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Abstract: The temperature of an electric vehicle battery system influences its performance and usage
life. In order to prolong the lifecycle of power batteries and improve the safety of electric vehicles, this
paper designs a liquid cooling and heating device for the battery package. On the device designed,
we carry out liquid cooling experiments and preheating experiments. Then, a three-dimensional
numerical model for the battery package is built, and its effectiveness is validated by comparing
the simulation results with the experimental outcomes in terms of battery surface temperature and
temperature difference. Furthermore, we investigate the influences of the liquid flow rate and the
inlet temperature on the maximum temperature and temperature difference of batteries by the cooling
models and preheating models. Results show that: at the cooling stage, it is able to keep each battery
working at an optimal temperature under different discharge conditions by changing the flow and
the inlet temperature of liquid; at the heating stage, large flow rates and high inlet temperatures are
able to speed up the preheating process, thereby saving time of the drivers.

Keywords: electric vehicle; lithium-ion battery; cooling plate; cooling and heating; FEM

1. Introduction

Increasingly, various electric vehicles (EVs), e.g., the Tesla Roadster and BYDES6, have
been introduced because of the growing energy shortage and environmental pollution. In
order to provide enough voltage and capacity for electric vehicles, lithium-ion batteries are
commonly used, and hundreds of batteries are usually connected to large battery packages
in series or parallel. Because electrochemical reaction produces lots of heat, the performance
and usage life of lithium-ion batteries are closely related to their temperatures. According
to the Arrhenius law, a high battery temperature significantly accelerates the reaction rate,
resulting in a fast-aging rate [1-3]. As a result, batteries with higher temperatures degrade
more quickly than the ones with lower temperatures. Obviously, the batteries should be
reliable and durable enough to gain popularity.

In order to popularize EVs, one needs to ensure that EVs are able to work over a wide
temperature range. Normally, the battery system can work effectively under an ambient
temperature ranging from 0 °C to 32 °C. The system remains to be operational when the
temperature range is extended from —25 °C to 52 °C, which may also be possible when
the maximum and minimum temperature limits are, respectively, set to —40 °C and 55 °C.
However, the charge efficiency and lifecycle will be reduced when the working ambient
temperature is too high or too low [4-6].

Chiu et al. [7] reported that: the capacity of the battery decayed by 17% with a lifecycle
of 1322 cycles when it was working with a charge/discharge rate of 0.5 C under an ambient
temperature of 45 °C; however, the capacity decreased by 20% with a lifecycle of 754 cycles
when it is working at a temperature of 60 °C. When the temperature of a battery rises to
70-120 °C, the phenomenon of thermal runaways such as firing and explosion may happen,
which is usually triggered by the temperature rise in a single battery, thereby resulting in
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the degradation and failure of batteries and serious consequences [8]. Thus, it is important
to involve the functions of heat dissipation and heat generation for a battery system to
guarantee EVs operate well under the condition of all-weather [9].

As stated above, it is crucial to design an effective BTMS with good thermal stability
and safety so as to keep each battery working at an optimal temperature range [10,11].
Besides, the thermal uniformity of each battery is also very important, because a large
temperature gradient may lead to different aging levels and charge/discharge behaviors.
In the BTMS, the discharge performance and lifecycle are achieved to be the best state by
controlling the temperature of each battery. For a lithium-ion battery, the working temper-
ature should not exceed 50 °C [12,13], and it is best to keep it working in a temperature
range of 25 °C and 40 °C with a temperature gradient of less than 5 °C [14-16]. Because
the power of a BTMS directly comes from batteries, which reduces the output power of
batteries to the vehicle, the power for the BTMS should be as low as possible [17].

In recent decades, researchers have conducted large amounts of investigations on the
BTMS [18-20], including the selection of cooling medium, the design of cooling systems,
and the evaluation of cooling performance. With respect to the cooling medium, air, liquid,
phase change material (PCM), and heat pipe are usually used. Besides, two or more cooling
media can be used in one BTMS to improve cooling performance. Among the cooling
methods above, air cooling can be passive/active, parallel/series, or natural /forced, which
seems to be a better choice for hybrid electric vehicles (HEVs) due to its low cost, simple
structure, and easy maintenance. Wang et al. [21] evaluated the air-cooling performance of
a battery package with different installation positions of fans by using Fluent. Simulation
results showed that it was better to install the fans above the battery package. Actually,
uneven temperature distribution exists in batteries even by using forced air cooling, es-
pecially for large-scale battery packages in EVs [22]. Regarding the PCM-based BTMS, it
is obviously energy-saving, because no additional power is needed from batteries. How-
ever, the thermal conductivity of paraffin is low, thus resulting in different melting rates
between the surface and core of the PCM. In order to remedy this shortcoming, Khateeb
et al. [23] and Mills et al. [24] added foamed aluminum and expanded graphite to PCM,
respectively. One more weak point is its insufficient long-term thermal stability [25]. In [26],
the cooling performance of tube heat pipes, which used water to take away the heat in the
condenser, was experimentally investigated. It was found that uniform heat distribution
could be guaranteed under variable power and periodic conditions, and the maximum
battery temperature was lower than 50 °C when the heat generation rate was lower than
50 W. Wang et al. [27] experimentally investigated the heating and cooling performance of
a battery by heat pipes. They found that the battery surface temperature was controlled to
be lower than 40 °C by using the proposed scheme if the heat generated by each cell was
less than 10 W. Moreover, the battery surface temperature could be down to 70 °C under
thermal abuse conditions (e.g., 40 W/ cell). Good preheating effectiveness was observed
when the battery was preheated by using warm water in the heat pipes at a temperature
range of —15 °C and —20 °C. For the two thermal management solutions by using heat
pipes, an expensive metal, copper, is usually used as a wick and wall material, whose
fabrication process is complicated. Besides, some other additional equipment, e.g., pumps
and heat exchangers, are needed, thereby increasing power consumption.

Due to the fact that fluids are able to transfer heat faster than other substances, re-
searchers suggest that a liquid coolant system might have stronger heat-transfer capabil-
ities [28,29]. As the most crucial research variable, the coolant flow rate is often used as
a factor by scholars in the investigation of liquid cooling systems. Kim et al. [30] used
three media, i.e., the air, the oil, and the mixture of water and ethylene glycol, to investigate
the heat dissipation performance of a rounded battery. They found that the performance
of the mixture of water and ethylene glycol was better than that of the oil for the indirect
liquid cooling systems. Furthermore, the researchers take into account not only the flux
of coolant, but also the structures of the cooling board. Such as Anthony et al. [31] used
water and ethylene glycol as the cooling medium for the application of interest here. In the
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simulations, they assumed that the heat generated by batteries was uniformly distributed,
and applied the same boundary conditions to the cooling plates, then optimized the cooling
plate by using the computational fluid dynamics (CFD) method. Simulation results showed
that the requirements in terms of the pressure drop, and the minimum average temper-
ature were satisfied after the optimizations of pipeline shape and position; however, the
temperature uniformity was bad. CFD is often used to simulate the liquid cooling process
of batteries due to its advantages in computational accuracy [32-34]. Falcone et al. [33]
simulated the BTMS’s heat behaviors using the CFD method. The results indicate that
the application of a substance with an additive in a solid structure improves the cooled
properties of the system and provides a lower temperature for the cells. A CFD model was
constructed to study the influence of the input volume, the volume of the coolant pipe and
the mini passage, the volume of the pipe, the direction of the flow, and the spacing between
the spacers on the heat properties of the mini passage [35].

Though there is a large body of literature that reports liquid cooling for batteries [30,31],
little literature involves liquid cooling for the dynamic thermal management and control
strategies of battery packages. Additionally, previous literature that reports the liquid
preheating of batteries is rare. In this paper, experimental investigations and numerical
simulations are carried out to analyze the relationships between the thermal performance
(i.e., cooling and the preheating rate) and inlet variables (i.e., inlet temperature and flow) of
a battery package by using the mixture of water and ethylene glycol as the cooling medium
under different conditions (e.g., different ambient temperatures and discharge rates), so
as to provide a reference for the dynamic thermal management and control strategies of
battery packages.

Compared with the existing research, the innovation and contribution of this paper
are as follows:

(1) Aliquid cooling and heating device for the battery package was developed and used
to study the liquid cooling and preheating process of the cell experimentally;

(2) A three-dimensional numerical model was built, whose effectiveness was validated
by comparing the simulation results with the corresponding experimental outcomes;

(3 On the numerical model, we investigated the influences of the liquid flow rate and
the inlet temperature on the maximum temperature and temperature difference
of batteries.

2. Liquid Cooling Experiment
2.1. Discharge Process of a Single Battery

In order to investigate the influence of the temperature on the discharge performance
of a battery to obtain the rise temperatures of a single battery under different conditions,
five thermocouple temperature sensors are deployed at the five points of the battery surface,
as shown in Figure 1a. During experiments, the single battery is wrapped by an insulted
foam coating so as to model an adiabatic condition, as shown in Figure 1b. Table 1 shows
the thermal physical parameters of a 10 Ah lithium-ion battery.

Table 1. Thermal physical parameters of the 10 Ah lithium-ion battery.

Battery Component

Constituent Density p (kg/m?) Specific Heat Capacity = Thermal Conductivity

J/(kg-K) Coefficient W/(mK)
. Au, Al, Graphite,
Electric core L e Copg . 1958.7 733 x=09;y,z=27
Positive pole Al 2713 903 238
Negative pole Au 8900 385 385
Air gap air 1.225 1006.43 0.0242
Shell Al 2713 903 238
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(a)Temperature measuring point (b)Heat insulation materials

Figure 1. The temperature measuring points and the thermal insulation for the battery.

Firstly, the battery is charged at a constant current of 3 A (0.3 C) to 3.65 V; then, it is
charged at a constant voltage of 3.7 V to 0.5 A (0.05 C). After charging, it is placed in a
thermal chamber at a temperature of 25 °C for 3 h. Afterward, the battery is discharged at
1C(10A),2C (20 A),3C (30 A), and 4 C (40 A) rates down to 2.5 V, respectively, as shown
in Figure 2.

Temperature (°C)

T
0 500

T T T T T
1500 2000 2500 3000 3500

Time (s)

T
1000

Figure 2. The average temperature versus time curves of the battery at constant currents of 10 A,
20 A, 30 A, and 40 A.

Remark 1. Once the cell has been charged, the temperature is inconsistent on the surface. We keep
the charged battery in the thermal chamber for a prolonged period of time, for example, three hours,
so as to make sure that all the points of the cell are identical, and then we can study the discharge
procedure of the cell with a uniform initial temperature.
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The calorific value calculation formula can be written as follows:
Q = c,mAT @

where Q is the calorific value; ¢, is the specific heat capacity; m denotes the quality; AT
means the temperature rising.

By introducing Equation (1) into the thermal power calculation formula, we can obtain
the following:

cpmAT

ot
where P is the thermal power, and ¢t denotes the time.

From Figure 2, we can see that: the battery surface temperature increases along
with the rise of the discharge rate in the case with an environment temperature of 25 °C.
The larger the discharge rate, the higher the battery surface temperature after charging,
which are 42.39 °C, 53.84 °C, 66.19 °C and 76.65 °C with the discharge rates of 1 C (10 A),
2C (20 A),3C (30 A) and 4 C (40 A), respectively in Table 2. When the battery is discharged
at a high discharge rate, its discharge performance deteriorates due to the long-term high
temperature. Consequently, it is of vital importance to investigate the thermal effect of the
battery so as to improve its discharge ability at a high discharge rate.

P

2

Table 2. The battery is discharged with the rising temperature at constant current rates of 1 C, 2 C,
3C,and 4 C.

Discharge Rate Temperature Rise (°C) Time (s)
1C 18.29 3350
2C 28.84 1550
3C 41.19 948
4C 51.65 675

2.2. Cooling Experiment

In this paper, a liquid cooling system is designed for the battery package. The system
consists of a cooling board, a heat-sensitive silicon board, a rubber pipe, a flowmeter,
regulating valve, and a thermal camera. The flow of fluid inside the equipment can be
determined through the flowmeter and set to be a constant value by the regulating valve.
The cooling plate consists of a substrate and a lid. The substrate has a thickness of 2.5 mm
and a lid of 0.5 mm [32]. The cooling tube is arranged on the bottom board, and a fluid
tube is arranged at the entrance and exit of the cooling board. The silicon heating sheet is
glued to the side of the cooling plate, which is used as a heater. During the experiment, we
set the power of the heater at 5 W and the flow at 0.001 kg/s.

Figure 3 shows the structure of the test platform, including a battery comprehensive
performance tester (Digatron BNT 200-100 ME) and a thermal chamber. The voltage
and current ranges of the battery comprehensive performance tester are 0-100 V and
0-200 A, respectively.

The voltage and the capacity of a single battery are relatively small; thus, large numbers
of batteries are usually connected in series to be the power source of an EV. However, these
batteries might suffer from minor differences in voltage, capacity, and internal resistance
because of the possible nonuniformity in manufacturing and materials. Meanwhile, the
heat production rate of each battery is also influenced by the differences in charge and
discharge degrees, ambient temperatures, and heat dissipation conditions. As a result,
a consistency test needs to be carried out for each battery before being connected to a
package, so as to guarantee good consistency for a battery package under different charge
and discharge conditions.
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Figure 3. Battery pack testing device.

The cooling system of the battery package is shown in Figure 4. Considering that
it is important to guarantee good insulation and contact between every single battery
and the cooling plate, we bond the cooling plate and the batteries by coating conductive
silicone, which can reduce the contact thermal resistance, as well as guarantee the insulation
between each battery and the cooling plate. The inlet and outlet of the cooling liquid are,
respectively, deployed on the sides of the cooling plate, and the pipes used for the flow of
the cooling medium (the mixture of water and ethylene glycol) are built into the cooling
plate. In so doing, it contributes to the cooling of each battery via the cooling plate. That
is to say, when the batteries are in work, the heat is transferred from the batteries to the
surfaces of the cooling plate, and then it is taken away by the cooling medium in the inner
pipes, and finally, the heat is dissipated to the air via the air-cooled condenser.

o ——————

Air-cooled condenser

:::::

::::::::::

Observation ---a-rT1-rTaera-ro---
window

Flow meter@)

Reservoir

Lnline filter
LA g -

Gear pump Valve

Figure 4. Battery pack testing device for cooling and heating.
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The deployments of the temperature sensors with a total number of 20 on the surfaces
of batteries are shown in Figure 5. For each battery, we deploy temperature sensors on the
upper and lower half of the battery surface in Figure 6. An Agilent thermometer is used to
measure the temperature rise of each temperature sensor when the batteries are at work.
The device named Digatron BNT 200-100 ME is used to control the current. A gear pump is
used to provide power for the cooling medium. A meter is used to measure the flow of the
cooling medium.

{(D) [G) () () JO) J(1) J(A3) [(15) J(17) J(19)

Figure 6. Comparison of the temperature difference and maximum temperature in the module.

2.3. Comparison of the Numerical and Experimental Results

In order to investigate the heat generation performance of a battery package during
discharge, it is firstly charged at a constant current of 3 A (0.3 C) in a thermal chamber
where the temperature is set to be 25 °C until the battery voltage reaches 36.5 V and 3.65 V;
it is charged continuously at a constant voltage of 3.7 V (0.05 C) until the battery voltage
reaches 37 V and 3.7 V, and then it is placed in the thermal chamber for 3 h. In the thermal
chamber with a temperature of 25 °C, the batteries are discharged at a constant current of
20 A (2 C), and the cut-off voltage is 25 V and 2.5 V. The temperature of the inlet cooling
medium is 23 C, and the flow rate is 0.1 L/min. After discharging, the maximum and
minimum temperatures of each battery in the experiments and simulations are shown in
Figure 7, and the temperature differences between experimental and simulation results can
be seen in Figure 8.
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Figure 7. Comparison of the numerical and experimental results in terms of the temperature.
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Figure 8. Experimental and simulation results of the temperature difference of a battery pack.

From Figure 7, we can see that the measured experimental maximum temperature
appears in the fifth battery, because the batteries in the package are in contact with each
other (see Figure 5), and the contact areas of the 1st and 10th batteries with air are the
largest. Besides, the inlet of the cooling plate is in the first battery, thus resulting in relatively
lower temperatures in the 1st to third batteries. In the numerical simulations, we mainly
consider the internal resistance heating of the battery and neglect the chemical reaction heat;
therefore, the maximum temperatures in the simulations are lower than the corresponding
ones in the experiments; however, the general tendencies are the same.

Additionally, in Figure 7, when the horizontal axis is 7, the absolute error of the
simulated and experimental temperature is the largest, with a value of 1.05 °C, and the
experimental temperature is 38.55 °C. We can calculate that the maximal relative error of the
simulated and experimental results is 2.7%. That is, the relative error is in the permissible
scope. We can also find that as the measuring position changes, the simulated data has the



World Electr. Veh. ]. 2023, 14, 169

9 of 20

same trend as the experimental data, and the simulation results are generally lower than
the experimental results. Through the analysis, the reason is that: in the model, we set the
battery package heat source as a constant body heat source, while the inner resistance of
the battery is increased along with the time of discharge actually. It especially increases
rapidly at the end of the discharge, which leads to an increase in Joule heat. Meanwhile,
along with the discharge procedure, the inner side reaction of the battery also rises, which
leads to a higher total amount of heat. Thus, the experiment results for every measuring
point of the battery package are greater than those obtained from the simulation ones.

From Figure 8, the temperature difference obtained by numerical simulations in the
first battery is smaller when compared with that in other batteries. That is because the heat
source used in the numerical simulations is smaller than that in the experiments. Besides,
the contact heat resistance between the cooling plate and batteries in the simulation model
is not considered, i.e., the heat transfer in the middle part of the package in the simulations
is faster than that in the experiments, which makes the simulated temperature differences
in the middle part of the package larger than the corresponding experimental ones. In short,
the experimental and simulated temperature differences are all small, i.e., they are less than
1 °C. The general tendencies of the experimental and simulated temperature differences for
the 2nd to 10th batteries are the same.

3. Cooling Simulations of the Battery Package

In this work, we simulate the cooling performance of the battery package with a dis-
charge rate of 2 C and compare the simulation results with the corresponding experimental
outcomes to validate the effectiveness of the simulation method. Then, we calculate a group
of cases where the discharge rates range from 1 C/cell to 4 C/cell, the liquid flow rate from
0.1 L/min to 20 L/min, and the inlet temperature from 5 °C to 40 °C.

3.1. Module

Figure 9 shows the geometric model of the liquid cooling heat dissipation system of
the battery package. We can see that two cooling plates of equal dimensions are placed
on two sides of the package, respectively. Pipes are built into each cooling plate for
the purpose of taking away the heat, which is transferred from the batteries by means
of the cooling medium. In this work, the ethylene glycol water solution is used as the
cooling medium.

Cooling ~

plate
N s Fixed blet

(a) Isometric View (b) Exploded View

Figure 9. The geometry of the battery pack module.
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In the simulations, the amount of the generated heat (see Equation (1)) applied to
each battery is equal to that in the experiments. The input parameters are listed in Table 2.
The heat conductivity coefficient of a battery is anisotropic, and we can evaluate the heat
conductivity coefficient of a battery in three directions by using the principles of parallel
and series resistance, as shown in Figure 1.

3.2. Mathematical Model

The simulations, including the fluid flow and heat transfer in the cooling plates, are
conducted by means of FLUENT, where three-dimensional incompressible Navier-Stokes
equations and a standard k-¢ model are used. Besides, the so-called SIMPLE method is
employed for iteration. In the SIMPLE algorithm, the solution is assumed to be terminated
once the residuals of the x- and y- velocity equations are smaller than 10~7. We have
numerically confirmed that all the output parameters are converged by means of this
termination condition. The governing equations are given as follows:

uj
- )
o, ow)_ o o (ow
p( ot +”fax]-> = Tow T ax; (”axj @
oT T\ 9 (0T

Only steady state condition is considered in this work, which takes the
following forms:

8u]- (6)
ax]-
oJu; dp 0 ou;
P“]aTCj o 87] (Vax]> (7)
oT d oT

where u and x represent the velocity and direction vectors in Cartesian space; p is the
density; p is the pressure; y is the fluid viscosity; ¢, is the specific heat capacity; T is the
temperature; k is the thermal conductivity.

3.3. Boundary Condition

In order to model the working performance of the battery package accurately, we apply
different heat sources during simulations so as to describe the different heat generated
under different working conditions. During simulations, we cool the batteries by setting
different flow rates and different inlet temperatures of the cooling liquid. The boundary
conditions are listed in Table 3.

The battery surfaces that are in contact with the air are cooled via air-free convection.
Apart from the surfaces that are in contact with the batteries, the other surfaces of the
cooling plate are also cooled via air-free convection. Because the batteries are placed in the
battery pack, the airflow is poor. We assume that the convective heat transfer coefficient
is equal to 2 W/(m?-K). Radiation heat transfer is neglected. Considering that isothermal
compressibility and expansion coefficient are all small, we neglect the influence of liquid
expansion on its density, viscosity, and heat conductivity coefficient. The cooling liquid is
assumed to be incompressible. The physical parameters of the cooling plate do not vary
over time, and thus the liquid cooling plate works under and thus steady conditions. The
inlet boundary conditions are that the mass flow rate is steady, and the temperature is
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300 K. With respect to the outlet boundary condition, we set it to be a pressure outlet with
a value of 0 Pa. Because there are several elbow pipes in the cooling plate, we adopt a
turbulence model in the calculation.

Table 3. Description of the input parameter and quantities of interest.

Boundary Conditions Definition Range

It denotes the heat loss of a given cell
under various working conditions.
It reflects the temperature of the
coolant at the inlet of the
cooling plate in the cases of cooling
and preheating.

It denotes the volumetric flow rate of
Coolant volume-ric flow rate V the coolant, which is converted to a 0.1-20 L/min
mass flow rate in FLUENT.

It means the highest temperature in
the package.

It reflects the difference between the
maximum and minimum cell

AT temperatures in the module. Output

Cell heat loss Q 1-4 C/Cell

Coolant inlet 5-40 °C

Temperature Tj, 40-70 °C

Tmax

Output

dex—Tmin

3.4. Numerical Analyses

The same boundary conditions in the experiments are applied in the numerical simu-
lations. The inlet temperature of the liquid cooling medium is 23 °C, and the flow rate is
0.1 L/min. The maximum and minimum temperatures of each battery after discharging
are shown in Figure 7. From this figure, we can see that the tendencies of the simulation
results are basically inconsistent with those of the corresponding experiment outcomes.
The temperature difference of each battery can be seen in Figure 8. From this figure, we can
see that the simulated temperature difference of each battery agrees with the corresponding
experiment result apart from that of the first battery. After validating the effectiveness of
the simulation method, we investigate the cooling performance of the battery package with
a discharge rate of 1 °C to 4 °C, where the flow rate is 0.5 L/min, and the inlet temperature
ranges from 5 °C to 40 °C. The maximum temperature and temperature difference of the
battery package versus fluid inlet temperature curves is plotted in Figures 10 and 11. Then,
we investigate the cooling performance of the battery package with a discharging rate of
1 °C to 4 °C, where the inlet temperature is set to 25 °C and the flow rate ranges from
0.1 L/min to 20 L/min. The maximum temperature and temperature difference of the
battery package versus volumetric flow rate curves are plotted in Figures 12 and 13. Finally,
we investigate the cooling performance of the battery package with the discharging rate
ranging from 1 °C to 4 °C, flow rate from 0.1 L/min to 20 L /min, and inlet temperature
from 5 °C to 40 °C. The maximum temperature and temperature difference of the battery
package versus flow rate and inlet temperature curves are plotted in Figures 14 and 15.

Figure 10 shows that the maximum temperature of the battery package rises with
the increase of the discharge current. The maximum temperature difference of the battery
package is 15 °C when the discharge rates are between 4 °C and 3 °C; it is 10 °C when
the discharge rates are between 3 °C and 2 °C; and it is 7 °C when the discharge rates are
between 2 °C and 1 °C. Besides, the maximum temperature of the battery package rises
with the increase of the inlet fluid temperature when the discharge rates are kept constant.
For example, when the discharge rate is 1 °C, the maximum temperature is 7.5 °C with
an inlet fluid temperature of 5 °C; however, it is 41.3 °C with an inlet fluid temperature
of 40 °C.
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Figure 10. The battery surface maximum temperature versus fluid inlet temperature curves with
discharging rates ranging from 1 C to 4 C.
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Figure 11. The battery surface temperature difference versus fluid inlet temperature curves with
discharge rates ranging from 1 C to 4 C.
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Figure 12. The battery surface temperature difference versus fluid inlet temperature curves with
discharging rates ranging from 1 C to 4 C.
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Figure 13. The battery surface temperature difference versus volumetric flow rate curves with
discharge rates ranging from 1 C to 4 C.
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Figure 15. The temperature differences of the battery package with discharge rates ranging from 1 C
to4C.

Figure 11 shows that the temperature differences of the battery package are almost the
same, along with the changes in the inlet fluid temperatures when the discharge rates are
kept constant. The temperature difference rises with the increase of the discharge current.
The temperature difference of the battery package is 10 °C with a discharge rate of 4 °C; it is
5.7 °C with a discharge rate of 3 °C; it is 2.8 °C with a discharge rate of 2 °C; it is 0.6 °C with
a discharge rate of 1 °C. However, the temperature differences are almost not changed when
the package is discharged at the same rates. In other words, the inlet fluid temperature
has little influence on the temperature uniformity of the battery package. Figure 12 shows
that the maximum temperature of the battery package remains unchanged when the liquid
flow is larger than 0.5 L/min under the same discharge condition. It only rises along with
the increase of the discharge current. That is to say, when the liquid flow is larger than
a certain value, the liquid flow has little influence on the maximum temperature of the
battery package. When the liquid flow is larger than 0.5 L/min, the maximum temperature
of the package with a discharge rate of 4 °C is 15 °C larger than that with a discharge rate
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of 3 °C; the maximum temperature of the package with a discharge rate of 3 °Cis 10 °C
larger than that with the discharge rate of 2 °C; the maximum temperature of the package
with the discharge rate of 2 °C is 7 °C larger than that with the discharge rate of 1 °C. The
maximum temperature increases dramatically when the flow is less than 0.5 L/min.

Figure 13 shows that the temperature difference of the battery package remains to
be unchanged when the liquid flow is larger than 0.5 L/min under the same discharge
conditions. It only rises along with the increase of the discharge current. That is to say,
when the liquid flow is larger than a certain value, the liquid flow has little influence
on the temperature difference of the battery package. The temperature difference of the
package with a discharge rate of 4 °C is 10 °C; it is 5.7 °C with a discharge rate of 3 °C; it is
2.8 °C with a discharge rate of 2 °C; and it is 0.6 °C with a discharging rate of 1 °C. The
temperature difference increases dramatically when the flow is less than 0.5 L/min.

Figure 14 shows the cooling performance of the battery package, where the discharge
rates range from 1 °C to 4 °C, the liquid flow rates from 0.1 L/min to 20 L /min, and the
inlet temperatures from 5 °C to 40 °C. From this figure, we can clearly see the influences of
the liquid flow and the inlet temperature on the maximum temperatures of the batteries.
When the batteries generate a lot of heat, the cooling performance is more obvious by
changing the liquid flow and the inlet temperature. The maximum temperature of the
package is lower than 50 °C when the working conditions are: discharging rates are 1 °C
and 2 °C; flow rates range from 0.1 L/min to 20 L/min; inlet temperatures are from 5 to
40 °C. When the battery package is working with discharging rates of 3 °C and 4 °C, in
order to keep the package working in an optimum temperature range, one can lower the
inlet temperature and enlarge the flow rate. In the case of discharging with a rate of 3 °C,
we can control the maximum temperature of the package within 50 °C by setting the inlet
temperature lower than 35 °C and the flow rate larger than 5 L/min. Additionally, in case
of discharging with a rate of 4 °C, we can control the maximum temperature of the package
within 50 °C by setting the inlet temperature lower than 15 °C and the flow rate larger
than 0.5 L/min.

The temperature difference is another important index for the evaluation of the cooling
performance of a battery package. Figure 15 shows the temperature differences of the
package with different heating power. When the package is discharged with a rate lower
than 3 °C and the flow rate is larger than 0.5 L/min, the temperature difference of each
battery is lower than 5.7 °C. However, if the package is discharged at a rate of 4 °C, no
matter how to adjust the flow rates and the inlet temperatures, the temperature differences
exceed 10 °C, which is beyond the scope of permission. For the four working conditions
above, we can see that the temperature differences of batteries are almost the same, which
means that the inlet temperature has little influence on temperature uniformity.

4. Simulations and Experiments of Battery Heating

EVs should be able to work at a wide temperature range. In recent decades, the cooling
performance of batteries has received universal attention from researchers. However, little
literature has reported the influence of low temperatures on the performance of batteries.
Normally, the power batteries start to work when the temperature reaches above 0 °C, and
their lower limit range of the optimum working temperature is 10 °C. This paper heats the
battery package by controlling the liquid flow rate and the inlet temperature so as to make
it reach a good used condition with less time and power consumption, which will provide
a reference for the BTMS.

4.1. Experimental Validation

The experiment scheme of battery heating is the same as that of battery cooling. In
this experiment, the heating source of the liquid is an electric heater, and the warmed
liquid can heat every single battery via pipes in the cooling plate. After heating to 50 °C,
the liquid is kept warm, and the flow rate is 0.1 L/min. Because the temperature of the
package is not in its optimum working temperature range during the preheating process,
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batteries are not working during experiments, i.e., the thermal load is always zero. The
initial temperature of each battery is 0 °C. The relationships between the heating time and
the rising temperature of the ten batteries are shown in Figure 16.
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Figure 16. Comparisons of the battery surface temperature obtained from the simulation and experi-
ment ranged from 1 C to 4 C.

From this figure, we can see that the simulation result agrees well with the correspond-
ing experimental one. The final temperature in the experiment is 36.67 °C; however, the
simulated final temperature is 36.59 °C. The battery temperature increases with the rise of
the heating time. In the initial stage of the preheating process, the average experimental
temperature is lower than the simulated one; they are equal at about 400 s; after that, the
experimental temperature is higher than the simulated one. That is because we neglect the
contact thermal resistance in the simulations, which is caused by the gaps between a part
of the batteries and the cooling plate.

4.2. Numerical Analyses

The numerical models, including the liquid and the cooling plate for the preheating
simulations, are the same as those for the cooling simulations. The boundary conditions are
the inlet temperature of the liquid is 50 °C; the flow rate is 0.1 L/min; ambient temperature
is 0 °C; pressure output with a value of 0 Pa is set; surfaces are set to be adiabatic, apart
from the contact surfaces between batteries and between batteries and the cooling plate.
Though the cooling plate is to be working in the battery package for a long time, its
physical parameters will not change over time, i.e., the cooling plate is working under a
steady state. However, considering that we need to obtain the steady field at a certain
time during preheating, we employ transient analysis during simulations. The simulation
results can be found in Figure 16. After validation of the simulation method, we perform
another two numerical cases, where the ambient temperatures are —5 °C and —15 °C,
respectively. The simulation results are shown in Figure 17.
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Figure 17. The battery temperature versus time curves with three ambient temperatures of 0 °C,
—5°C,and —15 °C.

Numerical simulation results show that the preheating process slows down with the
decrease in the initial battery temperature. For the battery with an initial temperature of
0 °C, it takes 210 s to heat the battery up to 5 °C; however, it takes 340 s and 500 s for the
initial battery temperatures of —5 °C and —15 °C, respectively.

Because the heating process is relatively slow when the flow rate is 0.1 L/min, we
also numerically investigate the influence of the flow rate on the heating performance. In
the simulations, the ambient temperature is —15 °C; the batteries are not in work; the inlet
temperature of the liquid is 50 °C; the flow rates are 0.1 L/min, 0.5 L/min, and 5 L/min,
respectively. The simulation results can be found in Figure 18.

From Figure 18, we can see that the preheating process speeds up with the increase in
the flow rate. When the flow rate is 0.1 L/min, it takes 550 s to heat the battery from —15 °C
to 5 °C. However, when the flow rate is 0.5 L/min, it only needs 300 s, whose heating time
is 45.5% shorter than that in the preheating process with a flow rate of 0.1 L/min. When
the flow rate is 5 L/min, it only needs 260 s, whose heating time is 52.7% shorter than that
in the preheating process, with a flow rate of 0.1 L/min. Consequently, one can use a large
flow rate to speed up the healing process so as to save time.

In order to investigate the inlet temperature on the heating performance, we perform
three numerical cases, where the inlet temperatures are 10 °C, 30 °C, and 50 °C, respectively.
The other conditions are the same as those in the heating simulations above. The simulation
results can be found in Figure 19.

In Figure 19, we can see that the preheating process speeds up with the increase in
the inlet temperature. When the inlet temperature is 10 °C, it takes 16 min to heat the
battery to a temperature of 5 °C. However, when the inlet temperature is 30 °C, it only
needs 6.5 min, whose heating time is 59.4% shorter than that in the preheating process
with an inlet temperature of 10 °C. When the inlet temperature is 50 °C, it only needs
5 min, whose heating time is 68.7% shorter than that in the preheating process with an inlet
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temperature of 10 °C. Consequently, one can use a high inlet temperature to speed up the
heating process so as to save time.
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Figure 18. The battery temperature versus time curves with three flow rates of 0.1 L/min, 0.5 L/min,
and 5 L/min.
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Figure 19. The battery surface temperature versus time curves with three inlet temperatures of 10 °C,
30 °C, and 50 °C.

As a result, one may need to install heating and thermal insulation systems for the
battery package in EVs in cold regions, which will make the preheating process unnecessary
after a short time of parking, or provide a relatively high initial temperature after a long-
time parking. Besides, it also contributes to the energy recovery, which can be used to

warm the passenger compartment or provide a heating source for the heat pump, thereby
extending the driving mileage of EVs.
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5. Conclusions

In this paper, we design a liquid cooling and heating device for the battery packaging.
Ten lithium-ion batteries are connected in series to be a package. Liquid cooling experi-
ments with a discharge rate of 2 C and preheating experiments with a temperature of 0
°C are carried out for the battery package. A thermoelectric couple is used to gather the
temperature information of the package so as to perform cooling and heating analyses. A
three-dimensional numerical model for the battery package is built, whose effectiveness
is validated by comparing the simulation results with the corresponding experimental
outcomes in terms of battery surface temperature and temperature difference. In the
cooling simulations, we investigate the influences of the liquid flow rate and the inlet
temperature on the maximum temperature and temperature difference of batteries. When
the batteries generate a lot of heat, the cooling effects are obvious by changing the flow
rate and the inlet temperature. When the inlet temperature is set to be constant, and the
flow rate is less than 0.5 L/min, the flow rate has a significant influence on the maximum
temperature and the temperature difference of the package; however, when the flow rate is
larger than 0.5 L/min, it has little effect on the maximum temperature and the temperature
difference. The inlet temperature has little influence on temperature uniformity. In the
preheating simulations, we investigate the influences of the flow rate and the inlet temper-
ature on the preheating performance. Numerical results show that large flow rates and
high inlet temperatures are able to speed up the preheating process, thereby saving time for
the drivers.
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