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Here we propose to use of distinct vascularized plates to be used in the
applications of battery thermal management and electronic cooling. The
temperatures of battery cells increase during charge and discharge; and elevated
temperature values in them accelerated degradation and even may trigger
battery fire because of the thermal runaway. Therefore, thermal management

system is a necessity for battery packs to increase the battery performance and
diminish the risk factors in the electric vehicles. Generally, high amount of heat
is released in the high capacity (>15 Ah) cells in short time interval under fast
charge/discharge conditions; thus, thermal management of the battery system
can be achieved with liquid cooling in that situation. A silicon heater system
which represents the thermal behavior of a battery cell is manufactured based
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4 g on the literature and it is used in experiments. Such a method has not proposed
Structures; . . R .
Thermal Management: up to now in the literature, so the study may be creating a new experimental

. 9 ’ procedure for future studies without the risk of battery fire/degradation to
Cooling System

uncover even extreme conditions experimentally. Electronic cooling is also in
prime importance due to enhanced computing requirement of current systems,
and vascularized plates can solve the hot spot problems occurring with
decreased energy consumption. According to the results, the cooling capacity of
the vascularized plates are calculated as 20W, and a battery cell can be kept
within its optimal operating temperature range when the heat loads up to 30W.
Also, the temperature uniformity along the surface of mimic of the battery is
satisfied by vascularized plates.

© 2023 MIM Research Group. All rights reserved.

1. Introduction

Recent developments in rechargeable batteries and limited energy sources of the world
increase the interest of researchers on the electric vehicle industry. Vehicles are
responsible for 50% of the final oil consumption in the world [1] and seen as one of the
main sources of air pollution. These are key factors in the progression of electric vehicle
industry. Developing electric vehicle industry bring out new issues for researchers, i.e.
safety problems and performance decrements in battery cells due to overheating. Battery
cell is one of the main and the most vital component in the electric vehicle. The capacity
and performance of the electric vehicle mostly depend on the battery system, and it is
responsible for the most of safety problems in the electric vehicle [2-4]. There are various
types of battery cells and lithium-ion is one of the most commonly used types in electric
vehicles. It is most popular because of high specific energy density and high specific power
than others [2].

A lithium-ion battery cell consists of a negative current collector, a negative electrode, a
separator, a positive electrode and a positive current collector, respectively [5, 6]. Battery
cell is the basic component of the electric vehicle. A battery unit consists of many battery
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cells. A battery module is created by connecting many battery units in serial or parallel
form and a battery pack is formed by connecting many battery modules [7]. The number
of battery units in a battery pack is defined with respect to the desired voltage and capacity.
The heat is generated in battery cell during charging, discharging and in operation.
Therefore, the temperature of the battery cell increases. The increment in the temperature
effects the capacity, performance and lifetime of the battery cell [8]. There is not uniform
heat generation along the battery surface, and it is dense near the tabs. In the design of the
cooling system for a battery pack, eliminating safety issues due to high temperature values
(i.e. thermal runaway) and distributing heat uniformly along the battery surface and
between the batteries in a battery module should be the priority. Vascularized cooling
channels can be used in the cooling of the battery cells. They are commonly used in the
cooling of deterministic and random heat loads [9]. Vascularized cooling channels are
known for their high thermal performance and low energy consumption [10-12].

Here, a cooling system is developed for a silicon heater system which mimics the
characteristics of a lithium-ion battery cell (pouch shape). A schematic view of the pouch
cell is shown in Figure 1. The battery cell separated into two sections: active area and tabs.
A silicon heater which is sandwiched between the steel plates was used during the
experiments instead of a real battery cell. Yamada et al. [13] was used electric heater
instead of real battery in the experiments. However, they were not considered the non-
homogenous temperature distribution along the battery surface and heat generation rate
change with charge/discharge capacity. The silicon heater reflects the thermal behavior
of the battery cell and various heating loads are supplied to it in order to represent heat
generation rate of a real battery under various charge/discharge rates. Using mimics of
battery cells in the experimental studies eliminate some challenges associated with real
battery like short-circuit, explosion, capacity fade and etc. Moreover, designed cooling
system can be tested under extreme heating loads via silicon heater and will be used for

electronic cooling.
) )
Tab Tab

Pouch Cell
Active Area

Fig. 1 A schematic of a lithium-ion pouch cell

2. Battery Thermal Properties

In the study, a silicon heater is used instead of real battery cell in the experiment.
Therefore, the heat generation profile and thermal behavior of the battery cell need to be
deeply understood to establish mimic the battery cell accurately.

2.1. Heat Generation in Battery Cells

The heat generation rate of the battery cell needs to be defined before introducing a cooling
system for an electric vehicle. There are two main sources of generation in a battery cell.
First one is the entropic heat, occurs due to the entropy change. The second one is the
ohmic heat and it occurs because of the current transfer between the internal resistances
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[7]. The basic equation used in the calculation of heat generation rate in a battery cell is
shown in Equation 1 [14, 15].

dE,
4 = Qirr + Qrev = 1(Eoc = V) — [IT d;c] 1)
In Equation 1, q is heat generation rate, [ is current (I>0 for discharge and 1<0 for charge),
E,. is equivalent potential (open circuit voltage), V is cell voltage, T is cell temperature
dE,
and d—;c is the temperature coefficient. The first term in the Equation 1, I(E,, — V),

ohmic heat generation (also called as Joule heat or irreversible heat), the second term,

- [IT L

d
electrochemical reactions.

], represents the entropic heat (reversible heat) which is created by

Heat generation at the tabs should be added to the Equation 1 to calculate total heat
generation rate. The heat generation at the connection points is studied in the study of Yi
etal. [16] and represented by Equation 2:

Gtap = (r+ Tc)i2 2

In Equation 2, i, r and 7, represent current density, internal resistance and contact
resistance, respectively.

To sum up, the heat generation in the battery cell is shown in Equation 3 [17];

Qsum = Qirr + Qrev + Qtab (3)

The total heat generation in a battery cell can be calculated by using the Equations (1), (2),

. . . ., dE
(3), but, some terms in the equations are time dependent, like d;C

, so the change of these

term with respect to time should be taken from experimental studies. So, if a study will be
conducted without using a real battery, time dependent parameters should be defined by
checking the results of experimental studies from literature or calculated using a software
including battery module.

2.2. Parameters Effecting Heat Generation Rate in Battery Cells

Heat generation rate in a battery cell changes with respect to battery type, capacity, charge-
discharge duration and ambient temperature. In addition, chemical reactions occurring
inside of the battery cell also change the heat generation rate of a battery cell. The heat
generation rate in a battery cell increases with enhancementin battery capacity [18]. Arora
and Kapoor [18] compared heat generation rate of three different capacity cells and they
figure out that heat generation rate is directly proportional to the battery capacity.

The duration of charge/discharge is symbolized by C. The charging/discharging of battery
cell is completed in one hour at 1C rate. In a similar manner, C/2 and 2C means that
charging/discharging will be completed in 2 hours and a half hour, respectively. So,
charge/discharge duration is inversely related to C rate and high amount of heat releases
in a short time interval at high C rates. In addition, heat generation rate in a battery cell
increases logarithmically with increasing C rate [19-21].

In the study of Xie et al. [22], the heat generation rate during charging and discharging
process is compared. The results of the study show that the more heat is released during
discharging process when compared to charging process. The studies in the literature
support the situation [17].

Ambient temperature is another parameter that has a significant effect on the heat
generation rate. The effect of ambient temperature on the heat generation rate can be
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explained by the change of battery internal resistances. The internal resistance of the
battery is high at low temperature values. The heat generation rate is known to increase
with decreasing electrical conductance at low temperature values. According to studies,
the heat generation rate is inversely proportional to the ambient temperature [19, 21, 23]

The heat generation at the connections points (tabs) should be take into consideration in
the calculation of total heat generation rate. The heat generation in the connection points
can be observed at module and pack level in the battery systems. In the study of Keyser et
al. [24], it is indicated that a cell is generated more heat when it is in a battery module
rather than just a single cell. The heat generation difference between the cell in a battery
module and a single cell can be reached 30% with respect to the current rate. This situation
provides evidence as to how total heat generation rate is change in module or pack level.

2.3. Temperature Distribution on the Battery Surface

The temperature distribution on the battery surfaces is studied detailly in the literature.
The heat generation rate is denser near the tabs; therefore, the highest temperature values
observed near the tabs. There are two main reasons for that situation. First one is the ionic
distribution between positive and negative tabs. In the study of Li et al. [25], the effect of
ionic distribution on the heat generation rate investigated numerically. Their results yield
that heat generation increase with increasing ionic distribution. Second parameter is that
heat generation at the tabs and it is explained in the heat generation part.

2.4. Battery Thermal Management

The capacity and performance of the battery cell are changing with changing operating
temperatures. There is an optimum working temperature for batteries, and it is changed
with respect to battery type. Generally, lithium-ion battery cells operate best at 25-40 °C
[26, 27]. The performance of the battery cell gets worse because of decrease in ion transfer
at low temperatures (<15 °C). At high temperature values (>35 °C), the chemical reactions
occur very fast, and it causes a decrease in the lifetime of the battery cell [28]. In addition
to the operating temperatures, temperature difference along the battery surface and
between the battery cells in a battery module also affect the battery performance and it
causes safety problems for the electric vehicles. The temperature difference along the
battery surface and between the battery cells should be kept lower than 5 °C. Because
thermal runaway occurs in battery pack at high temperature values accompanying the
higher temperature differences and may result in fire of the electric vehicle.

A thermal management system which satisfies the battery requirements in terms of heat
generation and capacity values should be developed. In the literature, it is stated that air
cooling is effective when the heat generation rate per cell is lower than 10W [29].
Therefore, liquid cooling can be sufficient in the thermal management of a high-capacity
battery cell operating at high C rate.

3. Experimental Procedure

A silicon heater system is used instead of real battery in the experiments. So, a silicon
heater is manufactured. It is aimed to reflect battery heat generation rates and
temperature distribution via the silicon heater system. So, the temperature distribution on
the surface on the silicon heater is defined by benefiting from literature studies such as Wu
et. al. [30], Murashko et al. [31], and Zhu et al. [32]. According to these studies, the heat
generation is dense near the tabs, and it becomes less dense far away from the tabs. So, a
silicon heater yielding non-homogeneous temperature distribution along the surface is
manufactured. The silicon heater is sandwiched between the metal plates to have same
thermal conductivity in thickness direction as it in real battery and a mimic of battery cell
is created. A liquid cooling system is designed to cool the mimic of a battery cell. HEXs
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having different cooling channel orientations (parallel and hybrid) are used in the cooling
system. The experimental setup is shown in Figure 2. Metal plates have the thermal
conductivity of 15 W/mK, which is very close to thermal conductivity of battery cell in axial
directions (Figure 3). The experimental setup mainly consists of a silicon heater, a power
supply, mini heat exchangers, a water bath and a data logger. There is a contact surface
between the HEX and silicon heater to allow heat transfer. The remaining surfaces are
insulated. The coolant liquid is supplied at the desired temperature by a water bath. The
flow rate of the coolant is aligned firstly by a needle valve and then measured via a
flowmeter. The temperature of the coolant liquid at the inlet and outlet of the HEX is
measured via thermocouples. Also, the temperature of silicon heater is measured by
thermocouples which are positioned on the surface of the silicon heater system. All the
measured data are recorded via data logger.

ta Logger

~

Flowmeter

Needle Valve ' Silicon

Fig. 2 Experimental setup with its components

Fig. 3 20V Silicon heater and a mimic of battery cell

4. Results and Discussion

The silicon heater system under various heating load is cooled by using different HEXs.
Silicon heater voltage is 20V and maximum power extends up to 50W. The temperature
and flow rate of the coolant liquid are 15 °C and 0.0218 kg/s, respectively. The power of
the silicon heater is adjusted to 8W, 17W, 30W and 48W by changing the current value on
the power supply. In a real battery case, heat generation rate varies under distinct C rates.
In the silicon heater, heat generation in a real battery under various C rate is reflected by
supplying various heating load to silicon heater. In the study, two HEXs having different
heat transfer channel orientations are used: parallel and hybrid. The details of HEXs is
given in Figure 4 and Table 1 [28].
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Fig. 4 Parallel and Hybrid HEXs [9]

Table 1. Dimensions of the heat exchangers [9]

# do dl dZ d3 L Lchannel
(m) (m) (m) (m) (m) (m)
Parallel Design 0.004 0.003 - - 0.17 0.15
Hybrid Design 0.004 0.003 0.0025 0.002 0.17 0.15

Fig. 5 Thermal image of the silicon heater surface under 30W heating load

Infrared thermal imaging of the silicon heater, when the heating load is 30W, is shown in
Figure 5. According to the Figure 5, the temperature distribution is not uniform throughout

the surface of the silicon heater as it in real battery case.

The silicon heater is cooled by parallel HEX and the change of temperature with respect to
various heating load is shown in Figure 6. According to the Figure 6, the temperature of
the silicon heater exceeds critical values when the heating load is 30W. Furthermore, the
temperature of the silicon heater is kept between the operating limits when the cooling

load is 17W and coolant temperature is 15°C.
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Fig. 6 The change of temperature on the surface of the silicon heater sytem under
various heating loads (Coolant liquid: 15 °C)

The effect of cooling system on the maximum temperature values under 30W heating load
when the ambient temperature is 30°C, is shown in Figure 7. The maximum temperature
value reaches up to 45°C in 7.5 min when there is natural convection. In the liquid cooling,
the temperature of the silicon heater reaches up to 45°C in 15 minutes when the coolant
temperature is 15°C. The coolant temperature is decreased from 15°C to 10°C to keep
system temperature below the critical values. According to the Figure 7, the maximum
temperature values is kept below 45°C at the end of 15 minutes when the coolant
temperature decreased from 15°C to 10°C.

Parallel e
Qo =30 W .-".‘ - ”
:G ,-"'.'r <=
r ~” — — =Tcoolant =15°C
5 e
© o
(7] g
o e T coolant =10°C
€ g
(O] o
[ ss?”
15 |
0 150 300 450 600 750 900
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Fig. 7 The change of temperature on the surface of the silicon heater system with
respect to type cooling mode and coolant temperatures (Heating load: 30 W)

In the second part of the experiment, different kinds of HEXs (parallel and hybrid) are used
under various heating loads. In the following experiments, the coolant liquid temperature
is fixed at 20°C. Three thermocouples are located on the surface of the silicon heater to
measure temperature change during the experiments. The temperature of the silicon
heater keeps below critical values for heating loads 8 W and 17 W when compared to 30W
heating load, according to Figure 8 (a), (b), (c). The cooling system does not satisfy the
requirements of the battery system at 30W heating load. The lowest temperature values
are observed at point 3 which is very close to connection point. In addition, the
temperature differences between the measurement points are lower than the 5°C.
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Fig. 8 The change of temperature on the surface of the silicon heater system for
various heating loads: (a) 8 W, (b) 17 W and (c) 30 W

The silicon heater system cooled by parallel design HEX when the heating load is 30W

(Figure 9). Parallel design gives similar results with the hybrid design. The temperature
homogeneity is satisfied by two types of HEXs (AT<5°C).
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Fig. 9 The change of temperature on the surface of the silicon heater system for 30 W
heating load in parallel design HEX

5. Conclusions

The heat generation in a battery cell is changed by many parameters such as type, capacity,
charge/discharge duration and ambient temperature. The performance of the electric
vehicle is highly affected by operating temperatures. So, the temperature in the battery
pack should be controlled in order to improve performance and eliminate safety issues. In
that study, a silicon heater system which represents the thermal behavior of a battery cell
is developed to design a cooling system for a battery cell. The various heating loads (8W,
17W, 30W, 48W) are applied to the silicon heater and the cooling capacity of the
vascularized cooling channels are determined. Parallel and hybrid shape cooling channels
(categorized with respect to cooling channel orientations) are used in the experiments.
According to the results, the temperature of the silicon heater is kept within operating
limits (< 40°C) when the heating loads are 8W and 17W. The temperature homogeneity on
the surface of silicon heater is satisfied by the cooling channels while the cooling
requirements is not satisfied when the heating load is 30W. However, the temperature of
the silicon heater is kept within the operating limits (under 30W heating load) at low
ambient temperature (18 °C) when the coolant liquid is 10 °C. The study is an only a
proximity for the cooling system of a battery cell because thermal behavior of a real battery
cell under various working circumstances cannot be reflected by silicon heater system
exactly. Some of the examples are chemical reactions occurring in a battery cell and the
change of heat distribution on the surface of the battery cell by time. These situations are
not estimated by silicon heater system. However, this method is a good approximation to
design cooling system for batteries.
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