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Abstract: As the core powertrain component of electric vehicles, batteries release heat when charging
and discharging due to the chemical reactions between the battery elements and internal resistance.
To avoid problems resulting from abnormal temperatures, such as performance and lifespan issues,
an effective battery cooling system is required. This paper presents a fundamental study of battery
module liquid cooling through a three-dimensional numerical analysis. CFD numerical tests as
conducted here are based on the heat transfer characteristics and on the liquid cooling theory, and
the temperature distribution and thermal conductivity are analyzed qualitatively and quantitatively
using Simcenter STAR CCM+ version 2016 (Siemens Digital Industries Software, Plano, TX, USA). A
simulation uses a square-shell lithium-ion battery-made module with two different liquid cooling
systems at different positions of the module. The results of the numerical study indicate that the
bottom cooling system shows a better battery module temperature difference that is approximately
80% less than that of the side cooling system. For the side cooling system, it is better in terms of the
maximum temperature of the battery module, which is approximately 20% lower than that in the
bottom cooling system, but this system does not offer very good control of the temperature difference,
which is also its greatest shortcoming compared to the bottom cooling system.

Keywords: CFD; thermal management system; battery cooling system; heat conductance

1. Introduction

The effort to promote sustainable development in the automotive industry has been
ongoing for years with the emerging challenges of environmental issues and energy crises.
To cope with energy and environmental issues and promote continued development in the
automotive industry, traditional hydrocarbon fuels are being converted to clean energy,
and the development of the traditional automotive industry has been greatly challenged.
Electric vehicles, as an alternative transport mode, are shifting the powertrains of vehicles
from fossil fuels to electricity. The major automotive producers of the world have increased
their research and development efforts to focus on electric vehicles [1,2].

As the main source of power for electric vehicles, the performance characteristics of
batteries determine the mileage, safety, and life cycle of an electric vehicle. A rechargeable
lithium-ion battery is widely used as the dominant energy storage system for electric
vehicles to ensure high power, low self-discharge times, long lifetimes, and no memory
effect. Moreover, they are widely commercialized [3].

However, thermal control of lithium-ion batteries under various conditions has not
been sufficiently addressed. Their performance and lifespan are greatly affected by the
battery temperature and the temperature balance of the battery pack. The accumulated
heat generated when charging and discharging causes distinct temperature differences
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in the battery pack. Moreover, long-term, uneven heat generation causes inevitable ca-
pacity differences between the batteries in the pack, thereby degrading the performance
overall. [4,5]. Therefore, to manage the thermal energy of the battery and maintain the
uniformity of the internal temperature of the battery pack, the battery thermal management
system design of the battery pack is one of the most important research topics in the battery
pack manufacturing industry [6-13].

Many studies have investigated the battery cooling system with the development
of electric vehicles. Because of the simple structure, an air-based cooling system was
first studied for electric vehicles, and due to its related performance characteristics, many
papers have produced very good descriptions [14-17]. Liquid cooling systems are currently
the most widely used, and the related research is also the most of all cooling systems.
Whether research has focused on the specific structural design or the flow path design,
it has been carefully analyzed [18-21]. With the improvement in the performance and
cruising range of electric vehicles, the requirements for the battery management system is
also growing. Therefore, a thermal management system based on phase change material
or a heat pipe has also been proposed, and many papers have analyzed this thermal
management method [22-25]. There are advantages and disadvantages among the various
cooling systems, so the differences between these systems have also been studied and
compared [26-30]. Based on those studies, this numerical study focuses on analyzing
and comparing the cooling effect characteristics of the two types of mainstream liquid
cooling systems at different positions of the module. This study also tried to analyze the
relationship between the coolant channel area and cooling effect. Each cooling system has
three models with different coolant channel widths to make different coolant channel areas;
a total of six models are created for a numerical analysis by CFD. The cooling effects of each
scheme are evaluated by examining the maximum temperature, the temperature difference,
and the heat transfer conductance. The advantages and disadvantages of each cooling
system are analyzed and summarized, and we explore the causes to provide a basis for
subsequent research.

2. Active Cooling System
2.1. Air Cooling

Air cooling uses heat convection to reduce the temperature of the battery pack. Heat
dissipation is realized by inducing low-temperature air via wind or by forced-air circulation
with a cooling fan. However, the low heat capacity and thermal conductivity of air make
heat transfer less efficient. This drawback becomes much more pronounced when EVs
operate in hot environments or when large temperature variation conditions exist in the
battery pack [14-17].

2.2. Refrigerant Cooling

Direct refrigerant cooling controls the temperature of the battery pack through energy
changes produced by phase change materials (PCM) undergoing physical changes. When
the battery functions and releases heat, the PCM absorbs the heat and changes from a solid
to a liquid to reduce the temperature of the battery pack; in a low-temperature environment,
the heat released by the PCM when changing from a liquid state to a solid state is used
to increase the battery temperature. Compared to other battery thermal management
methods, it has a faster thermal response [22,23].

2.3. Liquid Cooling

Cooling via a circulating liquid generally performs better in terms of temperature
control given the higher thermal conductivity and heat capacity. For liquid cooling, we can
control the coolant flow, secondary medium temperature, and mass flow to meet various
thermal control requirements. In summary, these systems represent a popular cooling
technology in industrial applications due to their integrated flexibility and given that they
offer precise control of heating and preheating.
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Direct liquid cooling and indirect liquid cooling are two commonly used forms of
liquid cooling. The main difference between them is whether the liquid coolant is in direct
contact with the battery. For direct liquid cooling, the battery is directly submerged in the
coolant. For indirect cooling, the coolant from the battery uses a component that indirectly
transfers heat from the battery to the coolant [18-21].

At present, indirect liquid cooling has become the mainstream method owing to its
simplicity and efficiency. Hereafter, liquid cooling, as mentioned in this numerical study,
also refers to this indirect liquid cooling method. The liquid cooling method has been used
more in actual production. Because different designs will have a significant impact on the
cooling effect on the battery pack, continuous research to improve the cooling efficiency of
liquid cooling is paramount.

3. Theoretical Background
3.1. Heat Source in a Battery Cell

The heat generated in a battery cell (Qg) can be considered to originate from two
factors. These are ohmic heating (Quumic) and enthalpy heating (Qeuthaypy)- Their relationship
is as follows [31,32]

Qg = Qohmic + Qenthulpy @

Ohmic heating is produced due to the internal resistance of the battery cell and the
associated electrochemical reactions that take place within it. Enthalpy heating is due to
enthalpy changes that occur during the charging and discharging process. It can be positive
or negative depending on the endothermic or exothermic reaction. The heat generated due
to ohmic heating is computed as [31,32]

Qotmic = 1 ( E — Eo ) ()

where [ is the charging or discharging current and E and E, are correspondingly the cell
potential and open-circuit potential.
The enthalpy heat generated is expressed as follows [31,32]

dEoc
ar

Qenthalpy =-IT 3)
where T is in Celsius.

This yields the heat generated from the battery cells, which is represented in a simpli-
fied form as [31,32]

Q=1 (E-Ex -1) @

It can be seen that the battery continues to generate heat during charging and discharg-
ing. Therefore, while the electric vehicle is driving, the heat generated by the battery will
continue to accumulate. Due to the impact of extreme temperatures on the performance,
reliability, and longevity of the battery pack, the cooling system is extremely important for
all electric vehicles using lithium-ion battery packs.

In this study, the heat input of a battery cell was set as a constant heating power
with an average heat production during a whole discharge process at 1C-rates given to
the battery

3.2. Reynolds Number

The choice of flow model is very important. Different models will lead to major
differences in the results. Therefore, it is necessary to check the Reynolds number to
determine which layer model should be used. All models in this numerical approach are
assumed to utilize a laminar layer flow after the calculation.

Re = P‘;d (5)
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Here p, v, and y are the density, velocity, and viscosity of the coolant, respectively, and
d is the hydraulic diameter of the flow path of the cooling system. It is given expressed as

_aA

d
L

(©)
where A is the cross-sectional area and L is the cross-sectional perimeter of the coolant tube.

3.3. Governing Equation

In this numerical study, a simple algorithm was incorporated to calculate the max
temperature and temperature difference of the module. Objects in nature all satisfy the
basic laws of conservation of physics in motion. In a CFD calculation, the governing equa-
tions satisfied by the fluid are the continuity equation, momentum equation, and energy
equation [33,34]. Because the fluid in this research adopts the laminar flow mode, it does
not need to obey the turbulent transport equation. For the analysis of non-compressibility,
the governing equation of a laminar flow is as follows [35-37].

(1) Continuity equation

ou;
ax-l =0 @
1
(2) Momentum equation
d ~1loP 0 ou;  dU;
ar, ) = " o (‘0‘* % ) ) s ®

_ ; oU; . . e . .
where —u;u; = vt(%—% + aT,]) — %k&ij, 0;j = 1ifi = jand ¢;; = 0if i # j, where u is the
particle velocity vector and g is the gravity vector.

(3) Energy dissipation equation

0 . o O¢ € &2 P2
aij(ujs) = Tx, <U+ (Tg)ax] +%(C€1G) CgZ?)+Cg3f]? 9)
where (C,, = 0.09, Cs1 = 1.15,Csp = 1.9, Cg3 = 025,05 = 0.75, 05 = 1.15)
p=f(pT) (10)
p = pRT (11)

where p is the pressure, R is the gas constant, and T is the temperature.

3.4. Heat Conductance of the Cooling System

The cooling capacity of a fluid can be expressed by the amount of heat transfer
conductance of the fluid. The amount of heat transfer conductance of a fluid can be
expressed by the following formula:

Conduction heat flux (W)

Q =11 x C x AT; (12)
Conductive heat transfer per unit area (W/ K-m?)
Conduction Heat Flux

= 1
Conductance AT % A (13)
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where 71 is the mass flow, C is the specific heat, AT; is the temperature difference between
Tout and Ty, AT, is the temperature difference between T,y after cooled and the T .1 initial,
and A is the contact area.

4. Research Approach
4.1. Three-Dimensional Model of the Liquid Cooling System

Determining the model in this numerical study requires the consideration of several
factors. First, this model should be as close as possible to the model of the battery and
cooling tubes actually used. The battery model used in this numerical study was made
by 1:1 based on a representative square-shell lithium-ion battery (4.35 V, 55 Ah Ni55+
single crystal cell) that is mature in technology, unified in standards, and is already widely
used in many electric vehicles on the market. The battery was cooled by heat transfer
through a coolant in a cooling plate or cooling pipe. Secondly, the model should be easy
to simulate in simulation software to reduce calculation errors and ensure more accurate
results. Therefore, the models have been slightly simplified, which will not affect the result,
such as removing chamfers and other simplifications. Based on these, the following model
is established here.

4.1.1. Model of the Battery Cell and Module

To facilitate the numerical study of the temperature distribution of the types of batteries
studied here, a module model with 25 cells was fabricated to simplify the numerical study
and facilitate the research [37]. Figure 1 shows the shape of the cell and the assembled
module, where the size of each cell is X = 120 mm, Y = 12.5 mm, and Z = 65.5 mm.

Battery Cell

Battery Module

Figure 1. Three-dimensional model of the battery cell and the module.

4.1.2. Flow Path Design of the Liquid Cooling System

The cooling effect of the liquid cooling system will vary greatly at different locations
of the module. Therefore, two types of cooling systems were designed to be located at the
bottom and side of the module. Since the coolant width directly determines the contact area
and the system volume, three models with different coolant channel widths were made in
each cooling system. In total, six models are used for this paper.

The bottom cooling system is the most popular design at present. The bottom cooling
system consists of a large integral cooling plate under the module, with cooling channels
that are grooved inside the panel. In this numerical study, three models with different
coolant channel widths ranging from 10 mm to 40 mm (Model 1-1: 10 mm, Model 1-2:
25 mm, Model 1-3: 40 mm) are made in the bottom cooling system, while the coolant height
is 3 mm in all cases.

The side cooling system is located on both sides of the module, and the coolant flows
through a cooling pipe that is in direct contact with the module. In this numerical study,
three models with different cooling channel heights ranging from 10 mm to 20 mm (Model
2-1: 10 mm, Model 2-2: 15 mm, Model 2-3: 20 mm) are created in the side cooling system;
the cooling channel width is 3 mm, and the cooling pipe thickness is 1 mm.
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The cross-sectional area of the module in the middle of the longitudinal direction with
two cooling systems is shown in Figures 2-5 showing the specific location configuration
between the battery module and the two cooling systems.

Cell

Tmm

b

Model1-1: 10mm Tmm
Model1-2: 25mm

Model1-3: 40mm

Cooling Plate

Figure 2. Cross-sectional area of the liquid tube models of the bottom cooling system.

Height =]

Model2-1: T0mm
Model2-2: 15mm
Model2-3: 20mm

Cooling Pipe
Tmm

Width: 3mm

by Cell

Figure 3. Cross-sectional area of the liquid tube models of the side cooling system.

bottom cooling system

Figure 4. Perspective view of the coolant flow path created in the battery module for the bottom

cooling system.

4.2. Numerical Scheme

In this numerical study, CATIA was used to shape the models, ANSA was used to
generate the surface grids of the models, and STAR CCM+ (ver. 2016) was used to evaluate
the cooling performance of the model cooling system from the numerical simulation results.
All these software are general-purpose 3-D modeling programs.
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For the numerical study, the cartesian coordinate system is shown in Figures 4 and 5 [5],
and all six full-scale models were analyzed with the same practical initial and boundary
conditions to make sure every case was in the same thermal situation. The detailed setting
is as shown below.

side cooling system

Figure 5. Perspective view of the coolant flow path created in the battery module for the side
cooling system.

4.2.1. Grid Generation

For discretization of the domain, the CAD-to-CFD method was used for grid gen-
eration in the numerical domain. After the models were made by CATIA V5 (Dassault
Systemes, Vélizy-Villacoublay, France), the surface grids of the models were generated
by ANSA, and then the models were imported with the surface grids into the numerical
domain. The volume grids were generated in the numerical domain [13]. To ensure the
accuracy of the numerical results, multiple grid settings were created and tested. The final
size of the volume mesh generated in the domain was approximately three million, and the
mesh quality was checked by STAR CCM+, as shown in Figure 6.

Figure 6. Configuration of a typical numerical grid in the numerical domain.

4.2.2. Boundary and Initial Conditions

The main purpose of this study is to compare the cooling effect of the two model
cooling systems, so the most important thing is to ensure that the two cooling systems are
working under the same thermal environment. A constant heating power of the battery
can also provide a uniform thermal environment, and it can shorten the time of CFD at the
same time. The constant heating power 6.8 W, with an average heat production to complete
a whole discharge process at 1C-rates, was given to the battery cell to make sure the cooling
systems were under the same thermal environment.
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The coolant was a mixture of 50% ethylene glycol and 50% water, which is widely
used in mainstream electric vehicles. The flow model utilized a laminar layer flow after
calculations with Equations (5) and (6). Because the heat input of the battery is a constant
heating power, a steady-state model was used in order to complete the calculation as
quickly as possible. Details of the properties of the coolant and the battery and the initial

and boundary conditions are shown in Tables 1-3, respectively [4].

Table 1. Properties of the Coolant.

Coolant (50% Ethylene Glycol + 50% Water)

Thermal conductivity (W/m-K)
Viscosity (Pa-s)
Density (kg/m?)
Specific heat (J/kg-K)

0.38
0.00394
1073.35

3281.0

Table 2. Properties of the Battery Cell.

Battery Cell

Thermal conductivity (W/m-K)

18 (X-direction),
3 (Y-direction),
11 (Z-direction)

Specific heat (J/kg-K) 1100.0
Table 3. Boundary and Initial Conditions.
Boundary and Initial Conditions

Mass flow inlet (kg/s) 0.0268337
Pressure outlet (Pa) 0
Initial temperature (°C) 20
Pheat 6.8
Coolant temperature (°C) 20

Calculation model laminar, steady

4.2.3. Convergence Criterion

As shown in Figure 7, to ensure the reliability of the results of every case calculation,
5000 iterations were conducted, although the results converged before 1000 iterations. The
residual lines descended very smoothly and finally formed a straight line because of the
pretty good mesh quality, and the residual fraction of the main properties at last reached
1073 (%), which means that the error of each simulation step was quite small. All of these
could ensure that the simulation results are accurate enough.

Residuals
13 —— Continuity
—— Energy
X-momentum
\ —Y-momentum
0-1'1." Z-momentum
L\
i
|
[_g |
= 00714
[0}
i}
o
ik
0.0014 pr\f A
nmal
0.00014
T T . T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Iteration

Figure 7. Variation in the residual fraction of the results.
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5. Numerical Results
5.1. Temperature Distribution of the Modules

The temperature distributions of all six models are shown in Figures 8 and 9. Through
the difference in the maximum temperatures and the shape of the temperature distribution,
it is clear that the effect of the cooling system at different positions is very different.

TR
=

Temperature (C)
24.387 28467 32.547 36.627 40.707 44.787

Model 1-1

Temperature (C)
22849 26.576 30.203 33830 37457 41.083

Model 1-2

Temperature (T)
9 3

23078 26493 29.90: 3.325 36.740 40.156

Model 1-3

Figure 8. Temperature distributions of the three models with the bottom cooling system.
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Temperature (C)
2 29.

21.933 24.462 26.99 521 32.050 34.579

Model 2-1

Temperature (C)
21.513 23.853 26.193 28.532 30.872 33.212

Model 2-2

Temperature (C)
9

21.227 23.378 25.52 27.680 29.831 31.982

Model 2-3

Figure 9. Temperature distributions of the three models with the side cooling system.

As shown in Figures 8 and 9, a higher temperature is widely distributed on the top
sides of the modules with the bottom cooling system compared to those of the side cooling
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system. It is estimated that the side cooling system is much better than the bottom cooling
system in terms of the equilibrium of the temperature distribution of the battery module.

5.2. Temperature Distribution on the Cross-Section Area of the Modules

Figures 10 and 11 show the temperature distributions on the cross-section area of the
models in the middle of the longitudinal direction. From this angle, the difference in the
cooling effect caused by the different cooling system positions can be seen more clearly.

Temperature ()

.44 )

Temperature (C
41.026

39419

34.790

29.860

24.931

20.001

Model 1-1

36.825

32.625

28.424
24.224
20.023

Figure 10. Cont.

Model 1-2
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Temperature (C)

.40 .

p

36.131

32.113

28.094

24.076

20.058

Model 1-3

Figure 10. Temperature distributions on the cross-section area of the three modules with the bottom

cooling system.

Temperature ()

34.577

31.664

28.752

25.839

22,927

20.014

Model 2-1

Figure 11. Cont.
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Temperature (C)

. 8

ZI
3 . &

Temperature (C)

.3?.978
Zz I

i3

30.571

27.936

25.301

22.666

20.031

Model 2-2

Model 2-3

Figure 11. Temperature distributions on the cross-section area of the three modules with the side
cooling system.

These figures show that the gradient of the temperature distribution in a single cell
is very deep in the z-direction for the bottom cooling system. However, for the side
cooling system, lower temperatures are distributed on both side ends of the cell and higher
temperatures are found in the middle.

These results indicate that with the proper flow rate control of the coolant, the gradient
of the temperature distribution can be controlled to improve the performance and life cycle
of the battery.
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6. Analysis and Comparison

This study aimed to compare the cooling effect of two different cooling systems. To
evaluate the cooling effect, the maximum temperature, temperature difference, and heat
transfer conductance of the battery module are all important considerations. The coolant
channel area was also calculated to explore the relationship between the coolant channel
area and cooling effect.

In the actual production process, it is relatively difficult to measure the temperature
inside the cell; accordingly, the temperature on the top surface of the cell is usually recorded.
Therefore, for the analysis of the results here, all temperature data in this paper were also
taken from the top surface after cooling.

The maximum temperature reflects the specific temperature performance of the cooling
system; the temperature difference is the temperature difference between the maximum
temperature and the minimum temperature, and it indicates temperature uniformity
between cells in the module, i.e., whether cells of the module are cooled evenly. The heat
transfer conductance is another important parameter in the evaluation of the performance
of the cooling system. The coolant channel area here specifically refers to the area in contact
with the modules.

6.1. Max Temperature and the Temperature Differences in the Modules

Both the maximum temperature and temperature difference of the three models with
the bottom cooling system and the three models with the side cooling system are shown in
Figure 12.

Temp. Max and ATemp. with the bottom cooling system

emp. Max (

® aTemp. (°C

44.99

41.08

¢

< 300
L
-]

E 25.0
ﬂJ

g 0.0

T 1s0

10.0

5.0

00

12
Model
(a)
Temp. Max and ATemp. with the side cooling system
®remp. M.

0.
o
@

2 200
o
3
o
E
2

Figure 12. Max temperature and the temperature difference for the bottom (a) and side
(b) cooling system.
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As shown in Figure 12, for the three models with the bottom cooling system, all the
maximum temperatures of the module exceed 40 °C, and the temperature difference is
less than 4 °C. Model 1-1 shows the highest temperature of nearly 45 °C and the lowest
temperature difference of 4 °C. With an increase in the coolant channel width, both the
maximum temperature and temperature difference become lower, as indicated with model
1-3, which shows the lowest temperature of 40 °C and temperature difference of 1.55 °C.

For the side cooling system, the maximum temperatures of all three models are
less than 35 °C and the temperature differences exceed 7.5 °C. Regarding the maximum
temperature, the highest appears on model 2-1, and the lowest is found on model 2-3 with
almost 32 °C. However, regarding the temperature difference, it becomes higher as the
coolant channel width increases. The temperature difference of model 2-1 is the lowest at
about 7.6 °C, while the biggest was found at 8.3 °C on model 2-3.

6.2. Cooling System Heat Transfer Conductance of the Modules

In practice, heat transfer conductance is another very important indicator to describe
the thermal conductivity of an object. The heat transfer conductance of all six models is
shown in Figure 13.

Heat transfer conductance with the bottom cooling system

3500.0
3228

3000.0

&
£
{ 2500.0
2
8 20000
c
o
g
E
1500.0
'g 1348
Qo
(&}
1000.0 884
500.0
0.0
11 1-2 1-3
Model
(a)
Heat transfer conductance with the side cooling system
2500.0
2360
& 2000.0
£
X 1724
——
2 5
= 1500.0
8 1341
c
ol
%]
=)
S 10000
=
o
o
500.0
0.0
21 22 23

Mo-del
(b)

Figure 13. Heat transfer conductance for the bottom (a) and side (b) cooling systems.
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Figure 13 shows that both the bottom and side cooling systems have the same trend, in-
dicating that the heat transfer conductance becomes lower when the coolant channel width
gets bigger. The heat transfer conductance of the models was reduced from 3200 W/K-m?
to 880 W/K-m? with the bottom cooling system and from 2300 W /K-m? to 1300 W /K-m?
with the side cooling system.

From Equations (12) and (13) it can be seen that the heat transfer conductance is mainly
linked to ATj, AT,, and the coolant channel contact area. Because all initial temperatures
are identical, it is Tout, Teerend, and the coolant channel contact area that determine the
heat transfer conductance. As Teeng is much greater than To,, with the contact area
increasing exponentially, the heat transfer conductance decreases significantly. Because
the contact area of the modules with the side cooling system and the proportion of the
increase in the contact area do not match those of the bottom cooling system, the decrease
in the conductance with the side cooling system is not as large as that with the bottom
cooling system.

6.3. Effect of the Coolant Channel Area in Contact with the Modules

The contact area is a very important factor affecting the cooling effect and system
volume. Therefore, this section discusses how this factor can affect the cooling effect
through a comparison with different contact areas and cooling results when using the same
cooling system. Figure 14 show the contact area size of each model for the bottom cooling
system and the side cooling system, respectively.

As shown in Figure 14, from model 1-1 to model 1-3, the contact area increased by
200% with the bottom cooling system. Figure 12 shows that the maximum temperature
was reduced by approximately 11%, whereas the temperature difference was reduced by
62.5%, meaning that with an increase in the contact area, though the maximum temperature
reduction effect of the module is not obvious, the temperature uniformity of the module
was greatly improved.

This occurs because there is a complete cooling plate close to the bottom of the module,
and the coolant channel is a groove dug into the cooling plate. The heat exchange between
the coolant and the module occurs through the entire cooling plate regardless of how
large the coolant channel area is. Therefore, the maximum temperature does not change
significantly, but the temperature distribution becomes more uniform due to the increased
area with the bottom cooling system.

From model 2-1 to model 2-3, the contact area increased by nearly 100% with the side
cooling system. As shown in Figure 12, we find that the maximum temperature was reduced
by 10.5%, but the temperature difference instead improved by nearly 8% at the same time.
This signifies that with an increase in the contact area, the maximum temperature was also
reduced, while the temperature uniformity of the module became worse.

These results occur because the coolant directly exchanges heat with the module
through the cooling pipe by the two sides; accordingly, the cooling effect is also more
immediate with the side cooling system. By increasing the contact area, the cooling effect
is improved; especially for the first several cells, which show the minimum temperature
of the module, the temperature is reduced more significantly. Therefore, the maximum
temperature is reduced but the temperature uniformity worsens.
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Figure 14. Contact area for the bottom (a) and side (b) cooling systems.

6.4. The Comparison of Cooling Effect Characteristics of Two Cooling Systems

Model 1-3 and model 2-3 have a coolant channel contact area sized identically to that
of the module. Therefore, a comparison between these two models can be used to describe
the difference in the cooling effect performance of the two cooling systems.

As shown in Figure 15, the maximum temperature of model 1-3 is 8 °C higher, but
the temperature difference is 6.8 °C lower. These outcomes indicate that the cooling
characteristics of the two cooling systems are opposite. Though the overall temperature
of the module is higher, the difference in the temperature between the cells is relatively
close, and the temperature distribution of the module is relatively uniform with the bottom
cooling system. However, with the side cooling system, the temperature of the module can
be reduced much more but cannot be distributed evenly at the same time.
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Figure 15. The comparison of max temperature and the temperature difference between two
cooling systems.

Figure 16 shows that the heat transfer conductance of the side cooling system is approx-
imately 1300 W/K-m?, while for the bottom cooling system the outcome is 880 W/K-m?,
showing a reduction of approximately 32%. This shows that with the coolant on both sides
of the module, the cooling effect is much better compared to when the coolant only exists
at the bottom of the module, even if the coolant channel areas are equal.

The comparison of heat transfer conductance
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Figure 16. The comparison of heat transfer conductance between two cooling systems.

7. Conclusions

From this study, with the comparison of the different cooling effects on two different
cooling systems, it was found that the cooling system position and coolant channel area are
very important design parameters for a cooling system of a battery pack. The volume and
the cost of the overall cooling system should be minimized while ensuring a proper cooling
effect. Therefore, the selection of a suitable cooling system design is crucial to improve the
heat dissipation performance of the battery pack. In this way, the efficiency of the battery
pack can be maintained as much as possible, thereby improving the performance, lifespan,
and driving range of an electric vehicle.

The bottom cooling system has a strong control capability in terms of temperature
uniformity of the module. With the same coolant channel area, the temperature difference
of the module with the bottom cooling system reduced by about 80% compared to those
with the module with the side cooling system, which is the main reason for its popular
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commercialized design despite the temperature control not being good compared to the
side cooling system.

The side cooling system has better temperature performance but poorer temperature
uniformity. With the same coolant channel area, the maximum temperature of the module
with the side cooling system reduced by about 23% compared to those with the bottom
cooling system, which is the biggest advantage compared to the bottom cooling.

Regarding the contact area of the coolant channel, the two cooling systems show
different effects. With the bottom cooling system, with the contact area increased by 200%,
the maximum temperature was reduced by 11%, whereas the temperature difference was
reduced by 62.5%. However, for the side cooling system, with the contact area increased
by nearly 100%, the maximum temperature was reduced by 10.5%, but the temperature
difference instead improved by 8%.

Thus, for the future, how to design an effective coolant channel to improve the temper-
ature performance for the bottom cooling system, and explore the proper coolant contact
area to balance the temperature performance, temperature uniformity, and the volume of
the cooling system for the side cooling system, will become the purpose of the research.

The methodology and outcome of this study would be very informative for those
devising optimum designs of liquid cooling systems for lithium-ion battery packs for the
electric vehicle manufacturing industry in the future.
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Abbreviations

A Area (m?)

C Specific heat (J/kg-K)

E Cell potential (V)

Eoc Open-circuit potential (V)
I Current (A)

L Perimeter (m)

Qg Heat generated (J)

Qolmic Enthalpy heating (J)
Qenthalpy ~ Gas constant (J/K)

T Temperature (°C)

14 Volume (m?)

d Diameter (m)

t Time (s)

v Velocity (m/s)

1 Mass flow (kg/s)

AT, (Tour—Tj,) of the coolant (K)

AT, (Teetr-ena—T celt-initiar) ©f the battery (K)
4 Density (kg/m?)

U Dynamic viscosity (Pa-s)

u, v, w  Velocity component in X, y, z-direction
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