniformity of the temperature between individual cells in the battery
pack. Accordingly, the different cooling media can be divided into air cooling [12,13], PCM (phase
change material) cooling [14,15], heat pipe cooling [16,17] and liquid cooling [18,19].

Considering the low thermal conductivity of air, air cooling can no longer meet the demand for charging
and discharging high energy density battery packs at high rates. Liquid cooling heat dissipation systems have
become one of the most important cooling methods used in electric vehicles due to their high thermal
conductivity and high specific heat capacity [20] (water [21], glycol [22], mineral oil [23]). According to
whether the cooling medium is in direct contact with the battery can be divided into two kinds: direct
cooling and indirect cooling. The indirect battery cooling system must include a cooling plate [24],
cooling tube or sheath to separate the battery from the coolant in order to avoid the electrical short
circuits and chemical corrosion. The addition of cooling tubes not only increases the cost and complexity
of the battery pack, but also reduces the overall thermal conductivity and increases the temperature
uniformity of the battery pack. Therefore, Lai et al. [25] explored the structural aspects to increase the
contact area with the battery, the number of cooling tubes, the coolant flow rate, and the coolant
temperature, and found that the coolant flow rate and contact area increase can effectively control the
maximum temperature of the battery, but the temperature difference between the battery pack and the
power consumption of the pump is larger. To further improve the cooling effect, Liu et al. [26] used new
coolants such as liquid metal, such as PCM nanoemulsion [27] and two-phase refrigerant [28], and the
experiments show that the cooling effect is significantly improved at the same power consumption.

To eliminate the adverse effects of indirect cooling, reduce the structure’s complexity, cost,
manufacturability and maintainability. At the same time, direct cooling is the best choice to meet the
comprehensive requirements of system heat dissipation, compactness and thermal runaway suppression.
Wu et al. [29] designed a direct cooling thermal management system with negative pressure suction of
insulating silicone oil, in which the silicone oil flows over the entire surface of the cell to dissipate heat
uniformly and is compact compared to direct cooling. It also has higher heat dissipation efficiency and air
isolation capability, which can effectively control the propagation of thermal runaway. Wang et al. [30]
used highly insulated No. 10 transformer oil as an immersion coolant and found that increasing the
coolant flow rate and quality can extend the operating time of the optimal operating range of the battery
pack and reduce the maximum temperature and temperature difference of the battery pack. Direct cooling
has been successfully applied to data center servers and electronic devices, etc. Automotive power
batteries have not been used on a large scale due to sealing requirements, reliability and safety uncertainties.

PCM cooling as a new thermal management application solution, PCM can absorb a large amount of
heat during the phase change process PCM applied to the battery pack benefits from the fact that it does
not require additional energy consumption, its simple structure is suitable for all shapes of batteries and it
provides excellent control of the temperature uniformity of the battery pack. However, there are also
significant disadvantages, as its low thermal conductivity leads to poor thermal conductivity of the
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system, and heat is absorbed rather than dissipated. It usually performs well in the first cycle, and local heat
build-up will occur in successive cycles. Many attempts have been made to improve the thermal conductivity
of organic PCMs, such as adding expanded graphite [31], graphene [32], metal nanoparticles [33], carbon
fibers [34], and foam metals [35] to PCMs. In addition, to improve the practicality of PCM, polymeric
materials [36] with higher melting points are often added as support frames to inhibit PCM leakage. Lin
et al. [37] formulated a flexible ternary PCM composed of high thermal conductivity polymer, paraffin
wax and expanded graphite. The addition of polymer and expanded graphite forms a laminar structure
that not only prevents leakage of liquid paraffin wax, but also improves thermal conductivity and
resistance to deformation. The thermal conductivity of the composite PCM is even as high as
2.671–10.019 W m−1K−1, which is 6.183–23.192 times higher than that of pure paraffin wax. Pan et al.
[38] designed and prepared a composite PCM composed of cut copper fiber sintered skeletal porous
metal material and paraffin wax, and the scales and grooves appeared on the surface of copper fiber
during cutting effectively increased the surface area.

To satisfy the demand for safe operation under faster charging and discharging rates of battery packs,
researchers have tried to couple conventional thermal management methods to achieve the effect of
complementary advantages. For example, PCM-liquid coupled cooling [39,40], PCM-heat pipe coupled
cooling [41,42], heat pipe-air-cooled coupled cooling, air-cooled-liquid-cooled coupled cooling [43], all can
control the battery pack temperature below 323 K. However, it is a challenge to balance the cooling
efficiency of each cooling method in the coupling system. Zhuang et al. [44] designed a honeycomb
arrangement of PCM coupled with a micro-channel cooling plate thermal management system. The addition
of the cooling plate effectively solves the thermal aggregation caused by the low thermal conductivity of
PCM, and the temperature between power cells has good consistency. Heat is rapidly transferred out of the
battery pack by liquid cooling, even before reaching the PCM phase change temperature, which means that
all heat is stored in the PCM sensible heat. Zheng et al. [45] applied PCM coupled with liquid cooling to a
cylindrical cell and analyzed the effects of flow direction, coolant flow rate, thermal insulation interlayer
and the presence or absence of PCM on the thermal performance at 8-C discharge rate. The addition of the
thermal insulation interlayer eliminated the harmful heat conduction between adjacent cooling tubes, and
the addition of PCM and the alternating flow of adjacent cooling tubes greatly improved the cell pack
temperature uniformity. Nevertheless, the variation of the phase change spacing of the PCM has little effect
on the cooling performance of the coupling system, and the latent heat of the PCM is difficult to fully
utilize. These results indicate that the latent heat utilization of PCM is not high in an efficient coupled
thermal management system, and even high thermal conductivity materials can be used instead of PCM.
But it is the latent heat of PCM that makes the battery pack temperature more uniform and, at the same
time, makes the power consumption of liquid cooling lower. Therefore, when designing a liquid-cooled-
PCM coupled thermal management system, the utilization rate of PCM latent heat should be fully
considered, and liquid-cooled recovery of PCM latent heat should be timely to prevent thermal aggregation.

Aiming to solve the challenge of thermal management under the high rate of battery pack discharge, this
study proposes a new liquid-cooled-PCM coupled thermal management system. In which the composite PCM
is the main heat dissipation material, so that the battery is always in the optimal operating temperature range
with proper temperature uniformity during 8C discharge, and the liquid cooling is responsible for timely
recovery of latent heat from the composite PCM. Monitoring points are set in the battery pack to observe
the temperature change, and the coolant flow rate and temperature in the liquid cooling are adjusted
according to the temperature change to reduce unnecessary power consumption and improve the utilization
of the composite PCM. Firstly, experimental and numerical simulations are conducted to compare the
thermal characteristics of a single power cell to verify the reliability of the numerical model. Next, the
thermal characterization of the coupled liquid-cooled-PCM thermal management system is investigated over
a cycle. Then the effects of PCM thickness, coolant flow rate, number of cooling tubes, and other factors on
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the thermal performance are analyzed, and each design parameter is initially determined. Finally, the control
strategy of the liquid-cooled-PCM coupled thermal management system is introduced, and the results are
analyzed and compared with the conventional coupled system.

2 Thermal Management System Description

2.1 Model Introduction
Fig. 1 below shows the conceptual design of the liquid and CPCM (composite phase change material) in

the battery pack. The battery pack consists of 24 18650 Li-ion cells, 2 aluminum cooling tubes (3 × 6 mm
cross-section), and the CPCM [46]. The size of the single cell is 65 mm in height and 18 mm in
diameter. The nominal capacity of the battery is 2000 mAh, and the electrode material is lithium cobaltate
ternary material. The shell material is nickel-plated steel. The rated voltage is 3.7 V, the maximum
charging voltage is 4.2 V, and the maximum continuous discharge current is 10 A. Compared with a
round tube of the same size, the surface area of the square tube is significantly larger than the round tube.
The increase in surface area means that the heat exchange area between the cooling tube and CPCM also
increases, thus increasing the heat exchange between them and improving the heat dissipation
performance of the battery pack. There are two important reference indicators for the selection of PCM:
latent heat of phase change and phase change temperature. In this study [47], paraffin wax was selected
as the PCM, and its latent heat of phase change and phase change temperature are 196.8 J/g, and
302–307 K. In addition, paraffin wax is very stable and exhibit, no subcooling and phase separation
during the phase change, as well as a small volume change before and after the phase change. The
coolant flow in adjacent cooling tubes is reversed to ensure the temperature uniformity of the battery
pack. The coolant is a 50% water-glycol mixture, which has better resistance to cold weather than water,
and the relevant physical parameters are shown in Table 1.

Figure 1: Schematic diagram of the battery pack

Table 1: Thermophysical properties of components

Name Battery Cooling
tube

CPCM Coolant

Density (kg m−3) 2729 2700 870 −0.378 T + 1081

Specific heat capacity
(kJ kg−1 K−1)

969.4 900 2412 3.85 * 10−3T + 3.203

Thermal conductivity
(W m−1 K−1)

Radial: 1.35
Axis, circumferential:
21.89

238 5.023 8.3 * 10−4 T + 0.364

(Continued)
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2.2 Analysis of the Model
The battery pack model is mainly composed of a Li-ion battery, a CPCM, a cooling tube and cooling

liquid. The heat generation of the battery is a non-stationary and non-uniform process, and the internal
structure of the battery is complex and the thermal properties change continuously with the influence of
the ambient temperature and other factors, which makes it difficult to establish a very accurate internal
thermal model of the battery structure [48]. During the numerical analysis, it is assumed that the battery
is a uniformly heated whole in all internal locations, and the thermal properties and thermal conductivity
do not change in each direction, ignoring the heat transfer process radiation. The thermal properties of the
internal structure of the cell are shown in Table 2 below.

Re ¼
qf vf df
lf

(1)

df ¼ 2ab

aþ b
(2)

The inlet flow rate of coolant is 0.01–0.04 m/s, from which the Reynolds number value can be calculated
to be between 118.4–436.6, which belongs to the laminar flow state. It is also assumed that there is no slip on
the inner wall of the cooling tube and that the coolant is set to 0 pressure outlet to inhibit backflow.

Table 1 (continued)

Name Battery Cooling
tube

CPCM Coolant

Phase change temperature
(K)

N/A N/A 302
−307

N/A

Latent heat (kJ kg−1 ) N/A N/A 119.24 N/A

Dynamic viscosity (Pa s) N/A N/A 0.00302 5.86 * 10−6T2−3.489 * 10−4T
+ 8.36 * 10−3

Table 2: Geometric parameters and thermophysical parameters of each component of the battery

Name Thickness (um) Height (mm) Density
(kg m−3)

Thermal conductivity
(W m−1 K−1)

Specific heat
capacity (kJ kg−1 K−1)

Shell 300 65 7800 10 478

Diaphragm 22 59 1200 10 700

LiCoO2 92 53 2291.6 10 1172.8

LiNiCoMnO2 N/A N/A 1500 10 700

LiC6 87 53 5031.7 10 700

Anode foil 10 55 2700 10 870

Cathode foil 10 57 9000 380 381

Electrolyte N/A N/A 1290 0.45 133.9
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2.3 Control Equations
The heat generated by the battery discharge is directly transferred to the CPCM, which is stored directly

through latent heat. When the liquid cooling is activated due to the existence of a temperature difference, the
heat in the CPCM is then transferred to the coolant carried out of the battery module. The contact thermal
resistance between each material is ignored in the simulation process. According to the law of energy
conservation, it is known that the energy conservation equation of the battery is as follows:

@

@t
ðqbCp;bTbÞ ¼ r � ðkbrTbÞ þ q (3)

where is qb cell density, Cp;b is the cell specific heat capacity, Tb is the cell temperature, kb is the cell thermal
conductivity, and q is the cell specific volume heat generation rate.

For the CPCM heat transfer using the enthalpy-porous medium method, the volume fraction b of the
liquid phase is introduced, and the energy conservation equation is as follows:

qCPCM
@H

@t
¼ kCPCMr2H (4)

H is the enthalpy of the composite PCM.

H ¼ hþ DH (5)

h ¼
ZT

T0

cp;CPCMdT (6)

DH ¼ bc (7)

b ¼
0 TCPCM ,TS
TCPCM � Ts
Tl � Ts
1 TCpcm.Tl

Ts, TCPCM ,Tl

8><
>: (8)

where qCPCM is the density of the phase change material, H is the specific enthalpy of the CPCM,
t is time, kCPCM is the thermal conductivity of the CPCM, TCPCM is the temperature of the CPCM, h is
the specific sensible heat of the CPCM, T0 is the initial temperature of the CPCM, b is the liquid fraction
of the CPCM, c is the latent heat of the CPCM, Ts is the solid phase point temperature, and Tl is the
liquid phase point temperature.

The coolant in the pipeline should follow the laws of conservation of mass, conservation of momentum
and conservation of energy.

@qw
@t

þr�ðqw~vÞ ¼ 0 (9)

@

@t
ðqw~vÞ þ r�ðqw~v~vÞ ¼ �rP þ lr2~v (10)

@

@t
ðqwCp;wTwÞ þ r�ðqwCp;w~vTÞ ¼ r�ðkwrTwÞ (11)

where qw is the density of the coolant, t is time,~v is the velocity vector of the coolant, P is the hydrostatic
pressure, l is the dynamic viscosity of the coolant, cp;w is the specific heat capacity of the coolant, Tw is the
temperature of the coolant, and kw is the thermal conductivity of the coolant.
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The cooling tube follows the conservation of energy equation.

qtCp;t
@Tt
@t

¼ r2Ttkt (12)

qt cooling tube density, Cp;t cooling tube specific heat heat heat, Tt cooling tube temperature, kt cooling
tube thermal conductivity.

Boundary conditions between the cell and the composite PCM.

� kb
@T

@n
¼ �kPCM

@T

@n
(13)

The boundary conditions of the contact surface between the composite PCM and the cooling tube are as
follows:

� kPCM
@T

@n
¼ �kt

@T

@n
(14)

The cooling tube and coolant contact surface boundary conditions are defined as follows:

� kt
@T

@n
¼ �kw

@T

@n
þ hwðTw � Tt;inÞ (15)

Boundary conditions between the composite PCM and the environment.

� kPCM
@T

@n
¼ hðTPCM � TambÞ (16)

@T
@n represents the temperature gradient, kw is the coolant thermal conductivity, hw is the coolant

convective heat transfer coefficient, Tt;in is the inner wall temperature of the cooling tube,
t ¼ 0; Tðx; y; zÞ ¼ Tamb, Tamb is the ambient temperature, h is the natural convection heat transfer
coefficient. In general, the natural convection heat transfer coefficient between the CPCM surface and the
environment is generally taken as 3∼ 10 W m−2k−1, and in this paper, it is taken as 5 W/m2⋅k, ignoring
the radiation heat transfer.

2.4 Model Validation
In order to verify the accuracy of the heat generation model of the single power cell, some researches

compared the numerical model temperature variation with the experimental result temperature variation.
Lai et al. [25] conducted a 10A constant current discharge (5C discharge rate) battery temperature rise
characteristic test on a single power battery with a continuous discharge of 720 s and obtained a large
amount of experimental data. This paper uses the same type of power battery, so its experimental data is
cited. Fig. 2 shows the curves of experimental data and numerical simulation over time, in which the
maximum temperature error and average temperature error are 1.451 and 0.349 K, respectively. The
numerical simulation results better reflect the temperature rise characteristics of the battery under a large
discharge rate, so the established heat generation model can be applied to the subsequent battery thermal
management research.

The grid-independent body meshes 238,768, 313,713, and 431,498 are chosen for grid-independent
analysis. Fig. 3 shows the expected maximum temperature response of the battery pack within one cycle.
It can be seen that there is almost no difference in the maximum temperature of the battery pack at the
end of discharge for numerical simulations with different grid numbers. Using a lower number of grids
reduces the computation time in addition to the computer memory, so the number of body grids chosen
for the study is 238,768.
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3 Results and Discussion

To verify the correctness of the simulation of the liquid-cooled-CPCM coupled battery pack thermal
management system, it is assumed that the liquid-cooled module does not work, and the battery pack
relies only on CPCM cooling. The experimental data of the CPCM battery thermal management system
designed by Huang et al. [47] are cited to compare the findings, as shown in Fig. 4. In the discharge
cycle, both thermal management systems are continuously discharged at a rate of 5C for 720 s. Although
the initial temperatures are different, the trends of the highest temperatures from 0–540 s are identical
between the two systems. The increase in the slope of the curve after 540 s due to the depletion of the
CPCM latent heat in the coupled system is a good reflection of the correctness of the simulation of the
liquid-cooled-CPCM coupled thermal management system, and the addition of the liquid-cooled module
only enhances the thermal performance of the coupled system. The addition of the liquid-cooled module
only enhances the thermal performance of the coupled system.
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Figure 2: The curves of experimental data and numerical simulation over time
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Figure 3: (a) Temperature vs. time curves of system for different grid numbers (b) Schematic diagram of
the grid
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3.1 Thermal Characteristics of the Cooling System
A numerical simulation is performed to verify the thermal performance of the liquid-CPCM cooling

coupled battery thermal management system compared to a CPCM cooling only battery thermal
management system. Initial conditions are uniform: the battery is discharged at 5C in one cycle of 720 s,
the coolant inlet temperature is 300 K, and the inlet velocity is constant at 0.02 m/s. Fig. 5a shows the
cell temperature at the end of the 5C discharge rate and the composite PCM liquid fraction variation
curve with time. At the beginning of the 0–50 s discharge, the cell needs to break the internal equilibrium
state for ions in order to form a pathway, when the transfer rate is slow. Externally, it shows high internal
resistance and a rapid rise in battery temperature. During the middle of the 50–600 s discharge, there is
not much change in internal resistance, and the temperature rise is linear. At the end of the 600–720 s
discharge, the electrolyte itself is affected by the reduction of lithium-ion concentration, which shows that
the internal resistance increases and the temperature rises sharply.
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Figure 5: (a) Time-dependent maximum temperature and liquid fraction curves for CPCM and CTMS (b)
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At the end of the discharge of the CPCM cooling system, the CPCM is almost dissolved and the highest
temperature of the battery module has reached 315 K. Meanwhile, Fig. 6b shows that because the heat cannot
be transferred in time, thermal aggregation has occurred in the middle of the battery pack, in which the
temperature of the center of the battery pack is 9 K higher than that of the outermost battery. The huge
temperature difference between the single battery and the single power source is extremely likely to cause
the single power battery to thermal runaway during long-therm use, which will lead to a chain reaction
and fire.

As shown in Fig. 7, compared with the CPCM cooling system, the highest temperature of the battery
module of coupled system never exceeds 310 K even at the end of discharge moment, keeping the
temperature difference between individual cells within 5 K, which fully meets the design requirements of
the battery pack. By comparing the liquid fraction of the two simulated composite PCMs, it shows that
CTMS cannot only extend the action time of CPCM, but also bring the heat absorbed by CPCM out of
the battery pack in time to maintain the overall temperature uniformity.

3.2 Effect of PCM Geometric Parameters
In this section, the effect of distance (d) on the cooling performance of the battery pack is investigated,

and four sets of comparison tests are designed with distances of 1, 2, 3 and 4 mm, respectively. When the
distance from a single cell to the cooling tube is decreased the heat absorbed by the CPCM can be carried
out of the cell faster, and the cooling efficiency of liquid cooling will be improved as the distance
decreases. Fig. 8 shows the variation of the maximum temperature at different distances from the cell to
the cooling tube.

Figure 6: (a) Battery pack temperature cloud at the end of discharge of CPCM (b) Liquid fraction at the end
of discharge of CPCM

Figure 7: (a) Temperature of the battery at the end of the coupling system discharge (b) The liquid fraction at
the end of the coupling system’s discharge
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Fig. 9a shows the variation of the maximum temperature at different distances in one cycle, and Fig. 9b
shows the variation of the temperature difference at different distances in one cycle. At the end of a d = 1 mm
discharge, the internal resistance of the battery increases and the latent heat of CPCM is almost completely
consumed, which leads to the maximum temperature of d = 1 mm exceeding 313 K and the temperature
difference of 8 K failing to meet the design requirements due to the low thermal conductivity of CPCM.
On the contrary, the temperature change of the battery pack from d = 2 mm to d = 4 mm, the increase in
the distance from the single cell to the cooling tube makes the volume of the filled CPCM increase, and
the liquid fraction of CPCM is inversely proportional to the increase of the distance under the same heat
absorption. Having a larger distance between the single cell and the cooling tube helps to reduce the pack
temperature difference, but increasing the CPCM volume inevitably leads to a decrease in CPCM
utilization and pack energy density.

Fig. 9c shows the change curve of CPCM liquid fraction at different distances in one cycle. The increase
in resistance at the end of the discharge moment leads to a sharp rise in temperature, and the composite PCM
material of cell group d = 1 mm has completely melted, and d = 2 mm to d = 4 mm is kept below 80%. In
summary, the single cell to cooling tube d = 2 mm is selected.

3.3 The Effect of Liquid Cooling-Related Parameters
In this section, the effects of the number of cooling tubes, coolant flow rate and coolant flow direction in

liquid cooling on the thermal performance of the battery pack are studied, and the other parameters are kept
constant when the studied parameters are changed.

3.3.1 The Effect of the Number of Cooling Tubes
Appropriately increasing the number of cooling tubes, battery CTMS thermal performance is

significantly enhanced. In this section, the effect of the numbers of cooling tubes on the cell module is
investigated by setting up comparative tests with the number of cooling tubes of 1, 2, 3, 4 and 5,
respectively, under other conditions. As shown in Figs. 10 and 11 below, the maximum temperature,
temperature difference and CPCM liquid fraction curves of the battery pack show that the maximum
temperature and liquid fraction of the battery pack decrease with the increase of the number of cooling

Figure 8: The variation of the maximum temperature at different distances from the cell to the cooling tube
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tubes. At the end of discharge, when the number of cooling tubes is 1, the outlet side cell temperature is
already as high as 310 K which is much higher than the CPCM phase change temperature, and the
CPCM liquid fraction is as high as 90%. If the battery continues to discharge, the temperature difference
of the battery will be further enlarged. When the number of cooling tubes is increased from 2 to 5, the
maximum temperature of the battery pack drops to 307 K, and the liquid phase ratio remains at about
70%, and the temperature difference is effectively controlled within 5 K. The increase in the number of
cooling tubes will also make the system more complex, and the manufacturing cost and weight will
increase accordingly. Considering that the number of cooling tubes can basically meet the research
demand when the number of cooling tubes is 2, the number of cooling tubes is chosen to be 2.
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Figure 9: (a) Variation of the maximum temperature of the battery pack in one cycle at different distances
(b) Variation of the temperature difference of the battery pack in one cycle at different distances (c) Variation
of the liquid fraction of the battery pack in one cycle at different distances

JRM, 2023, vol.11, no.2 719



0 1 2 3 4 5 6
307

308

309

310

311

 Highest temperature
 Temperature difference

Cooling tube number

H
ig

he
st

 te
m

pe
ra

tu
re

 (
K

)

4.2

4.4

4.6

4.8

5.0

5.2

5.4

T
em

pe
ra

tu
re

 d
iff

er
en

ce
 (

K
)

(a) (b)

0 100 200 300 400 500 600 700

0

20

40

60

80

100

Li
qu

id
 fr

ac
tio

n 
(%

)

Time (s)

 1 Tube
 2 Tubes
 3 Tubes
 4 Tubes
 5 Tubes

Figure 10: (a) Temperature difference and maximum temperature curve with time for various pipe counts
(b) Time-dependent liquid fraction curve for various pipe counts

Figure 11: (a) Temperature cloud of battery with cooling tube number 1 (b) Temperature cloud of battery
with cooling tube number 2 (c) Temperature cloud of battery with cooling tube number 3 (d) Temperature
cloud of battery with cooling tube number 4 (e) Temperature cloud of battery with cooling tube number 5
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3.3.2 Effect of Coolant Flow Rate
Under the assumption that changing the inlet flow rate will affect the cell temperature and CPCM

utilization, six different inlet flow rates of 0.01, 0.02, 0.03, 0.04, 0.05 and 0.06 m/s are set at a constant
inlet temperature of 300 K. Fig. 12 shows the maximum temperature and liquid fraction variation curves
at the end of discharge at different inlet flow rates. Fig. 13 below shows the temperature clouds of the
battery module at different inlet flow rates. The maximum temperature of the battery module has a
significant decrease with the increase of inlet flow rate. The speed from 0.01 to 0.06 m/s decreases
maximum temperature by 4 K. After the velocity reaches 0.03 m/s, the further increase in velocity has
almost zero effect on the maximum temperature. From Fig. 12, it can be found that the CPCM liquid
fraction is inversely proportional to the increase in inlet flow rate. At the end of the discharge at a low
speed of 0.01 m/s, the CPCM has dissolved up to 94%, at which time the composite PCM can only
transfer heat through itself. If the heat is not transferred to the liquid cooling in time and exported in
time, it will easily cause local heat accumulation. The inlet flow rate is increased from 0.03 to 0.06 m/s
and the maximum liquid fraction only reaches 85%, which does not fully utilize the latent heat absorption
of CPCM, but the overall temperature performance of the battery pack is excellent. In summary, it can be
seen that the inlet flow rate increases the temperature of the battery pack, which allows it to be effectively
controlled in the best range, but at the same time, it reduces the utilization of the latent heat of the
composite PCM and increases the pump power consumption. In summary, the cooling system’s inlet flow
rate is 0.03 m/s.

3.3.3 Effect of Coolant Flow Direction
When all the cooling tubes flow in the same direction, it will cause a large temperature difference

between the inlet and outlet, leading to high cell temperatures near the outlet. The large temperature
difference between the inlet and outlet causes the inconsistency of the individual cells to be gradually
amplified during use, thus accelerating the performance degradation of some individual cells in some
cases and eventually leading to the premature failure of the Li-ion battery pack. To eliminate this
problem, an alternating flow scheme with adjacent cooling tubes is proposed. Fig. 14 shows the battery
pack temperature cloud at the end of discharge. In Fig. 15, the cell pack temperature difference and liquid
fraction change curve with time, the highest temperature on the outlet side in the same direction flow has

Figure 12: Variation curve of maximum temperature and liquid fraction at the end of discharge under
different cooling rates
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reached 309.4 K, while the two CPCM liquid phase rate are very close to control at 85%. However, the
temperature difference in the same direction flow has exceeded the 5 K design requirement, while the
alternating flow temperature difference still performs well. Therefore, it is necessary for the system to use
alternating flow.

Figure 13: Temperature clouds at different flow rates

Figure 14: The battery pack temperature cloud at the end of discharge
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3.3.4 Influence of Inlet Coolant Temperature
A lower inlet coolant temperature helps to reduce the battery pack temperature more rapidly, but a lower

inlet temperature leads to a large temperature difference near the inlet and outlet, which directly poses a
greater challenge to the battery pack temperature control. To investigate the effect of inlet temperature on
the cell pack temperature distribution, four inlet temperatures (from 296–302 K) were selected to study
the thermal effects. Fig. 16 is temperature clouds with different inlet temperatures at the end of discharge.
It is clear that the cell pack temperature improves significantly as the inlet coolant temperature decreases,
especially as the temperature of the central cell gradually decreases. The reason for this is that the higher
inlet coolant temperature leads to a rapid and complete melting of the CPCM, and the heat that should
have been carried out of the cell pack by the coolant is thus not realized.

Figure 16: Temperature clouds with different inlet temperatures at the end of discharge
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Figure 15: Cell pack temperature difference and liquid fraction change curve with time
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While the lower inlet coolant temperature is highly significant for temperature control, it also exposes
some more serious problems. It can be seen from Fig. 17 that the temperature difference and liquid phase rate
of the battery pack at the end of discharge moment are coated. When the inlet temperature is 296 K, the
temperature difference in the initial stage of discharge directly reaches 3 K, and then steadily increases to
6 K at the end of discharge, which obviously does not meet the design requirements. Meanwhile, it can
be found from the liquid phase rate variation curve with time that the utilization rate of CPCM is
inversely proportional to the decrease in inlet coolant temperature, and the lowest utilization rate is only 70%.

Therefore, it can be concluded that the proper increase of inlet coolant temperature can not only make the
battery pack temperature uniformity better, but also improve the latent heat utilization rate of CPCM.

3.4 Optimization of Liquid Cooling Control Strategy
The above studies are based on the optimal operating temperature of the battery and a constant flow rate

of 0.03 m/s, which not only leads to unnecessary energy consumption but also does not fully utilize the latent
heat of the CPCM. The system needs to be adjusted to cope with the complex operating conditions of the
vehicle, such as rapid acceleration and high rates of discharge at high loads, as well as cold and high
temperature environments. Therefore, the control strategy of the system needs to be optimized to make
full use of the latent heat of the CPCM to reduce energy consumption while maintaining good thermal
performance at all temperatures.

The variables that can be controlled by liquid cooling are the inlet flow rate and the inlet temperature.
The main function of liquid cooling is to carry the heat transferred from the battery to the CPCM out of the
battery pack. When the battery pack temperature falls short of the CPCM phase change temperature, the
coolant runs at a very low flow rate or even at a speed of zero, allowing the battery to quickly reach
the proper operating temperature by its own heat production. When the battery pack temperature reaches
the CPCM phase change temperature range, the coolant flow rate can be increased appropriately to
extend the CPCM action time. When the CPCM phase change temperature is exceeded, the coolant flow
rate can be further increased while the CPCM curing can be accelerated by changing the inlet
temperature, thus using the CPCM latent heat to keep the cell temperature uniform. Therefore, the
temperature of the CPCM can be used as an indicator to control the coolant flow rate and inlet
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Figure 17: (a) Temperature difference curve with time (b) Liquid fraction vs. time curve
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temperature. Six monitoring points are selected in the middle section of the battery pack, and the positions
shown in Fig. 18a.

The temperature profile variation of the monitored points at an inlet flow rate of 0.03 m/s is shown in
Fig. 18b. As illustrated in Fig. 18b, all monitoring points reach the CPCM minimum phase change
temperature of 302 K almost simultaneously, with point 6 maintaining the highest temperature throughout
the discharge process. The main reason is that the battery pack adopts a symmetric structure and the
adjacent coolant flows alternately. Point 6 is located in the middle of the whole flow, where the CPCM
latent heat recovery ability is even worse compared with other regions. Therefore point 6 can represent
the worst area for battery pack heat dissipation.

Based on the effect of liquid cooling on the battery pack, the flow rate of coolant can be changed at the
right time according to the temperature of point 6. The cooling rate of liquid cooling is controlled by a
segmentation function with the following control equation:

vw ¼
0:03 m=s; T6 � 302 K
0:01 m=s; 302 K, T6 � 308 K
0:03 m=s T6. 308 K

8<
: (17)

Controlling the temperature difference between the battery pack and the coolant outlet temperature curve
change with the same trend, It is also found that the temperature difference between the inlet and outlet can
significantly control the temperature difference between the battery packs. Therefore, the outlet temperature
can be used as a trigger point to control the inlet temperature, and the control equation is as follows:

Tt;in ¼ 298 K; Tt;out � 305 K
300 K; 305 K,Tt;out � 310 K

�
(18)

UDF of control strategy for inlet temperature and flow rate compiled by C language based on Eqs. (17)
and (18), to verify the effectiveness of the designed liquid cooling control strategy, simulation analysis is
performed under the conditions of constant parameters. Fig. 19a shows the comparison of the maximum
temperature and temperature difference between the control strategy cooling system and the initial
coupling system simulation. According to the law of power, the battery temperature change in the initial
stage is still used 0.03 m/s, while the temperature rise in the middle of the discharge is more slowly, at
this time, it can reduce energy consumption by reducing the inlet flow rate, while increasing the inlet
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Figure 18: (a) Location map of monitoring points (b) Temperature variation curve of monitoring points with time
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temperature to reduce the temperature difference. The difference between the two highest temperatures at the
end of discharge is about 1 K. Both are in the best working range of the power cell, and the temperature
difference of the control cooling strategy system is 0.2 K lower than that of the initial coupling system to
maintain at 4.5 K. Fig. 19b shows the change of liquid fraction of both, initial coupling system itself has
a good liquid fraction kept at about 85%, and the control strategy cooling system further utilizes the PCM
latent heat value to reach 92% on top of this. In summary, it can be seen that the control cooling strategy
system can not only reduce the pump energy consumption but also make further use of the CPCM latent
heat while ensuring the battery pack works under optimal temperature conditions.

4 Conclusion

A liquid-cooled and composite PCM coupled thermal management system is designed for automotive
power cylindrical batteries to solve the problem of difficult heat dissipation under high charge and discharge
rates of the battery pack. The CPCM-only thermal management system and the coupled liquid-cooled and
CPCM thermal management system are compared through numerical simulation to verify the
effectiveness of the coupled system. The effects of the number of liquid-cooled cooling tubes, coolant
flow rate, coolant flow direction, and other factors on the heat dissipation performance of the battery pack
are further analyzed. In addition, a control strategy for the liquid-cooled system is proposed, and the
numerical analysis verifies the effect of the control strategy. The following conclusions can be drawn:

(1) An appropriate increase in the number of cooling tubes and coolant flow rate can significantly
improve the cooling performance of the battery pack. The heat dissipation performance
improvement is not significant after the number of cooling tubes exceeds 2 and the coolant flow
rate exceeds 0.03 m/s. The increase in the number of cooling tubes or coolant velocity brings
about lower cell temperature and a lower PCM liquid fraction at the end of charge. The design of
liquid cooling systems should be carefully considered to meet the balance between thermal
performance and structural complexity in coupled systems.

(2) The alternating flow of coolant can effectively improve the temperature uniformity of the battery
pack. The alternate flow eliminates the problem of high temperatures on the outlet side when
flowing in the same direction, keeping the overall temperature difference of the battery pack
within a safe range.
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(3) Properly increasing the inlet coolant temperature not only improves the cell pack temperature
uniformity, but also increases the utilization of CPCM latent heat.

(4) The application of a liquid cooling control strategy can improve the utilization of latent heat and
reduce the energy consumption of CPCM. By compiling the UDF function to obtain the most
drastic temperature change monitoring point, the coolant inlet temperature and flow rate are
dynamically adjusted to reduce unnecessary energy consumption while improving the battery
pack temperature uniformity.
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