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The development of electric vehicles is an important trend in the automotive in-
dustry, in which the performance of power batteries is greatly affected by tem-
perature. In recent years, it has been widely concerned that the performance of
power batteries at low temperature will lead to the vehicle failure to start because
of the bad thermal equilibrium of power battery heating system. This paper studies
the thermal equilibrium performance of battery liquid heating system at low tem-
perature. Inlet temperature, heating time, ambient temperature, and their coupling
relationship to battery thermal equilibrium performance are studied by orthogonal
experimental design method. It is expected that this study can provide reference for
the parameter selection of battery heating system.
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Introduction

Since the 21 century, as environmental pollution has intensified and resources have
gradually become scarce, the world is looking for green energy. The electrification of trans-
portation has also become a technological trend, the most important of which is the vigorous
development of new energy vehicles. The electrification of vehicles has attracted widespread
interest from major car companies and research institutes worldwide [1]. As the power source
of new energy vehicles, the performance of the power battery system determines the perfor-
mance of the car. At the same time, the operating temperature has a significant impact on the
performance of lithium-ion batteries [2, 3]. Lithium-ion batteries have a narrow temperature
range. If the temperature is too low or too high, battery performance will decline, which will
affect battery safety and cycle life [4]. If the temperature is too high, it may cause permanent
battery failure or even thermal runaway, which may cause fire or explosion [5, 6]. In addition to
the overall temperature of the battery, thermal equilibrium performance between the batteries
is also very important. If the temperature difference between the batteries is too large, the bat-
tery capacity will be attenuated if it is light, and a certain battery will fail if it is heavy [7]. An
efficient thermal management system is so important for the power battery system that it can
guarantee the ability of the battery to continue to work, and it can also prevent thermal runaway.
Therefore, the thermal flow field characteristics of power battery systems can be studied by
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experiments or CFD methods to analyze the advantages and disadvantages of thermal manage-
ment systems [8-10].

According to the difference in the form of thermal management, the methods of battery
thermal management can be divided into air cooling, liquid cooling (including microchannel
cooling [11]), and phase change material cooling [12, 13]. Based on the field synergy principle,
Xu et al. [14,15] used the CFD method to study the thermal flow field characteristics of air-
cooled battery pack. The research results show that: to improve the heat dissipation effect of the
battery system, the speed of the cooling air can be increased and the temperature of the cooling
air can be reduced, which can improve the synergy between the speed field and the tempera-
ture field. Saw et al. [16] analyzed the air cooling capacity of the battery system based on the
CFD method. Numerical simulations show that the heat dissipation performance of the thermal
management system is positively related to the cooling air-flow, heat transfer coefficient, and
pressure drop. Shang et al. [17] designed a battery liquid cooling system that can change the
contact surface. At the same time, he used a combination of single factor analysis and orthog-
onal experiments to optimize the mass-flow, inlet temperature, and cooling plate width. In addi-
tion, in order to optimize thermal management performance, he analyzed the effects of cooling
plate width, mass-flow, and inlet temperature to get the best matching design. Zhang et al. [18]
established a phase change memory (PCM) model and numerically simulated it. As a result, it
was found that the battery system using PCM has good heat dissipation performance.

Lithium-ion battery systems can dissipate heat through a thermal management system
at high temperatures, or they can be heated by a thermal management system at low tempera-
tures. With the decrease of temperature, the discharge voltage and discharge capacity of the bat-
tery were significantly reduced especially below 0 °C. At —20 °C, the capacity of the lithium-ion
battery will be permanently attenuated when it is working, and at —40 °C, the lithium-ion battery
basically cannot work. In order to ensure that the battery pack of the emergency traction battery
system can be normally discharged under extremely low temperature environment, the battery
pack needed to be heated. Low temperature heating of lithium-ion batteries had been studied by
some scholars [19-22]. Shuai et al. [23] proposed the self-limiting temperature heating method
that was a strip-like constant temperature electric heating material. When the heating tempera-
ture reached 75 °C, the heating cable was in a high-impedance state, the current was infinites-
imal and the auxiliary heat was automatically suspended. Lei et al. [24] proposed a wide-wire
metal film heating method in which a copper film was coated on both sides of a wide-line
metal film and the battery was heated through a copper film to generate resistance heat through
a current to heat the battery at a low temperature. Luo et al. [25] proposed a heating system
consisting of a heating source electric heating film, a heat transfer medium transformer oil
and a thermal insulation layer silica aerogel plate. Stuart and Hande [26] designed a heating
method that heated the lithium battery and used a 60 Hz low-frequency alternating current to
heat the nickel-metal hydride battery against a lead-acid battery and 10~20 kHz high frequency
current. Salameh and Alaoui [27] used the Peltier effect to conduct heating experiments on the
batteries of electric vehicles. Li et al. [28] placed the thermistor heating tape on the inner wall
of the battery pack and heated the lithium battery pack through heat transfer. This method had
many advantages such as no overheating, safety, reliability, energy conservation, and rapid tem-
perature rise. Pan and Guo [29] applied an electric heating film to a single side of each battery
cell for heating and the heating effect was better, but the heat dissipation of the monomer was
affected. Zhang et al. [30] attached a wide-line metal film to the two larger sides of the battery
cell for heating. The temperature uniformity and heating efficiency of the method were better,
but it was necessary to accurately control the system, which will affect to a certain extent heat
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dissipation of the battery cells. These low temperature heating schemes of lithium-ion batteries
had the following problems. Firstly, the lithium-ion battery may not be discharged at very low
temperature and these low temperature heating schemes may cause heating of the lithium-ion
battery out of balance and reduce the discharge capacity of lithium-ion batteries. What’s more,
continuous discharge in extremely low temperature environment would shorten the life of the
battery.

This paper studies the thermal equilibrium performance of battery liquid heating
system at low temperature. Inlet temperature, heating time, ambient temperature and their cou-
pling relationship to battery thermal equilibrium performance are studied by orthogonal exper-
imental design method.

Lithium-ion battery system model
Geomnetric model

The power battery system of a new energy vehicle usually consists of multiple bat-
tery modules. In addition, there are battery management system components, wiring harnesses,
high and low voltage components, struc-
tural supports, and thermal management
system components. To explore the thermal
management performance of liquid cooling
systems, these components are often sim-  pusicpme
plified. Figure 1 shows a simplified battery
module in which electrical and mechanical
accessories are omitted. There is a layer of
thermal pad between the battery and the
liquid-cooled plate. The thickness is 2 mm
and the thermal conductivity is 2 W/(m?K).
The purpose is to improve the temperature
uniformity between the batteries. In engi-
neering applications, because the installa-
tion of the cooling system is affected by the
narrow space, the liquid cooling plate with
straight channels is shown in fig. 2.

Thermal
insulation

Mathematical model

The heat transfer characteristics inside
and outside of lithium-ion batteries follow
three basic modes of heat transfer. Because
of the side shell of lithium batteries inside
was filled with a large number of electrodes Figure 2. Liquid cold plate with straight channel
and the active substances, such as material,
so the internal main way of heat transfer for thermal conduction, when the temperature dif-
ference in inner of batteries, its heat transfer follows the Fourier law, it will be linked to the
temperature field and heat flow, and is suitable for a variety of different temperature field, also
suitable for steady and unsteady, 1-D or multidimensional, its expression is:

" dr
o=~k (D
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where g7 [Wm™] is called heat flux, indicating heat transfer rate per unit area in the x-direc-
tion, and k [Wm™'K!] — the thermal conductivity of the material. The negative sign in the
equation indicates the direction of heat transfer. Similarly, in the case of linear temperature
distribution, the temperature gradient and heat flux density can also be expressed:

dT T, -T,
=/ =2 1 (2)
dx L
T, - T, AT
Pl 2o — 3
q; 3 7 3)

where 7' and T, represent the temperatures on the front and back surfaces of the heat transfer
path, respectively, and L [m] — the length of the heat transfer path. Usually, when measuring the
heat transfer capacity of 4 certain structure, the heat conduction rate g, of the flat wall with an
area of 4 is adopted for evaluation, namely:

9 =9x (4)

When the lithium-ion battery carries on the heat exchange with the outside world, its

heat transfer mode mainly is the heat convection and the heat radiation. Heat convection occurs

when the surface of a lithium battery is not at the same temperature as external fluids such as

air and coolant. According to the flow properties, when the flow is generated by external forces

such as fans and pumps, it is called forced convection. When the lithium-ion battery is in free

flow, the temperature of the fluid is high, and the temperature difference with the surrounding

fluid is formed, resulting in the density difference between the fluids, and the floating lift force

causes the natural convection of the fluid. The energy transfer rate mode of thermal convection
has the following form:

q"=h(T, -T,) ©)

where ¢” [Wm™] is convective heat flux density. It is directly proportional to the difference
between surface temperature 7, and fluid temperature, 7 [Wm2K™!] is called convective heat
transfer coefficient. It is related to boundary-layer conditions, such as the surface roughness of
boundary-layer, flow direction and flow pattern of fluid on the boundary-layer surface.

Boundary
Thermal management evaluation indicators

In order to evaluate the thermal management performance, there are two indicators.
The maximum temperature rise of the battery refers to the maximum value of the final and
initial temperature of the battery, which reflects the overall effect of thermal management. The
maximum temperature difference between the batteries refers to the maximum difference in
the average temperature of the battery cells, which reflects. The heat balance effect is good
or bad. The maximum temperature difference between batteries reflects the thermal equilib-
rium between the batteries. An excellent battery thermal management system should be able
to maintain the best overall heat dissipation or heating effect while ensuring good thermal
balance.

Orthogonal experimental design

In order to carry out orthogonal experiments, it is necessary to select experimental
factors, which are some parameters that may affect the results. The selection of test factors



Sun, X, et al.: Research on Thermal Equilibrium Performance of Liquid-Cooled Lithium-lon ...
THERMAL SCIENCE: Year 2020, Vol. 24, No. 6B, pp. 4147-4158 4151

should be uniform, dispersed and representative. In this study, to heat the battery module, hot
liquid is assumed to flow into the liquid cold plate. The factors to influence the system tempera-
ture difference are liquid temperature, heating time and environment temperature, the orthog-
onal table can be made as tab. 1.

Table 1. The orthogonal table

Factor
Level Inlet temperature Heating time Ambient temperature
T, [°C] t[s] 7, [°C]
1 10 180 =30
2 20 360 —20
3 30 540 -10
4 40 720 0

Simulation boundary

In the simulation, 3-D incompressible equations Navier-Stokes and achievable model
k-¢ were used. Compared with the k-¢ model, the achievable k-¢ model can keep the Reynolds
stress consistent with real turbulence, and can more accurately simulate the diffusion velocity
of plane and circular jets [31]. In order to obtain the physical quantity of the control panel,
the second-order upwind difference method is adopted, and the SIMPLEC method is used for
iterative calculation. In the calculation, the velocity inlet boundary conditions are taken into
account, and the proportion of turbulence is set to 2%. The pressure outlet boundary is stan-
dard atmospheric pressure, the non-slip boundary condition is also taken into account and the
velocity value is set to 0.

Results and discussion
Orthogonal experimental results

When analyzing the importance of the influence of heating parameters on the thermal
equilibrium performance of the battery system, an L16 orthogonal table was selected for or-
thogonal experiments. The system temperature difference, 7, and the cell temperature differ-
ence, 7., are selected as the evaluation index. In this study, a parametric modeling method was
used, and the completed model was numerically simulated [32]. Table 2 is the test scheme and
corresponding simulation results of 16 orthogonal experiments.

Figure 3 shows the cloud diagram of the temperature field distribution of the cell
module under the condition of orthogonal test design experiment 1, namely hot water at 10
°C, heating time of 180 seconds and ambient temperature at —30 °C. As can be seen from
fig. 3, because the liquid cooling plate is placed at the bottom of the battery module, heat is
transferred from the bottom of the cell, and the overall temperature distribution of the battery
module shows a trend of low at the upper end and high at the lower end. In addition, due to the
influence of the plastic end plate, the temperature distribution of the cell on the two most sides
of the battery module is more severe, so the heat insulation with the plastic end plate should be
considered in the heating design process. Under the heating time of 180 seconds, the tempera-
ture at the top of the cell is about —27 °C. It can be seen that the short heating time leads to the
fact that the heat from the bottom has not yet been transferred to the top, which is limited by the
longitudinal heat transfer coefficient of the cell itself.
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Table 2. Orthogonal test and results
Number Factor Evaluation index
T, [°Cl[ ¢[s] [ 7,[°C] | T,[°C] [ 7, [°C]

1 1 1 1 1.201 | 24.00
2 1 2 2 1.522 | 15.55
3 1 3 3 1.278 8.65

4 1 4 4 0.7 3.61

5 2 1 2 1.205 | 24.00
6 2 2 1 2.534 | 2593
7 2 3 4 1.277 | 8.65

8 2 4 3 4.099 | 10.83
9 3 1 3 1.206 | 24.01
10 3 2 4 1.519 | 15.56
11 3 3 1 3.832 | 2595
12 3 4 2 3.494 | 18.04
13 4 1 4 1.203 | 24.01
14 4 2 3 4492 | 46.68
15 4 3 2 3.828 | 25.95
16 4 4 1 4.899 | 25.26

Temperature (Solid) [K] -
Surface temperature contours

R, =max {k,,k,,k;,k, } —min{k,k, ks, k,}

Range analysis

In order to deal with the results of
orthogonal experiments, a range analysis
method was used. This method can eval-
uate the influence of different factors on
the results in orthogonal experiments, and
can obtain the best match between dif-
ferent parameters. In this study, the op-
timal design of the thermal management
system can be achieved [33]. Through the
test results in tab. 2, the factor level and &
of the corresponding evaluation index in
each column and the water average value
k of the related factors can be obtained in
turn, and each k value is substituted into
the range calculation formula shown in eq.
(6), according to the calculation. As a re-
sult, the range test can be performed on the
orthogonal test:

(6)

Figure 3. Battery module temperature distribution of No. 1 experiment

Table 3. Range analysis results

Parameter Factor
T;, [°C] t[s] T, [°C]
k, 1.175 1.204 3.117
k, 2.279 2.517 2.512
T, [°C] ks 2.513 2.554 2.769
k, 3.606 3.298 1.175
R 2.431 2.094 1.942
k, 12.952 24.004 25.285
k, 17.353 25.931 20.886
T.[°C] Iy 20.890 17.299 22.542
k, 30.473 14.434 12.955
R 17.521 11.497 12.330

The R is the range of each orthogonal
test factor, and its value can clearly reflect the
sensitivity of different parameters to the ef-
fect of the results. If the difference in range is
larger, it indicates that the factor is more sen-
sitive to the evaluation index. Therefore, com-
paring the results of R can obtain the analysis
results of the orthogonal test. The best system
parameters are in the middle column. Table 3
is the result of the range analysis calculated
according to eq. (6).

As shown in tab. 3, for the temperature
difference, 7,, of the thermal management
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system, the magnitude of the influence of different parameters is 7}, > 7, > ¢. For the temperature
difference 7, of the battery, the magnitude of the influence of different parameters is 7}, > 7, >
> ¢t. The inlet temperature of the cooling medium is the most important factor, which has a great
influence on the system temperature difference 7, and the battery temperature difference 7. The
effects of different orthogonal test factors on different evaluation results are shown in figs. 4-6.

As is shown in fig. 4, when the temperature of inlet water increases, 7. and 7, also
increase. This is because the temperature difference between the ambient temperature and the
inlet temperature changes due to the change in the inlet water temperature. At the same time,
the battery has less heat transfer in the longitudinal direction and greater heat transfer in the
transverse direction. Finally, 7, changed from 12.2 °C when the inlet temperature was 10 °C
to 30.4 °C when the inlet temperature was 40 °C. The 7, changed from 1.15 °C when the inlet
temperature was 10 °C to 3.59 °C when the inlet temperature was 40 °C.
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As is shown in fig. 5, when the heating time increases, 7, tends to decrease, while 7,
tends to increase. The reason 7, decreases is that the longer the heating time, the more heat is
transferred from the bottom of the battery to the top. The reason for the increase in 7, is that
the liquid near the water inlet in the heating system can maintain a high temperature, which is
basically consistent with the preset temperature; but the temperature of the liquid far from the
water inlet is relatively low, because part of the heat of the liquid is transferred to the battery.
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The temperature consistency of the heating medium itself has deteriorated. When the heating
time was extended from 180- 720 seconds, 7, changed from 23.8 °C to 14.3 °C, and 7, changed
from 1.17 °C to 3.23 °C. This phenomenon can be improved by optimizing the structure of the
flow channel in the liquid cooling plate to reduce the flow resistance.

As is shown in fig. 6, 7 and 7, decrease with the increase of ambient temperature, and
the decreasing trend remains the same. This is because the increase in ambient temperature re-
duces the temperature difference between the heated liquid and the external environment, which
is conducive to the improvement of heat balance performance. The 7, decreased from 25.2 °C
at —30 °C ambient temperature to 12.4 °C at 0 °C ambient temperature, and 7, decreased from
3.11 °C at —30 °C ambient temperature to 1.22 °C at 0 °C ambient temperature.
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Coupling relationship between inlet temperature and heating time

It can be seen from the analysis in the previous section that the inlet water tempera-
ture, heating time and external environment temperature of the battery heating system all have
influences on the thermal equilibrium performance. Therefore, this section studies the pairwise
coupling relationship between the system temperature difference and the three variables on
this basis. Figure 7 is the system temperature of inlet water temperature and the relationship
between the heating time distribution, it shows that the contour map along the axis of a heating
time increased, the heating time of system influenced by the temperature difference, when the
heating time increases, should consider the appropriate to reduce the water temperature to re-
duce the system temperature, such as when the heating time is higher than the 600 seconds, can
consider to choose water temperature distribution in the 600 seconds the trough of the heating
time corresponding position, namely 20 °C water temperature.

Figure 8 shows the distribution diagram of the relationship between system tempera-
ture difference and inlet temperature and ambient temperature. It can be seen from fig. 8 that the
distribution diagram generally increases gradually from left to right, indicating that between the
inlet temperature and the ambient temperature, the inlet temperature has a great influence on the
system temperature difference, and there are two obvious valleys between the inlet temperature
of 15 °C and the ambient temperature of —25 °C, the inlet temperature of 30 °C and the ambient
temperature of —5 °C.The increase of the inlet water temperature makes the overall temperature
difference of the system rise, which indicates that the inlet water temperature should not be too
high when the battery heating system is designed.
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Conclusions

This paper studies the effects of thermal equilibrium performance and thermal man-
agement system parameters of lithium-ion battery systems at low temperatures. Inlet tem-
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perature, heating time, ambient temperature and their coupling relationship to battery thermal

equilibrium performance are studied by orthogonal experimental design method. The specific

conclusions are as follows.

e When the temperature of inlet water increases, 7, and 7, also increase. This is because the
temperature difference between the ambient temperature and the inlet temperature changes
due to the change in the inlet water temperature. At the same time, the battery has less heat
transfer in the longitudinal direction and greater heat transfer in the transverse direction.

e When the heating time increases, 7, tends to decrease, while 7, tends to increase. The reason
T decreases is that the longer the heating time, the more heat is transferred from the bottom
of the battery to the top. The reason for the increase in 7, is that the liquid near the water inlet
in the heating system can maintain a high temperature, which is basically consistent with
the preset temperature; but the temperature of the liquid far from the water inlet is relatively
low, because part of the heat of the liquid is transferred to the battery.

® The 7, and 7, decrease with the increase of ambient temperature, and the decreasing trend
remains the same. This is because the increase in ambient temperature reduces the tempera-
ture difference between the heated liquid and the external environment, which is conducive
to the improvement of heat balance performance.

e According to the matching of inlet temperature, ambient temperature, and heating time,
when the ambient temperature is relatively low, for example, below —30 °C, a heating
strategy with a low inlet temperature and a long heating time should be adopted. For ex-
ample, the inlet temperature should be 10 °C, and the heating time should be 600 seconds.
This can ensure the best thermal balance performance of the battery. When the ambient
temperature is relatively high, such as —10 °C ~ 0 °C, a heating strategy with a high inlet
temperature and a short heating time can be selected. For example, the inlet temperature is
selected around 30 °C, and the heating time is 300 seconds. In this way, the heating time can
be shortened as much as possible while ensuring the thermal balance performance.

e [t is hoped that the conclusion of this paper can provide a reference for the low-temperature
heating strategy of the thermal management system of electric vehicle power batteries.
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