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ABSTRACT

NUMERICAL AND EXPERIMENTAL INVESTIGATION OF AN
ELECTRIC VEHICLE BATTERY MODULE THERMAL
MANAGEMENT SYSTEM

It 1s vital to develop battery technology in electric vehicles. The biggest problem
experienced is the thermal runaways, which is a phenomenon that may cause burning and
explosions following the decrease in battery capacities. The thermal runaway problem
can be solved by using the thermal management system to keep the temperature range
under control. In this study, a 6.7kWh battery pack was produced. Battery pack operation
consists of two parts, mechanical and thermal. In the mechanical part, battery pack
assembly and drop tests were carried out. Besides, a numerical and experimental study
supported drop tests. As a result of this study, the battery case did not show permanent
deformation as suggested in the numerical experiments. Discharge characteristics and
battery module model were discussed in the thermal management part. The gap between
the battery cells reached its most efficient value at 8§ mm. In the developed battery module,
thermal management was attempted using a heat plate and a cooling pipe. According to
the numerical results, the battery module reaches 311.37K at 10C discharge. In the
experimental process, the battery pack was charged with 15A and discharged with 30A.
Moreover, the temperature values reached a maximum of 31 degrees. In the experiment
on electric vehicles, a maximum discharge level of 255A was observed. In this

experiment, the battery pack reached a maximum of 36 degrees.

Keywords: Battery Thermal Management, NTGK Model, Forced Convection, Battery
Pack Manufacture, Drop Test
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OZET

BIR ELEKTRIKLI ARAC BATARYA MODULU ISIL YONETIM
SISTEMININ SAYISAL VE DENEYSEL OLARAK INCELENMESI

Elektrikli araglarda pil teknolojisinin gelistirilmesi hayati énem tagimaktadir.
Yasanilan en biiyiik sorun, pil kapasitelerinin diismesini takiben yanma ve patlamalara
neden olabilen bir olgu olan termal kagaklardir. Termal kagak sorunu, sicaklik araligini
kontrol altinda tutmak i¢in termal yonetim sistemi kullanilarak ¢oziilebilir. Bu ¢alismada
6,7 kWh pil takimi iiretilmistir. Batarya paketi caligmasi mekanik ve termal olmak iizere
iki kisimdan olusur. Mekanik kisimda ise pil takimi montaji ve diislirme testleri
yapilmistir. Bunun yanisira, sayisal ve deneysel bir calisma, diisiirme testlerini destekledi.
Bu c¢alisma sonucunda pil kutusu sayisal deneylerde onerildigi gibi kalict deformasyon
gostermedi. Termal yonetim boliimiinde desarj 6zellikleri ve pil modiilii modeli tartisildi.
Pil hiicreleri arasindaki bosluk 8 mm'de en verimli degerine ulasti. Gelistirilen pil
modiiliinde bir 1s1 plakasi ve bir sogutma borusu kullanilarak termal yonetim denenmistir.
Sayisal sonuclara gore pil modiilii 10C desarjda 311,37K degerine ulasiyor. Deneysel
siiregte batarya paketi 15 amper ile sarj edilmis ve 30 amper ile desarj edilmistir. Ve
sicaklik degerleri maksimum 31 dereceye ulasmistir. Elektrikli araclar {izerinde yapilan
deneyde maksimum 255 A desarj seviyesi gozlemlendi. Bu deneyde, batarya paketi

maksimum 36 dereceye ulasti.

Anahtar Kelimeler: Batarya Termal Yonetimi, NTGK Model, Zorlanmis Tasinim,
Batarya Paketi Uretimi, Diisiirme Testi
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CHAPTER 1

INTRODUCTION AND FUNDAMENTALS

Although greenhouse gas problems caused by the combustion of fossil fuels, CO
and NOX problems, environmental pollution, climate warming, and energy shortages
draw significant attention, the transportation sector has continued to contribute
significantly to pollution in terms of fossil fuel use. The tremendous impact of fossil fuels
on environmental pollution and global warming made the automotive industry tend to
find alternative solutions. Consequently, during last decades, the prohibition of gasoline-
powered vehicles has been announced by many governments in order to prevent this
pollution (Miele et al. 2020; Shen and Gao 2020). Besides, this policy aims to offer an
alternative transportation way to consumers and draw their attention to choosing clean
and environmentally friendly sources. Therefore, electric vehicles have been becoming a
great opportunity to decarbonize, and reduce dependence on fossil fuels. In terms of
sustainability, zero emissions, and cost, EVs completely meet the demands of the
automotive industry (Mossali et al. 2020; Rezvani, Jansson, and Bodin 2015; Santos
2017). Government support for the common usage of EVs is dramatically increasing, and
the motivations of the community toward EVs are changing positively. The UK aims to
become a zero-emission country by 2050. Moreover, China, Norway, Japan, Sweden,
Denmark, and India provide significant financial supports for EVs. In the light of these
incentives and technology developments, EVs manufacturers reached a sales value of 2.1
million in 2019. According to Jato data, 3.5 and 4.4 million EVs were sold in 2020 and
2021, respectively (Thegersen and Ebsen 2019; Mossali et al. 2020).

The crucial components of EVs, such as high energy, power density, long cycle
life, low self-discharge, fast charging capacity, and efficiency of rechargeable batteries,
put the lithium-ion batteries on the frontline in the EVs industry. Besides, the popularity
of lithium-ion batteries originated from cost-effectiveness, and the growing number of
charging stations, also.

Except for lithium-ion, there are many negative factors such as operating

temperature sensitivity and memory effect in Lithium-based batteries and other battery



groups. Therefore, manufacturers prefer lithium-ion battery packs in EVs originating
from lithium potential ("The Global Electric Car Sales 2021 in Numbers - JATO" n.d.).

The EVs are investigated in the early 1830s. Surprisingly, many EV applications
were made, and EVs became popular. These applications were observed broadly, from
tricycles to battery technology and tram development. Then, The USA made an impactful
decision to own more than 30.000 EVs. It is known that various battery types, namely
non-rechargeable batteries, lead-acid, iron-nickel, nickel-metal hydride, and nickel-
cadmium batteries, took part in all these processes. Unfortunately, technical constraints,
widely known as battery volume charging time, ambient temperature, and the rapid
development of internal combustion engines, and oil resources, made EVs unfavorable.
EV Technology has great power to provide energy-saving, sustainable development,
national security, and to eliminate oil crisis and environmental issues (Fugiang et al. 2019;
Nitta et al. n.d.).

Hybrid electric vehicles (HEV), battery electric vehicles (BEV), and fuel cell
electric vehicles (FCEV) dominate in the EV literature. Basically, the vehicles are
composed of 3 parts: power supplies, engines and electronic control systems. Specifically,
power supplies divided into 5 major parts namely lithium-ion batteries, nickel-metal
hybrid batteries, fuel cells, lead-acid batteries and supercapacitors (Jaguemont, Boulon,
and Dubé¢ 2016; Aneke and Wang 2016).

In terms of technical information, lithium-ion batteries reach their maximum
potential at room temperature. Besides, high specific energy, high energy density, cycle
life, low self-discharge and long shelf life are among positive characteristics of lithium-
ion batteries. On the other hand, the most remarkable negative property is that keeping
the lithium-ion batteries within the operating temperature range is necessary. Therefore,
the development of the battery thermal management system plays a crucial role in the
development of lithium-ion batteries (Basu et al. 2016; Zhang et al. 2014).

Cells come together to form modules and then packages. Voltage and capacity in
packages are obtained with serial and parallel configurations. The SoC-SoH in the cells
varies according to the connection type, contact area, and contact resistances. Therefore,
uneven current flow and heat generation trigger an increase in temperature followed by
thermal runaways. Thus electric heating, air heating/cooling, liquid heating/cooling, and
PCM heating/cooling are the focus for BTMS (C.-K. Huang et al. 2000; Roe et al. 2022).
As the Table 1 shows, there are many causes of major lithium-ion battery accidents such

as mechanical, electronic and thermal faults. Basically, mechanical faults can be



classified as mechanical shock, drop, penetration, crash/crush, rollover, vibration,
immersion. Flammability and emission are examples of the chemical faults. Further,
electrical faults are divided into 3 parts namely overcharge/over-discharge, internal short
circuit, and external short circuit. Lastly, thermal faults; thermal stability, extreme cold
temperature, overheat, thermal shock and cycling (Y. Wang et al. 2018; Zolot, Pesaran,
and Mihalic 2002; "10.1115/IECEC2001-ET-07 " 2013; Sun et al. 2020; "(4) (PDF)
Thermal Evaluation of the Honda Insight Battery Pack" n.d.). (Table 1)

Table 1. Selected accidents of the li-ion battery in last ten years.
(Source: Feng et al. 2018)

Accident

A Chevy Volt got burnt
2011 Us three weeks after aside 2016 Norway
pole impact test

During fast-charging, a Tesla
Model S got burnt

The fire triggered in the

2013 Us APU battery module

2016 China An 1EVS caught fire

Two Tesla Model S
caught fire on the
highway after running
over a large metal object

2013 Us 2017  Germany VW e-Golf got fire

The Hybrid EV bus
2015 China  battery module started 2019 England
burning

Complete burning of Tesla Model
X from 2017



CHAPTER 2

LITERATURE REVIEW

Lithium-ion and Ni-MH battery packs are competing in the market. 250Ah
prismatic cells and 6Ah HEV battery modules are commercially produced in-house Ni-
MH. Toyota decided to switch to the Ni-MH battery pack in 2015. Moreover, Fitch says
the market share for NMC batteries will increase by 63%. The Democratic Republic of
Congo has cobalt raw material but cobalt prices are unstable due to political unrest.

Furthermore, lithium-ion batteries technology has been tried to develop new
cathodes to reduce their dependence on cobalt. Tesla wants to develop NCA cylindrical
batteries and integrates them with BMS to form battery packs. Battery specifications of
some EVs are given in Table 3. Battery selection depends on capacity, quality, safety and

cost (G. Zhao, Wang, and Negnevitsky 2022).

Table 2. List of commercial EV used air-cooled BTMS.
(Source: Sharma and Prabhakar, 2021)

2010 Honda Insight Pure 2017 Toyota Prius Prime 8.8 Plug-in

2012 Nissan e-NV200 Pure 2019 Renault Zoe Pure

2016 Hyundai IONIQ 28 Pure

Honda Insight and Toyota Prius were the first commercially available hybrid
electric vehicle to use air cooling strategies for BTMS. The battery pack of the Honda
Insight contains 20 modules of cylindrical batteries, each of 144 V, 0.94 kWh, whereas
the Toyota Prius pack consist of 38 modules of prismatic cells, each of 273.6 V and 1.78
kWh capacity. The battery pack of both EVs were cooled using conditioned air taken



from the cabinet, and the absorbed heat released into the environment. Air-cooled BTMS
has been used in many other EVs such as Nissan Leaf, Mitsubishi i-MiEV, Reynolds ZOE
EV, and Renault Zoe (Sharma and Prabhakar 2021). (Table 2)

Table 3. Specifications of some power batteries on hot-sale EVs
(Source: G. Zhao, Wang, and Negnevitsky 2022)

Capacity Nominal
Type Bat. Man. EV Model
(kWh) Driving Range

Tesla Model S90D
NA Panasonic
Tesla Model S100D 102 510
Tesla Model SP100D 102 505
Tesla Roadster(2020) 200 1000
LCO Panasonic, CATL Daimler Benz Smart 18 120
BYD,GS Yuasa, BYD E6 82 390
LFP :
Chevrolet Bolts EV 60 350
Chevrolet Volts 18.4
Ford Focus Electric 33.5 180

CATL. Hitachi, LG BEY€03203 390

Chem, Samsung
NMC Roewe Ei5 52.5 301
SDI, Panasonic, SK

innovation Renault Zoe ZE50 R135 230

Nissan LEAF 30 170

BMW i3 33 180



2.1. Air Cooling

Temperature homogeneity and energy consumption issues are essential for air
cooling design. It is the notion that the cells' spacing, the module housing, and the inlet
and outlet position are essential parameters for prismatic lithium-ion. On the other hand,
the arrangement 1s essential in cylindrical cells than in prismatic cells. Lithium-ion
packages are available in aligned, staggered, and cross designs. Chen et al. developed the
air cooling system using the Z-type manifold. In the numerical study, the maximum
temperature was 47.3 °C after the prismatic batteries had been loaded at 5C. The
temperature difference was 10.3 °C (K. Chen, Chen, et al. 2018). They reduced the cell
spacing and the highest temperature value by 60 % by optimizing using the Z manifold.
Likewise, they developed the optimization algorithm on the U manifold and investigated
the gap value in the system. The maximum temperature was 43.4 °C after the prismatic
batteries were loaded at 5C. The temperature difference was identified as 5.6 °C. This

design managed to reduce power consumption by 50 % (K. Chen, Song, et al. 2018).
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Figure 1. (A) Two-dimensional (B) Three-dimensional BTMS (Source: K. Chen, Chen,
etal. 2018) (C) Three-dimensional (D) Two-dimensional BTMS (Source: K.
Chen, Song, et al. 2018)



In the experimental study, Kokam SLPB75106100 was studied with lithium-ion.
In this study, 25 °C and 40 °C were chosen as ambient temperatures. Gungor et al. found
that the maximum temperature difference on the battery surface of 11° at 3C discharge
and 17° at 5C (discharge rate). Ventilation and low ambient temperature reduced by 3%
battery capacity (Gungor, Cetkin, and Lorente 2022b). The Z manifold was used in the
experimental and theoretical study on the 15S1P battery pack. Gocmen et al. optimized
the battery positions and documented that the maximum temperature difference decreased

from 12K to 0.3K (Gocmen and Cetkin 2022).

K-type
thermocouples
Thermal
insulation tape

Figure 2. (A) Thermocouple locations on the Lithium-ion battery cell (Source: Gungor,
Cetkin, and Lorente 2022b) . (B) Experimental setup (Source: Gocmen and
Cetkin 2022)



For the battery module gap values, Kirad et al. proposed that the longitudinal and
transverse distances between the batteries make a difference in cooling efficiency and
affect temperature homogeneity. After the 18650 lithium-ion battery was loaded at 2C,
the temperature difference was 2.5 °C (Kirad and Chaudhari 2021). Fan et al., who
conducted an experimental study with 32 cylindrical lithium-ion cells, studied at 1C and
2C. They proved that the aligned arrangement has better temperature and cooling
performance than the others. The temperature was decreased by 12 % when compared to
the cross arrangement. The desired temperature homogeneity could not be achieved in

staggering and cross-arrangement (Fan et al. 2019).
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Figure 3. (A) Aligned arrangement (Source: Kirad and Chaudhari 2021) (B) Aligned
arrangement (C) Staggered arrangement (D) Cross arrangement (Source: Fan
et al. 2019)

Lu et al. studied the cooling duct and air supply of a stepwise designed model.
They performed air inlet and outlet from different points. The highest yield was obtained
when the inlet and outlet designs were placed at the top and bottom of the battery pack,
respectively. In the numerical study with 18650 lithium-ion batteries, a maximum
temperature of 29.45 °C was obtained at 0.5C (Lu et al. 2018). Furthermore, Wang et al.
designed a fan battery model and indicated that putting a fan on the battery module gives

better performance in terms of cooling. A maximum temperature of 33.59 °C was



achieved at 3C with Sanyo 18650 lithium-ion batteries. Furthermore, the temperature
difference was 2.95 °C (T. Wang et al. 2014).
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Figure 4. (A) Internal air coolant passage. (B) Temperature fields of the stagger-
arranged battery packs. (C) Streamlines of the stagger-arranged battery packs
(Source: Lu et al. 2018). (D) Temperature of 3 x 8 battery module without
airflow (Source: T. Wang et al. 2014).

Peng et al. achieved a realistic approach by re-modeling the temperature
inconsistency of the cells in the battery pack for a 1C discharge rate. They suggested a
model with the inlet and outlet on the same side (Peng et al. 2019). Ji et al. proved that
changing the distance between cells positively affects temperature homogeneity (Ji et al.
2019). Li et al. proposed an optimization method for reducing volume and increasing the
performance of an air cooling system. When the MOGA algorithm was used, the battery

pack demonstrated a higher thermal performance. The maximum temperature was 34.5



°C at 2C, and the temperature difference was 3.1 °C (W. Li et al. 2019). Zhou et al. have
succeeded in reducing the temperature by 20 °C using an air distribution pipe for
cylindrical lithium-ion batteries. After loading 18650 batteries at SC, the temperature
increased to 37.85 °C.

Furthermore, they found a temperature difference of 5.5 °C (Zhou, Xu, et al.,
2019). Jiagiang et al. placed different inlets and outlets on the battery container. They
obtained improved cooling performance by using lateral inlet and outlet baffles in the

design. In this study, 18650 batteries reached a maximum of 38.9 °C at 0.5/1C. Moreover,

the temperature difference was achieved at 7.3 °C (Jiagiang et al. 2018).
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Figure 5. (A) Battery pack computing domain (Source: Peng et al. 2019). (B) Schematic
diagram of the battery module (Source: W. Li et al. 2019) (C) Schematic of
battery module using the air distribution pipe (Source: Zhou, Zhou, Xu, et al.
2019) (D) Lateral inlet and outlet (Source: Jiagiang et al. 2018)

Yu et al. lowered the temperature of the lithium-ion battery pack by 8 °C by
providing airflow. Yu and his colleagues conducted a numerical and experimental study
using 180Ah prismatic lithium-ion battery cells. His team achieved a maximum

temperature of 33.1 °C at 1C (Yu et al. 2014). Using dual silica, Li et al. managed a
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numerical and an experimental study with prismatic lithtum-ion battery cells. Li and his

team achieved a maximum temperature of 47.4 °C at 5C (X. Li et al. 2019).

&

Figure 6. Cooling system and structure and geometry of the silica cooling plate with
copper mesh (Source: X. Li et al. 2019).

2.2. Liquid Cooling

Lv et al. placed the graphene oxide-modified gel, which accelerated thermal
conductivity, between cylinders. The lithium-ion pack was kept under thermal stability
until 3C discharge, in this set up. Experiments were performed using 18650 cylindrical
batteries. The cooling process carried out by water. The maximum temperature was 42
°C, and the temperature difference was 5 °C (Lv et al. 2019). Menale et al. tried to use
different coolants in the battery pack. This approach gave numerous valuable data about
the cooling capacities of variable coolants. These results indicated that cooling abilities
of air cooling systems taking advantage of nothing but air shows severe limitations. Thus,
the liquid flow should be used strictly. Menale and his team proposed a liquid-metal

cooling system nearby water and silica gel coolers (Menale et al. 2019).
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Gungor et al. worked with liquid cooling system based on canopy-to-canopy for
thermal management. It has been documented that, the heat disparity in the battery cells
is largely eliminated with a small mass flow rate, and battery temperatures are kept within

the critical temperature values (Figure 8.) (Gungor, Cetkin, and Lorente 2022a).

Cold water

TGO-SG)

GO-SG-based battery module

Figure 7. (A-B) Schematic diagram of the liquid cooling structure coupling the fins-
enhanced cooling tubes with GO-SG (Source: Lv et al. 2019). (C) thermal
resistances (D) a standard resistance and the additional one (Source: Menale
et al. 2019).

Liu et al tried to cool batteries with a liquid obtained from the GA80IN20. They
confirmed that it could be used for high c-rates. The numerical work was done using water
and liquid metal, and the value was increased up to 5C. Overall, the maximum
temperature was kept under 40 °C, and the temperature difference was measured below
5 °C (Liu et al. 2020). Zhou et al. argued that the contact zone and contact resistance are
important parameters for liquid cooling. Therefore, Zhou and his team tried to use a jacket
to place a battery inside in a liquid cooling method. In the numerical study, 18650
cylindrical batteries were used whereas water was preferred as the liquid fluid. The

temperature of batteries reached to a maximum of 30.9 °C at 5C. The temperature

12



difference remained at 4.3 °C (Zhou, Zhou, Zhang, et al. 2019). Rao et al tried a new

cooling system using variable contact surface. In the numerical study performed with a

26650 cylindrical battery, the battery was maintained below 40 °C at 3C (Rao et al.

2017). Shang et al. found that the inlet and a battery temperatures were inversely

proportional to the heat sink using variable contact surfaces. A 20 Ah pouch cell was used

in both numerical and experimental studies made with a mixture of water and glycol.

Experiments were carried out in 1C and 2C, respectively (Shang et al. 2019).

aluminum
frame

Figure 8. Cooling systems for reference case, canopy-to-canopy design
(Source: Gungor, Cetkin, and Lorente 2022a)
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Figure 9. (A) Structure of battery pack and thermal resistance network from battery to
copper pipe (Source: Liu et al. 2020). (B) Schematic diagram of battery
module using half-helical duct (Source: Zhou, Zhang, et al. 2019). (C)

Schematic of liquid cooling system for the battery module (Source: Rao et al.
2017)
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Panchal et al. use zigzag type aluminum mini channels for creating cooling
system. The experimental and numerical studies were analyzed and tested with 20 ah
lithium-ion pouch cells. Water was used as the liquid fluid. The experiment was
performed in 1C and 2C, respectively (Panchal et al. 2017). An et al. proposed a new
channel for batteries. In this study, they conducted research using dielectric hydroflora
liquid. They found that hydroflora liquid system could significantly reduce the maximum
battery temperature. 20 Ah prismatic cell was used in the study, which was carried out at
1C, 3C, and 5C values. Additionally, NOVEC 7000 was used as a liquid cooler.
Consequently, the maximum temperature was kept at 36.6 °C at 5C (An et al. 2017).
Yates et al. used a cost-effective system composed of a heat sink and a cooling channel.
In the numerical study, 18650 cylindrical batteries and coolant water were used. The
temperature was kept below the maximum of 39.85 °C, and the temperature difference

was kept at 3.15 °C at 5C (Yates, Akrami, and Javadi 2021).

Figure 10. (A) Battery (B) Cold plate with battery (Source: Panchal et al. 2017) (C)
Layout of battery module and coolant flow direction (Source: An et al.
2017) (D) Analysing the performance of liquid cooling designs in
cylindrical lithrum-ion batteries (Source: Yates, Akrami, and Javadi 2021)

Deng et al. developed a liquid cooling system using a sandwich method. Deng and
his team evaluated effects of the liquid and the heat sink on the battery. In the numerical

study performed with rectangular lithtum-ion cells, the maximum temperature at 5C was

14



measured of 31.18 °C. Moreover, the temperature difference was identified at 1.15 °C
(Deng et al. 2019). Du et al. discussed the cooling plate usage as a battery cooler. It was
shown that input speed and packet width had a massive impact on battery charge time.
Water was used as the refrigerant in both of their numerical and experimental study on
30 Ah pouch cells. According to results maximum of 32 °C was measured at 0.5C, 1C,
and 2C. Furthermore, the temperature difference was found as 6.2 °C (Du et al. 2020).
Xu et al proposed a new cooling system. The main idea was that the system with a T-
shaped cooling structure might spread the flow to the entire battery pack. However, they
reported that improvements are needed to disconnect the structure from the environment
because the cold plate could not conduct the battery heat, efficiently. 70 Ah prismatic
lithium cells were used in the numerical study. At 1C, the maximum temperature was
32.5 °C. When water was used, a 1.5 °C temperature difference was found (Xu et al.
2019). Li et al developed a cooling system using copper pipes. In this system, the heat
generated by the batteries was planned to be transmitted to the copper pipes by the cooling
plate. As a result, the temperature of the proposed system dropped below 41.92 °C with
a liquid flow of 8 ml/s. Additionally, air cooling was added to the system for carrying out
more efficient operations. Besides, in the numerical study performed with 3.65 volt 20
Ah prismatic lithium-ion, the maximum temperature at 5C was 41.92 °C. The temperature

difference was found to be 1.78 °C (Y. Li, Zhou, and Wu 2019).

Figure 11. (A) The CFD model of battery pack.( Source: Deng et al. 2019) (B) The
cooling channel structure(Source: Du et al. 2020) (C) Schematic of the
water cooling system for 15 batteries (Source: Xu etal. 2019) (D) Geometry

of single Li-ion battery cell with mini-channel cold plate (Source: Y. Li,
Zhou, and Wu 2019)
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Yang et al. used a combination of air cooling and liquid cooling systems. In detail,
the maximum temperatures at 4C were 39 °C in experimental and numerical studies. The
4.4 °C temperature difference was measured when air and water were coolants to cool the
2 Ah 18650 lithium-ion battery (Yang et al. 2020). Huang et al. proposed a mini-channel
cold plate design with the flow line concept resulting 44.52 % improvement in cooling
performance. Rectangular lithium-ion batteries were used in the numerical study, and a
water-ethylene glycol mixture was used as the coolant (Y. Huang et al. 2019). Chen et al.
developed an optimization algorithm for the liquid cooling system. In this system, an 8
Ah lithium-ion cell was charged at 1C while water was used as a coolant. According to
the results, the maximum temperature was achieved at 32.8 °C, and a 2°C temperature
difference was found (S. Chen et al. 2019). Li et al. performed cooling by immersing the
battery in a heat bath. The surface of the batteries was sealed with silicon. The system,
which showed excellent cooling performance, had a rate of 3C and below 35 °C. 18650
lithium-1on batteries and water were used in the experiment carried out at 3C. Moreover,

the temperature difference was 0.5 °C (X. Li et al. 2020).
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Figure 12. (A) Schematic diagram of the battery module (Source: Yang et al. 2020). (B)
3-Dimensional channels.( Source: Y. Huang et al. 2019) (C) The schematic
diagram of the parameters of the cooling plate.( Source: S. Chen et al. 2019)
(D) Battery coating process.( Source: X. Li et al. 2020)
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2.3. Hybrid Cooling

BTMS can improve cooling performance by using multiple cooling methods
instead of a single one. Tran et al. used heat pipes in the battery pack. It was indicated
that the heat pipes reduced the thermal resistances of the batteries by 30 %. In the 7 Ah
cylindrical lithium-iron study, the maximum temperature was 50 °C. (Tran et al. 2014).
Further, Ye et al. developed the air/water heat pipe system and performed numerical and
experimental calculations by using a 10 Ah prismatic lithium-ion cell. After the batteries
were loaded at 8C, the maximum temperature reached 25-40 °C. Moreover, the
temperature difference was 5 °C. It should be indicated that Ye emphasized that efficiency
in cooling pipes is vital for heat pipe applications. (Y. Ye et al. 2015; 2016). Zhao et al.
tested the efficiency of heat pipe with natural-forced convection and spray cooling. They
proposed the water spray method. 3 Ah and 8 Ah were used to test system; the batteries
were charged with 1C, 2C, and 3C, respectively. The maximum temperature was reported
as 32 °C, and the temperature difference was measured as 2.5 °C (R. Zhao, Gu, and Liu

2015).
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Figure 13. (A) Battery module.( Source: Tran et al. 2014) (B) heat pipe thermal
management system(Source: Y. Ye et al. 2015) (C) Schematic of the
experimental setup for characterizing the HPCP.( Source: Y. Ye et al. 2016)
(D) Schematic illustrations of 8 Ah battery pack with heat pipes.( Source: R.
Zhao, Gu, and Liu 2015)
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On the other hand, Wang et al. immersed the ends of the heat pipes in a
glycol/water liquid by using L-type heat pipes. The battery temperature was 41.1 °C under
4C discharge (Q. Wang et al. 2015). Ye et al. aimed to reduce the temperature difference
by air convection using a micro heat pipe array (MHPA). Different designs with internal
angles of 0, 5, 10, and 15 ° of micro-channels were used to obtain the most efficient angle
supposed to be used, which was later identified as an angle of 5°. An 18 Ah prismatic
battery reached a maximum of 40 °C with a 1C load.

Moreover, the temperature difference was detected at 5 °C (X. Ye, Zhao, and
Quan 2018). Dan et al. conducted a numerical study with an air-cooled MHPA. They
studied the cooling structures under different operating conditions and discharged the 55
Ah prismatic battery pack at 1C, 2C, and 3C. They found that the battery temperature was
40 °C. Besides, they detected a temperature difference of 2 °C between the batteries. (Dan
et al. 2019). The use of PCM in the battery thermal management system can be associated
with energy density because the high heat in the batteries can build up in the PCM and let
the battery overheat. Therefore, it is inconvenient to use PCM alone. However, studies
continue for a combined system. Ling et al. compared the cooling performance of PCM
in air convection. First, they found that the battery maintains its temperature in just a few
cycles with PCM alone. They suggested using the PCM in an air- and liquid-based
combination. They used 18650 2.6 Ah lithium-ion battery cells. In the study, the batteries
loaded with 0.5C - 1C reached 50 °C. (Ling et al. 2015)

Figure 14. (A) Heat pipe BTMS demonstration.( Source: Q. Wang et al. 2015) (B)
Schematic of MHPA.( Source: X. Ye, Zhao, and Quan 2018) (C — D)
Schematic diagram of the MHPA thermal management system.( Source:
Dan et al. 2019)
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CHAPTER 3

MATERIALS and METHOD

3.1. Numerical Investigation

3.1.1. Discharge Characteristics

The heat generation of the batteries can be calculated by using the charge and
discharge graphs of the batteries. A document containing the Molicel INR-21700-P42A
cylindrical battery to be used in the battery pack and the graphics of this battery,
ASPILSAN Enerji Industry and Trade Inc. provided. This document has the battery's cell
characteristics, physical properties, and charge and discharge curves.("INR-21700-P42A
— Molicel" n.d.)

Nominal capacity specifies the quantity of charge, in ampere-hours (Ah), that the
cell 1s rated to hold. As seen in Figure 15A, Molicel battery cells have a capacity of 4.2
Ah. Nominal voltage depends on the combination of active chemicals used in the battery
cell. The rated voltage value is 3.6 V. The C rate measures cell electrical current. As
Molicel battery cells are performance batteries, it can be seen in Figure 15A that they can
rise to high C-rates. Since it can reach a discharge current of 45 amps, it has a discharge
rate of about 10C. Cells are often first charged with either constant-current or constant-
power. When the maximum permitted cell voltage is reached, the cell is held at that
voltage until it is fully charged. It should be charged up to 4.2 V with a constant current
of 4.2, as seen in Figure 16A. Then, when the constant voltage and current reach 5S0mA,
the charging process should be interrupted.

As seen in Figure 15B, the diameter and length dimensions of the battery are
21mm and 70mm, respectively. The battery can is steel. A short circuit is likely if the

battery jacket is worn and deteriorated.
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m CELL CHARACTERISTICS

Typical 4200 mAh
) 15.5 Wh
B e Minimum 4000 mAh
14.7 Wh
Nominal 3.6V
Cell Voltage Charge 4.2V
Discharge 25V
Charge Current Standard 4.2 A
Charge Time Standard 1.5 hr
Discharge Current Continuous 45 A
Typical AC (1 KH2) 10 mMQ
Impedance DC (10A/1s) 16 mQ
kv s Charge 0°C to 60°C
o Discharge -40°C to 60°C
Energy Density Volumetric 615 WHv/l
Gravimetric 230 Wh/kg
A.
B PHYSICAL CHARACTERISTICS
" Shape Cylindrical
- Ey—« Can Steel
v -
4 Diameter  21.7 mm (Max)
z
&l Height ~ 70.2 mm (Max)
. | 38 .
g Weight 70 g (Max)
3>
g
@ B.

Figure 15. Molicel cylindrical battery cell (A) Cell characteristics (B) Physical

characteristics. (Source: "INR-21700-P42A — Molicel" n.d.)
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Figure 16. (A) Charge characteristics (B) Discharge rate characteristics
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As shown in Figure 16B, voltage and capacity losses are observed when
discharged at different amperage values at 23 °C ambient temperature. Because battery
load is not in equilibrium, the measured voltage and battery capacity can change seriously
from the equilibrium values and the further from equilibrium, the greater the deviation
between battery voltage and capacity. This can be explained as the polarization effect.
The voltage-capacity values at different C-rate seen in the Figure 16B must be to the
desired format for the NTGK model in the ANSYS FLUENT program, which is used to
determine the heat generation value of the battery. Values in the Voltage-Capacity graph
(Figure 16B ) were simulated in the MATLAB Simulink program at the values shown in
the graph. The battery discharge model (Figure 17(A-B)) was created for each C-rate,

including SoC-time, voltage-time, and current-time graphics.

IO

[ |+ s—Controlled Curent Source

'" el

<S0C (%P

«Current (A)»

DD
Scopet

Scope2

Discrete
5006 8.

powergui A.

Battery (mask) (ink)

Implements a generic battery model for most popular battery types. Temperature and
aging (due to cydling) effects can be spedified for Uthium-Ion battery type.

Parameters Discharge
[ Determined from the nominal parameters of the battery

Maximum capacity (Ah) [4.237
Cut-off Vorage (V) [2.48

Fully charged voltage (V) [4.1
Nominal discharge current (A) :4.2

Internal resistance (Ohms) }'0.015

Capacity (Ah) at nominal voltage 1'2.9

Exponential zone [Voitage (V), Capacity (Ah)) [[3.8 0.4)

Display characteristics
Discharge current (i1, 12, 13,...] (A) [(0.84)
Unzs  Time O Piot

B.

Figure 17. Simulink battery model (A) Constant current discharge model (B) Battery
parameters (Source: "Generic Battery Model - Simulink" n.d.)
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A lithium-ion battery subjected to constant current discharge was built using
Matlab Simulink. As shown in Figure 17(A), The power GUI component has been
dragged into the model, and this component is required for any model that will use the
custom power system library. The general battery component has been added to the
model. Moreover, the general battery model parameters have been adjusted to customize
the overall battery model. In this dialog box, under the parameters tab (Figure 17(B)),
lithium-ion is selected, where you have the option to enable temperature and aging. Since
aging and temperature data are not available, these effects will be unchecked. The rated
voltage is set to 3.6 V and the rated capacity to 4.2Ah. Since the battery cells purchased
from ASPILSAN are original, the initial state of charge was left as 100. So at the start of
the simulation, it was set to fully charged. Zero charge status will mean discharged
entirely. The voltage discharge curves were adjusted at different current values as 0.84A,
4.2A, 10A, 20A, and 30A, respectively. Thus, discharge curves were plotted as a function
of time.

The exponential zone is vital for the validation of the graph. This verification is
required from Matlab, Battery tab. Volt and ampere-hour [3.8, 0.4] values in the region
indicated by B in the Molicel battery discharge Graph were written to the Matlab. At the
same time, the parameters seen in the graph were also used while creating the model. The
fully charged voltage (A), exponential voltage-capacity point (B), nominal voltage (C),
maximum capacity (D) required in Figure 16(B) are obtained from Figure 18. The
lettering is shown here;

A = Fully charged voltage

B = Exponential voltage-capacity point.

C = Nominal voltage

D = Maximum capacity (“Generic Battery Model - Simulink” n.d.)

As shown in Figure 19, the yellow and gray areas have to do with the fitting
process. The different discharge tab parameters change these areas; the yellow and the
gray areas will change, and the shape of the discharge curves will change. If it is plotted
against ampere-hour instead of the time, it is noticed that the extracted capacity is pretty
similar at the five different discharge rates. The current control source seen in the system
1s connected to the battery. As shown in Figure 17(A), S port is a signal needed to tell the
battery model how much current it is charging or discharging from the battery. As seen
in the model Figure 17(A), a constant current block was used and connected to a constant

current source. Negative 0,84 is entered to specify the current. So the current magnitude
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1s 0,84, and the sign indicates whether it is charged or discharged. Bus selector includes
three different components in the Matlab model. By double-clicking the bus selector, the
signals from the battery port can be seen, so the % charge status of the battery, current,
and voltage information can be obtained from the port of the general battery. Finally, A

constant current discharged lithium-ion battery model was created.
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Figure 18. Parameterization and model validation
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Figure 19. Discharge Characteristics
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3.1.2. Battery Modeling

Air and water are considered as the coolant and the flow is calculate to be
turbulance in all cases due to the low flow velocity but long characteristic lengths in this
work. Furthermore, since the equations to be used in this direction are conservation of

mass, momentum, and energy, they are expressed as follows:(Bejan 2013)

o _ g [1.1]
axi - .
oy i) = =5 5 o 55+ )| g
_ p 0T d [1.3]
(pu] r)= (acp ax]> 0x; 7 T

Density, mean velocity, mean pressure, and dynamic viscosity are p, U, p, U

respectively. And K-epsilon model is used for viscous turbulent model and internal flows,

0 d U\ 0k __ 0y
— (ki) = — - [1.4]
ox; (plett;) ox; [[<M + ak> axl] Py ox; pg]

6( _)_0 ( +,ut>6£ +C 617. ¢ [1.5]

k? 1.6
He = PC_ 6]

Eddy viscosity, eddy dissipation rate, turbulence energy term, empirical

coefficient, and turbulent Prandtl numbers are u, €, k, Cy;, 0, 0, respectively.
The operating temperature range in batteries is essential. Battery life and safety
depend on the operating temperature range. At Ansys, this is perfect for estimating the

operating temperature range. The semi-experimental electrochemical battery model, the
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NTGK module, is obtained with the multi-scale multi-domain approach to heat
production of the cells. The heat generation of cells is time-dependent and
inhomogeneous due to the thermal and electrochemical pattern. Newman, Tiedemann,
Gu and Kim (NTGK) observed that the current density (A/m?) varies linearly with cell
voltage. The volumetric current transfer rate ("ANSYS Fluent Theory Guide" 2021):

Qnominal
oy = ——— — — [1.7]
JEch = 5 Vol Y[U = (91 — )]

Qnominal describes the cell's total electric capacity, Qrefis the experimental
battery capacity. ¢ ,and ¢_ are phase potentials for + and - electrodes. U and Y are
defined as a function of the battery depth of discharge (DOD). An experimentally
measured polarization curve shows V, U at [=0. The inverse of the slope of the V-I curve
shows the Y parameter. The set of equations recommended by the Ansys Fluent Theory

Guide is as follows.("ANSYS Fluent Theory Guide" 2021)

5
U= () ay(DODY") = Co(T = Trey)
n=0

5
y = (Z b, (DOD)™) exp [~C, (% _ T1f>] [1.9]

a, and b, are experimental constants. C; and C,are electrochemical model

constants. The electrochemical heat of reaction calculation is as follows:

du

dech = JeenlU — (@4 — @) — Tﬁ]

[1.10]

In the above equation, overpotential and entropic heat are seen. Conservation

equations combined with thermal and electrical equations can be seen below.

d(pCyT)

5t —V(kVT) = 0,V |?> + 0_|Vp_|? + Ggcn [1.11]
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0 and T and represent thermal conductivity and temperature. o, and o_ are the
effective electrical conductivities of the positive and negative electrodes.

Initial temperatures of 298K 1is used. The initial temperature of batteries is equal
to air and water inlet temperature which implies that air and water at ambient temperature
is utilized in BTMS. Velocity and pressure boundary conditions are used for the coolant
at inlet and outlet boundaries, reactively. A no-slip boundary condition is used on all
internal cooling channel walls.

A 3D model of a battery module, whose geometry and dimensions are given in
Table 4, is developed. The battery cell, air, and liquid specifications are listed in Table 5.
According to the parameters given in Table 4 and Table 5, the air and water flow are

turbulent and the turbulence values are 8075 and 9029, respectively.

Table 4. 3D battery module, structural parameters

Parameters Value[mm]

Height of air inlet region 70

Length of the liquid inlet region 480

Width of the liquid inlet region 50
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Table 5. Physical properties of the battery cell, air, and water
(Source: Gocmen and Cetkin 2022)

Parameters Bi“fl"y Air(298K) Water(298K)

Specific heat capacity

1007 4184
(j/(kg.K))

Dynamic viscosity
—- 1.15e-05 0.00089
(ke/(m.s))

Velocity(m/s)

Top Water Domain

| Water Inlet = 0.1 kg/s ‘

—
Air Domain

Airlnlet=2m/s
>

| Water Inlet = 0.1 kg/s |
B.

Bottom Water Domain ‘

Figure 20. (A) Battery meshing model (B) Developed battery module design

The polyhedral mesh was assigned using fluent mesh. The minimum orthogonal
quality was found to be 0.3. As shown in Figure 20B, the pink area with 32 parallel-
connected battery cells is the air channel. The blue zone is the water channel that acts

opposite the air channel. In this model battery, heat, and fluid models were operated
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together time-dependent. The simulations were solved with a time step of 0.1 s since the
batteries operating at 10C would have a total discharge time of 6 minutes. For the air inlet

velocity, it is 2 m/s. The water inlet velocity was determined as 0.1 m/s.

Water Pressure
Outlet

Air Velocity
Inlet

Horizontal Plates

B.

Figure 21. Detail view of the developed battery module (A) Coolant directions (B) Heat
plates

In the battery model shown in Figure 21A, the directions of the fluids are shown.
Heat plates were placed between the battery to facilitate heat transfer. further, it was
aimed to cool the tab of the battery with liquid and the body part with air.

3.1.3. Battery Casing and Components

Battery Pack consists of parallel-serial configuration, battery management

system-controller, safety equipment, and connection organs (Table 6). All these elements
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are in a metallic package that acts as a shock absorber, and they also have protective and

stabilizing properties. (Figure 22 )

Figure 22. Battery pack explode view

Table 6. Battery pack components information

Piece Component

2 Cooling channel

384 Battery cell

13 Busbar
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3.1.5.1. Busbar

The amperage of a busbar determines how much current it can safely carry. Wires
have several standards that precisely specify what current can be carried safely, but not
much has been written about busbars. Two related articles researched give knowledge
about the current handling capabilities of industrial busbars. The Aluminum Association's
first paper provides a DC table where rectangular busbars of various sizes are rated, and
the second paper by Coneybear, Black, and Bush develops a model for deriving the
amperages listed on the table. These articles can be used to determine suitable busbar
sizes. Below are the equations used to calculate the capacity of a busbar, assuming a
steady-state model:(Aluminum Electrical Conductor Handbook. 1989; Coneybeer, Black,
and Bush 1994)

En — Eoue + Egen = Lstored [1.12]

Estorea = Ein =0 [1.13]
Egen = I2R [1.14]
Eout = hAs(T —To,) + eo(T* — Td) [1.15]
IR — hAy(T — Ty,) — ea(T* = T2) = 0 [1.16]
[ = jhAs(T —Ty) + eo(T* —T) [1.17]

R
R =peL1+oze§11‘—20) [1.18]

Surface area, cross-section area, convection coefficient, resistance as a function
of temperature, temperature, ambient temperature, emissivity, Stefan Boltzmann
constant, electric resistivity at 20 © C, and temperature coefficient of electric resistivity

are Ag, Ay, h, R, T, Too€ , 0, pe, @, Respectively.

31



This project considered the "minimum size scenario" for the busbar model since,
in reality, the busbars will be in contact with the heat sink, which is optimized to cool the
heat-generating batteries. Relevant sections can be selected from the busbars' nickel,
aluminum, and copper table. When creating this table, the temperature rise was changed
to the melting temperature of the selected material to optimize the sizing of the busbars
fully. In the tables, the maximum current calculated with a safety factor of 1.5 was used
as the desired current value. The graphs below (Figure 23) show the material selections

and cross-sectional area options suitable for the busbars.

Ampacity of Copper Busbars to Melting Temperature

800 | 01" thck
05" thek
€00 | 10" thick
125" hick

Max Current with FS of 1.5

Current Rating [A]

0 02 )4 06 ).8 1 1.2
‘»“ dth [ r\]
Ampacity of Aluminum Busbars to Melting Temperature
800 } 01" thick
0Z thick
800 + 03" thick
04" thick
05" thick

Max Current with FS of 1.5

Current Rating [A)

Width [ "]

Figure 23. Minimum sizing for aluminum, and copper busbar

The choice of material for the busbars also largely depended on connecting the
cells to the busbars. Choosing aluminum or copper limits the connection options, while
nickel can be added using spot welding or laser welding. Ultimately, the decision comes
down to price, and since material costs are high for nickel busbars and copper busbars,
both bolted joining and spot welding can be used, so aluminum is the best material for
this process.

Aluminum has been preferred for the plates that can carry a continuous discharge
current of 134.4 amperes and a maximum discharge current of 268.8 amperes,

considering its noticeably low mass density, easy workability, strength material price, and
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thermal transmission properties. 80 mm width and 1.5 mm thickness (120 mm? cross-
sectional area) carry the desired electrical load. Aluminum plate parameters in the
analysis; (Table 7)

* Aluminum Sheet dimensions is 480x80x1.5 mm.

* Practical calculation for the cross-sectional area of the aluminum plate and the amperage
on 1t:

Cross-sectional area X 0.9

* (Hole diameter) For 7 mm diameter:

16 x7 =112mm

» Total cross-sectional area:

480 — 112 = 368 mm ;368 x 1.5 = 552 mm?

A(min) =368 x1.5x 0.9 =496.8 A

A(max) =480x1.5x09 =648 A

* The melting point of aluminum is 660 °C.
* Aluminum plate is 150 grams. The total Aluminum plate weight is 2 kg.
« Film coefficient 25 W/mm?/ °C L (Bobzin et al. 2019; Das et al. 2019)
* Density (kg/m?) is 2700.
* Thermal conductivity (W/m.K) of aluminum is 250.
* Electrical conductivity of aluminum is 36 mS/m.
« Electrical resistivity of aluminum 28 Q.m x 10 at 20 °C
Aluminum is lightweight, durable, malleable and corrosion-resistant. This metal
is widely used for components in the aerospace, transportation and construction
industries.
* Non-corrosive
* Easily machined and cast
* Lightweight yet durable
* Non-magnetic and non-sparking (Bobzin et al. 2019; Das et al. 2019)
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Table 7. Physical properties of the metals (Source: "AWG - American Wire Gauge
Converting Chart" n.d.; "American Wire Gauge Chart and AWG Electrical
Current Load Limits Table with Ampacities, Wire Sizes, Skin Depth
Frequencies and Wire Breaking Strength" n.d.; "Understanding the Neher-
McGrath Calculation and the Ampacity of Conductors" n.d.; Das et al. 2019)

Properties Copper Nickel Aluminum
Thermal conductivity (W/m.K) 390 99 205
Density (kg/m*) 8900 8500 2700
Electrical conductivity (mS/m) 59 12.9 36
Melting point (°C) 1083 1455 660
Electrical resistivity (Q.m x 10 %) 17 78 28

The analysis steps made on the model created in Ansys Mechanical with these

parameters are summarized in Figure 24:

A.
v B v c v D
2 @ eginerrgData v/ ,————@ 2 @ Engneering Data v/ 02 @ EngreeingData v
3 [l Gometry V 23 [ Geometry v/ o—3 [ Gometry )
4@ rode /04 P Model VoA P ol Vi
S @ setop vy o5 @ setvp v o5 @ setw v 5
6| @ Solution v , 6 W Soution v 4 6 @ Soluton '
7 @ Resuts v 4 7 9 Resuts o 7 3 Resuts “ B
Tmm Steady-State Thermal Static Structural :

Figure 24. (A) Busbar design (B) Analysis process

First of all, the theoretically calculated electrical properties were verified with the

analysis program, and the temperature and deformation results were evaluated.
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3.1.5.2. Battery Casing

Shear force

_ acting on
Tension force welded joint

on side strips

. Bending force

on base plate

Figure 25. Forces acting on the battery pack

The first force acting on the battery pack is the tension force on the side strips.
They create pressure due to a lateral tension on the cell surface. The cell surface constrains
the endplate. With the action of the side strips and the endplate, the cells will show a
bending force. All weight acts on the base plate. The dominant force on the base is the
bending force. And there is spot welding on nickel strips and busbars. There is a shear
force on these materials. The dominant forces on the side strips, end plates, base plate,
nickel strip and busbars are tension force, bending force, bending force, and shear force,
respectively.(Ashby n.d.)

Stress is the internal resistance offered by the body to the external load applied to
it per unit cross-section area. g, F, A, represent stress (Pa), force(N), cross-section

area(m?), respectively.(Ashby n.d.)

o= — [1.19]

Strain is the deformation of material that result from an applied stress. €, L, Lg

represent strain, length after load is applied (mm), original length (mm), respectively.

35



[1.20]

The design of the base plate is very important. The task of the base plate is to
protect the cell load from bending, cracking and degradation. If bending starts, cell
constraint changes. If cell constraint changes, the busbar cannot be constraint. If the
busbar cannot be constraint, the battery pack will fail. If the design is rectangular, the
width and length of the plate can be estimated. Because the battery sizes are known. But
the thickness must be calculated.(Ashby n.d.)

This analysis 1s under the condition that;

¢ Continuous rectangular plate, constant thickness

e Uniformly distributed weight of battery pack
Total area = Length x width (mm?) [1.21]
Q = Total force / Total area ( N/mm?) [1.22]

After the load is calculated, the Ashby methodology can be followed to select the
material. Ashby methodology consists of 4 parts. In the translation section, the objective
function should be determined. In the translation section, objectives such as minimum
cost, minimum weight or maximum power can be determined for the base plate. The
second part is screening. In this section, maximization or minimization is done. It is
necessary to maximize power so that the thickness of the base plate is reduced. Or, if the
cost 1s to be reduced, the density of the material should be minimized. The third section
is the Rank section. In this section, it is necessary to list the properties between the two
materials. The maximize function must be written. A bending force is on the base plate.
By using this homogeneous force, it is desired to reduce the thickness and increase the

strength.(Young, Budynas, and Sadegh 2012)

1

Maximize —— [1.23]
pCm

E, Cy, p represent modulus of elasticity, cost of material, density of the material,

respectively.



. —aqb* [1.24]
= |5,

t, E, v, b represents thickness, modulus of young, maximum deflection,
breadth.(Young, Budynas, and Sadegh 2012)

Mechanical phenomena play an essential role in battery module operation and
safety requirements. During operation, battery modules are subject to dynamic loading
and random vibrations that can cause short circuits and fire. Strength values such as
torsion, buckling, shearing, and bending were taken into account when choosing the
material of the battery pack casing. Suppose materials with different thermal expansion
are combined, and heat i1s generated at the contact interface. In that case, the
inhomogeneous thermal expansion can cause shear load and, in severe cases, plastic
deformation or breakage in the contact area, adversely affecting the contact behavior and,

therefore also, joint resistance.(Zwicker et al. 2020)

Table 8. Comparison of international standards for drop test of HV/EV batteries
(Source: Safe Drop Test Measurements for HV Electric Vehicle Batteries | CSM
GmbH n.d.)

Region International  USA Korea China

Standard SAE 12464 | UL2580 | KMVSS 18-3 | QC/TT43

[e—

49 1.

L

Drop Height (m)

Surface Flat Surface | Concrete Concrete Wood
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Materials in the literature;

Metal: Aluminum, steel

Plastic: ABS, PC

Composite: CFRP, Aramid-Kevlar

A low thermal expansion value, high thermal conductivity, high specific heat
capacity (Cp), and thermal dissipation values were considered among the materials. In
addition to these, economic, availability, and density values were compared. DKP
material has been chosen because the battery pack casing is more durable and lighter in
the results obtained by performing drop and impact analyses of many materials. DKP
sheet material is less costly than other battery pack casing materials.

DKP material has been chosen because the battery pack casing is more durable
and lighter in the results obtained by performing drop and impact analyses of many
materials. DKP sheet material is less costly than other battery pack casing materials. The
780x580x160 mm DKP sheet casing package is calculated with the battery dimensions

and other material dimensions to be placed inside

Figure 26. Battery cell and battery casing design
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Table 9. Casing material properties
(Source: The Formability of Erdemir 6112 Sheet Metal by the Hydromechanical)

Material Mechanical Properties

DKP Sheet metal 6112 Tensile strength, Mpa 350

Yield strength, Mpa 252.9

Elastic modules, Gpa 141.7

Poission's ratio 0.28

3
Specific weight, g/cm 3

Drop test studies evaluate the impact of a part or assembly with a rigid or flexible
planar surface. The program automatically calculates the impact and gravity loads. No
other loads or restrictions are allowed. Allows the following options to set up the drop
test: It can be define the drop height (h), the gravitational acceleration (g), and the
direction of the impact plane. The program calculates the velocity (v) at impact as follows:
v = (2gh)"”2. The body moves in the direction of gravity as a rigid body until it hits the
hard plane. The program solves a dynamic problem as a function of time. General

equations of motion:
Fi(t) + Fp(t) + Fz(t) = R(®) [1.25]

Where Fi(t) are inertial forces, Fp(t) are damping forces, and Fg(t) are elastic
forces. All of these forces are time-dependent. In static analysis, this equation boils down
to Fe(t) = R(t) because inertia and damping forces are neglected due to small velocities
and accelerations. External forces include R(t), gravitational, and impact forces.

The software uses an explicit time integration method to solve drop test runs. It
automatically estimates the critical time step based on the smallest element size and uses

a smaller value to avoid bias. Very small elements can suppress when appropriate or use
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mesh checking to prevent the creation of very small elements. The program internally
adjusts the time step as the solution progresses.("Drop Test Studies - 2020 -

SOLIDWORKS Help" n.d.; Jacob, Goulding, and National Agency for Finite Element
Methods & Standards (Great Britain) 2002)

Table 10. Drop analysis setup information

Drop height

Drop Height from Centroid | 2000 mm

Gravity 9.81 m/s

Figure 27. Battery casing design

The battery casing package has cooling channel inlet and outlet holes, ventilation
channels, and positive-negative terminal channels. Analysis was carried out by

homogeneously adding 35 kg battery weight into the 2 mm DKP metal model.
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CHAPTER 4

EXPERIMENTAL METHOD

4.1. Structural Setup

Battery pack drop tests are planned in 2 phases. Firstly, free fall from 2 meters
will be applied for the base part. Secondly, the drop procedure will be applied for the edge
of the package from 2 meters.

The dimensions of the battery casing are 580x780x115 mm. 8 stones were placed
in the package prepared for the drop test homogeneously. Stone wool was placed on the
top and bottom parts of the package. The size of the stones is 198x163x80 mm. And a
stone is 4.5 kg. The total weight of the stones is 36 kg. There is 2 kg base sheet in the
package. The weight of the package is 20 kg. The package is approximately 60 kg. As
shown in Figure 28, the steel wire was cut and dropped after the battery pack was tied

with a steel wire from 1its four sides and lifted to 2 meters with a crane.

Figure 28. Drop test for base plate
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Figure 29. Drop test for edge

A 60 kg battery pack dropped from 2 meters was dropped in 0.63 seconds. And
the falling speed is 6.24 m/s.

4.2. Thermal Setup

Figure 30. Battery pack charge setup with 15A
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The figure shows that the experimental setup was prepared using a liquid
circulator, charger, thermocouple, and fan. The charger is 48V 20A. The circulator
provides a 23-degree water flow. Furthermore, it will be used to cool the tabs of the

batteries. The fan will dissipate the heat on the surface of the batteries.

, BMS '
| Liquid inlet . '~' Molicel 4.2Ah 3.6V

Charger — Liquid outlet

43V 15A W

i T Alr Inlet

- Thermocouples |

Discharger 48V 30A

Figure 31. Scheme of charge and discharge setup

You can see the schematic of the experimental setup in the figure. Air inlet and
outlet, fluid inlet and outlet are visible.5 Thermocouples are placed in the warmest place
in the flow channel. The diagram shows that charging and discharging were done at
different amperes. The discharge process is 48V 30A. BMS will save battery cells in
many adverse conditions. It protects overcharge, over-discharge, overtemperature, under
temperature, overvoltage, and BMS temperature. With the Bluetooth link, it is possible
to see all axioms in the battery pack. Data can be saved with the CANbus connection. At
the same time, the BMS shows the charge rate of the battery pack. The error rate is low
since the cloump counter is used in the SoC. BMS provides a very good balance between
battery cells. It distributes the current to all cell groups with its 2A distribution capacity.

The cells used in the battery pack are 4.2A and nominal 3.6V. Battery cells have
a high discharge feature. Since the battery cells can be discharged up to 10 C, are called
high performance batteries. As seen in the figure, battery temperatures do not give thermal

runaway up to a maximum of 60 degrees.
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Typical 4200 mAh
] 15.5Wh
Capacky Minimum 4000 mAh
14.7 Wh
Nominal 36V
Cell Voltage Charge 42V
Discharge 25V
Charge Current Standard 4.2 A
Charge Time Standard 1.5 hr
Discharge Current Continuous 45 A
Tamparatuss C!1arge 0°C to 60°C
Discharge -40°C to 60°C
Energy Density Volumetric 615 Wh'l
Gravimetric 230 Wh'kg

Figure 32. Battery cell specification
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CHAPTER 5

RESULTS and DISCUSSION

5.1. Numerical Result

5.1.1. Discharge Characteristics

Table 11. Voltage-time values in seconds and volts

0.84 A 4.2 A 10 A 20A R|:N

MATLAB MATLAB MATLAB MATLAB MATLAB
TIMEG(s) | V | TIME(s)| V | TIMEGs)| V | TIMEGs)| V | TIMEG) | V
3.35 413 | 202 | 409 094 |396| 049 |380 | 259 |3.70
2147 | 411 | 878 | 408 | 491 | 394 | 255 379 367 | 3.69
78.08 | 4.10 | 19.60 | 406 | 1003 | 393 | 521 | 378 | 474 | 3.68

17060.27 | 2.79 | 3490.92 | 2.79 | 1446.63 | 2.79 | 717.15 | 2.77 | 452.20 | 2.78
17087.44 | 2.78 | 3496.33 | 2.78 | 1450.04 | 2.78 | 718.62 | 2.75 | 453.46 | 2.76
17121.40 | 2.76 | 3501.74 | 2.76 | 145345 | 2.76 | 720.10 | 2.74 | 454.71 | 2.75
1715537 | 2.74 | 3507.14 | 2.75 | 1456.86 | 2.74 | 721.28 | 2.73 | 45597 | 2.74
17182.54 | 2.73 | 3512.55 | 2.73 | 1459.70 | 2.72 | 722.46 | 2.71 | 457.04 | 2.73
17209.71 | 2.71 | 3517.96 | 2.71 | 1461.97 | 2.71 | 723.64 | 2.70 | 458.12 | 2.71
17236.88 | 2.70 | 3522.02 | 2.70 458.83 | 2.71

Some of the voltage-time values of the discharge process with five different values
are shown in the Table 11. When the battery is discharged with 0.84A, 4.2A, 10A, 20A,
30A, the discharge times are 17236.88s, 3522.02s, 1461.97s, 723.64s, 458.83s
respectively. As seen from the Table 11, the simulation was interrupted at 2.7 V., And
batteries were not allowed to die. All results of voltage-time values are available in the

chart below.
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4.3 ‘ VOLTAGE-TIMIE 0.84 A MATLAB
4.1 P~
\ \A\ 4.2 A MATLAB
e |
.0 \\
\ — ——10 A MATLAB
3.7 W N \
Les A \ \ 20 A MATLAB
]
=t h
g3-3 \ \ \ —\? A MATLAB
- i .
3.1

a 25 50 75 100 125  1S0 175 200 225 250 275 300 325
TIME IN MINUTES A.

Discharge, time: Molicel INR21700-P42A 4200mAh (Gray)
4,2 : : : : H
4,1
4,0
39
3,8
3,71
3,6 {j
3,51[8%
341
3,35
3,2 .....
3,14
3008
2,9{
2,8

Volt

0 10 20 30 40 S50 60 70 80 90 100 110 120 130 140 150 160 170 180
time in minutes

w= A:0.2A "= B:0.2A == A:0.5A == B:0.5A == A:1.0A's= A:2,0A == B:2,0A == A:3.0A == B:3.0A == A:5,0Aw= B:5.0A == A:7.0A
— B:7.0A — A:10,0A — B:10.0A — A:15.0A — B:15.0A A:20.0A — B:20.0A A:30.0A — B:30.0A B.

Figure 33. (A) Voltage-time graph obtained from Matlab (B) Experimentally obtained
voltage-time graph (Source: "Test of Molicel INR21700-P42A 4200mAh
(Gray)" n.d.)

The experimental discharge study for 10A, 20A, and 30A for Molicel and the
results obtained from Matlab above are similar. In Figure 33(A), 0.84A, 4.2A, 10A, 20A,
30A are represented by the colors blue, red, gray, yellow and dark blue, respectively. In
Figure 33(B), 10A, 20A, 30A are represented by the colors pink, purple, white, and
yellow, respectively. After the voltage data is obtained, it must be loaded in Ansys Fluent
. NTGK Model is selected as seen in the Ansys. Then, the temperature and voltage data
from which we obtain the battery voltage data are added to the system. Thanks to Ansys

parameter estimation, battery features have been added to the system.
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5.1.2. Battery Modelling

When the molicel battery cell is discharged at 10C at Ansys Fluent, the
voltage/SoC-time graph is obtained.

Cell Voltage/SoCvs Time

0.8
2 0.6
Q
oo
i @)
9 3
o 0.4
(S5
0.2
2.7 0

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380
Time(s) = eee-. SoC

Voltage

Figure 34. Time-dependent variation of voltage and SoC values as a result of simulation

As seen in Figure 34, voltage and SoC are coloured blue and red, respectively.
The SoC drops from 1 to 0 while the voltage drops from 4.1 to 2.7. And the analysis takes
360 seconds.

In the discharge simulation at 10C without using cooling, the temperature value
increased up to 411 Kelvin. Although the maximum temperature at which the battery will
rise 1s 333 Kelvin, the value resulting from the simulation may cause a thermal runaway
of the battery.

The temperature values obtained in the discharge process at 1C and 10C are shown
above. The batteries need to stay between 298K-308K values to prevent changes in
capacity values. Even looking at these values, it becomes clear that cooling is required

during charging and discharging.

47



Average Cell Temperature Comparison
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Figure 35. The average temperature change in the cells depending on the time during
discharge at 10C

Figure 36. Discharge of battery cells at (A) 1C and (B) 10C

5.1.3. Spacing Between Battery Cells

After temperature mapping of one cell, optimum spacing studies were performed
for the cell group. A 2D model was created by between 1-10 mm gaps. The maximum
heat flux obtained at 1C is defined for the region of the battery cells. Air inlets and outlets

are shown in Figure 37. As can be seen in Figure 37, the gap dimensions are defined with
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S. Symmetry boundary conditions are used when the battery module and the expected
pattern of the flow/thermal solution, have mirror symmetry. As seen in Figure 37, the

symmetry boundary condition is defined to the battery module.

Symmetry
Battery cells ~___—» Dboundary
P e i A condition
LTA ' /.-f
. A
Inlet /..-/ Qutlet
[ ',./ \5 e

Figure 38. 2D battery module spacing model

The polyhedral mesh was assigned using fluent mesh. The minimum orthogonal
quality was found to be 0.1 in Figure 37. In this study, different simulations were made,
starting with the distance between them 1 mm and up to 10 mm. The distance between
the battery cells also determined the overall size of the battery pack.

The literature believes that the distance between cells can be estimated for battery
packs of specific capacity. The optimum gap between the battery cells was investigated
during the 1C discharge in the study. The primary inputs are this model's 2 m/s air velocity
and 298 K air temperature. Since the model is a 2D study, heat flux is defined instead of
battery’s heat generation. Heat flux was obtained from the battery simulation in 1C. This
value is 90 W/m?.

To see the effect on temperature distribution of the gap size on the battery model,
the conservation of mass and momentum equations between 1 and 20 mm in Figure 39
were solved. According to Figure 39, the battery module average temperature from 1 to

8 mm gap show an effective decrease. The temperature difference in 8 mm gap is
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15.188K. The battery temperature difference from 8§ mm to 20 mm is 0.432K. These
results show that the dimension of gap in the battery cell partially affects the temperature

after a specific value.

313
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307 |[—
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303 |—

Average Cell Temperature (K)

301
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ro7 | T T T | | 11
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Gap Size (mm)

Figure 39. Temperature-gap relationship as a result of parametric simulation
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Figure 40. As a result of the simulation-based on 90 W/m?, (A) temperature and (B)
velocity values
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The max temperature decreased from 400K to 320K by 8 mm space between the
cells. As a result, the battery cell placed with a gap of 8§ mm were obtained between the
desired temperature. As can be seen in Figure 40(B), the velocity magnitute has reached
12.7 m/s. As the velocity magnitude increases, the noise in the battery module increases.

Therefore, it is aimed not to exceed 15 m/s speed throughout the analysis.

5.1.4. Simulation of Battery Module

As seen in Figure 41, when the battery module is discharged at 10C using air and
water cooling, the heat transfer coefficients are 0.11, 0.46, and 0.47 W/ (m? K),
respectively. Air, bottom water domain, and top water domain are represented by green,

yellow, and blue.

Surface Heat Transfer Coefficient
06

0.5
04
03
0.2
0 A

m Air Domain 0.1185982

Surface Heat Transfer Coefficient [W/(m2-K)]

1 Bottom Water Domain 0.46593874
B Top Water Domain 047674431

Geometry

W Air Domain ~ m Bottom Water Domain M Top Water Domain

Figure 41. Surface heat transfer coefficient

As can be seen in Figure 42, the maximum temperature reached 313K when

battery air and water cooling is used.
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Figure 42. The cell temperature contour for cooling with all domain
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Figure 43. Water and air temperature comparison on the cells and busbar ; only using
air domain, only using water domain, and using all domains

As seen in Figure 43, cell temperatures and busbar temperatures are represented
in blue and gray, respectively. This Figure 43 is arranged to examine the all cooling
domain, the air cooling domain and the water cooling domain separately. The cell
temperatures reached 325.18K only in the air cooling domain, while the busbars reached
324.39K. When only the water domain was examined, the cell temperatures were found
to be 317.62K, while the busbar temperatures were found to be 316.41K. When the all
domain was examined, the cell temperatures were found to be 311.37K, while the busbar

temperatures were found to be 310.50K.
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5.1.5. Battery Casing

Figure 44. 3D battery casing model

The drop test study is a specific type of dynamic analysis used to model the impact
force of a short time duration event. The dynamic problem means forces and
displacements are changing with time. This impact could be on a component or assembly
with a rigid or flexible plan or surface for the impact. It should be an explicit direct time
integration method to solve the problem. The battery pack has two components, a battery
casing and a battery cell. It will drop from a height of 2 meters on a planar surface.
Plasticity is important for accurate results. The permanent failure can be seen through
plasticity von mises. And assembly model is fully bonded. Solidworks suggest solution
time based on geometric calculation. This solution time is based on model geometry,

material properties, and elastic wave propagation.

t=3L/u [1.26]
- E [1.27]
w= :
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Where time, geometry, elastic wave propagation, elasticity module, density are ¢,
L, u, E, p, respectively. It is related to time, geometry and elastic wave propagation.
Elastic wave propagation is related to modulus of elasticity and density.(“Drop Test
Studies - 2020 - SOLIDWORKS Help” n.d.)

According to the SAE conditions in the literature, the battery casing recommends
that it be dropped from 2 meters to a flat surface. Therefore, in the Solidworks simulation,
the package's displacement and yield stress results, for which 2 meters drop analysis was
performed, were monitored. The gravitational force on the 2 mm sheet metal and the 35

kg battery module force inside the model were defined.

Model name:son dizayn_crop test
\_design_drop testf-Default-)

Plot step: 25 time : 699.999 Microseconds
Deformation scale: 1

von Mises (N/mA2)
1.263e+08

l 1.159e+08
L 1.055e+08
2.505¢+07
8.46)e+07

L 7.422¢+07
6.380e+07

. 5.339¢+07

L 4297407

L 3.256e+07

2.214e+07
1.172e+07
1.309+06

. &

Figure 45. Stress contour of battery casing when drop test at gravitational force

According to the results, within 0.5 seconds after the battery casing drops, the
maximum yield stress in the battery casing is 1.263x 10®. The yield stress of the sheet
metal, which was also mentioned in the material method section, is 2.529x 108. Therefore,

the battery casing is in the safe zone.
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5.2. Experimental Result

5.2.1. Mechanical Result

Since the aluminum plates are not available soldered or spot welded, the
connection between the nickel and the battery is provided with M2 bolts. The short circuit
is prevented by placing M2 bolts in the middle of the busbar and avoiding contact with
the batteries. An M2 hole was drilled with a drill to connect the nickel strips with bolts.
Then the k values of M2 bolts are 1.20 mm. After 832 M2 holes were drilled on the
aluminum plates, the top parts of the drilled holes were enlarged due to countersunk bolts.
It is notion that this process is essential not to affect the cooling channel on the aluminum
plate. Further the 16mm bolts are shortened after the nuts are installed to eliminate the
possibility of a short circuit.

There are 32 parallel and 1 serial battery pack on the aluminum heat plate. A total
of 64 batteries are connected to an aluminum plate (64 nickels, 64 bolts, 64 nuts). There
are 32 parallel batteries in the positive and negative terminals. 832 M2 bolts-nuts and 832
22x8x0.2 mm nickels were used on the heat plate. The plates, which play an essential role
in creating the battery pack, have cooling and stabilizing features. It helps to maintain the
rigidity of the battery by contacting the battery at two points. The plates are aluminum,
more suitable material in terms of thermal and physical properties. The heat plates are
700x490x1.5 in size, and the hole diameters on them are 21.7 mm. After the plates were
modeled, they were made ready for assembly by laser cutting. Then aluminum was
welded with 5 mm thick side supports. For the cooling pipe to be easily placed in the
battery pack, the inlet and outlet discharge pipes have been threaded, and they have been
provided with the feature of plugging and unplugging.

Two packages were produced. One pack is for battery assembly, and one pack is
for drop tests. The cover of the package made for battery assembly is made of plexiglass
to see the inside easily. When the cover of the package is closed, it is locked with a double-
point locking system. By placing 3 hinges between the cover and the body, complete
contact of the o-ring with the body is ensured.

BMS dimensions are 102x162x17.95 mm. Furthermore, its weight is 400 grams.
80 m of space is reserved in the package. Moreover, cable joints are covered with

insulation material.
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Figure 46. BMS connections

As seen in Figure 46, the battery pack is controlled by BMS. BMS actively
performs cell current balancing. A maximum of 2A current is sent to the batteries. The
cables shown in red in Figure 46 are connected with positive busbars. The black and blue
wires on the BMS are the negative terminal wires. BMS is activated with 5V.

A cooling channel was placed inside the battery pack. The inlet and discharge
pipes are combined with a leak-proof gasket. Then, silicone was sprayed into the holes in
the package to prevent any external leakage.

Silicone was used to fix the battery cells. Then busbars welded cells. SUNKKO
709 AD+ was used in this spot welding process. Sunkko 709 AD+ spot welding is
specially designed for lithium-ion. It can spot welding nickel strips between 0.05 and 0.3
mm for nickel-plated steel and between 0.05 and 0.25 mm for pure nickel strips.

Busbars and nickels shown in Figure 47 are connected with bolts. A spot welding
machine is suitable for pure nickel, nickel-plated steel, nickel-plated iron, iron and other
alloys. A spot welder cannot weld metals such as copper and aluminum. Then, nickel

strips were spot welded to the battery cells.
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Figure 47. Welding nickel strips to battery cell with Spot welding
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Figure 48. Connect battery pack with bms
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As shown in Figure 48, the battery pack is combined with the BMS. The busbar
seen in the top right corner is the negative terminal of the battery pack. In the bottom left

corner, there is a positive terminal. BMS cables are fixed with a protective tube.

Figure 49. Battery Pack

The battery pack has been assembled with all its elements, and the assembly
process has been completed. After activating the BMS, the voltages of each cell block
were checked. And the voltages are 3.6V, 7.2V, 10.8V, 144V, 18V, 21.6V, 25.2V,
28.8V,32.4V,36V,39.6V,43.2 V, respectively. The voltage measured from the terminals
1s 43.2 volts. Warning signs regarding circuit breaker and battery pack occupational safety
were affixed on the completed battery pack. A circuit breaker has been placed on the

completed battery pack, apart from the BMS, in case of unexpected situations.
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Figure 50. Drop test result for base plate

The battery pack, which was lifted to a height of 2 meters with a crane, was
subjected to 2 tests: the base plate and edge tests. According to the base plate test results
seen in Figure 50, no bending was observed on the outer surface of the package. The
materials inside the package are not damaged.

As seen in Figure 51, no permanent deformation was observed in the edge test,
and the inner material of the package was not damaged. Nevertheless, there are paint rips

on the outer of the package.
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Figure 51. Drop test result for edge

5.2.2. Thermal Result

Figure 52. Thermocouple in air channel
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As seen in the Figure 52, a thermocouple was placed in the air outlets on the

battery pack. Voltage sensors were placed on the positive and negative terminals.
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Figure 53. Temperature in 15A

The graph shows that charging was carried out with 15 amps for 7 hours. The
ambient temperature in the charging process is 28.5 degrees. The circulator was set to 23
degrees. The air cooling rate is 2 m/s, and the liquid cooling flow rate is 0.1 kg/s. The fan
and circulator were activated, and it was expected to stabilize for 30 minutes. The battery

pack was then charged with 15 amps. As a result of the charging process, the temperature

values in the channels gathered around 29 degrees.

The discharge process shown in the Figure 54 was reduced from 48 volts to 41
volts with 30 amps. The ambient temperature is 28 degrees, air velocity is 2m/s, and fluid

flow 1s 0.1 kg/s. The maximum temperature value was observed at around 31 degrees

during the discharge process.
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Discharge with 30A
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Figure 54. Temperature in 30A

The discharge process was carried out with a minimum of 0.2 A, and a maximum
of 255A over the battery pack mounted on the electric vehicle. Battery pack temperatures
reached 36 degrees , including ambient conditions. This maximum temperature value is
also affected by the BMS temperature. BMS temperature reached a maximum of 91

degrees. Here it is necessary to consider cooling for the BMS.
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As seen in the Figure 56, the battery pack was mounted on the front of the electric
vehicle. After 40 minutes of various driving tests, the battery charge level reduced from

94 % to 88 %.
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CHAPTER 6

CONCLUSION

Today, companies such as Tesla, Toyota, and Chevrolet are trying to overcome
thermal problems with their own designed battery pack thermal management systems in
electric vehicles. For example, Tesla and Chevrolet have liquid-cooled vehicles, while
Toyota has air-cooled models (Sanguesa et al. 2021). This project produces a battery pack
with designs that provide optimum operating temperatures of the battery (including active
and passive cooling methods).

Although there are many small-scale theoretical and experimental studies on
battery packs, the number of theoretical and experimental studies for producing a 6.7 kWh
battery pack is few. Classical heating/cooling methods and manifold designs in the
literature are not sufficient as the size of the package increases. In this study, a 6.7 kWh
battery pack was produced. Battery pack operation consists of 2 parts, mechanical and
thermal. In the mechanical part, battery pack assembly and drop tests, one of the
mechanical tests, were carried out. The battery pack was assembled using aluminum heat
plate, aluminum cooling pipe, BMS, battery case, battery, and nickel strip. At the end of
the battery pack assembly, voltage measurements were made, and the accuracy of the
assembly was demonstrated. A numerical and experimental study supported drop tests.
As a result of this study, the battery case did not show permanent deformation (2.529x
108 N/m2) as suggested in the numerical experiments (1.263x 108 N/m2). Discharge
characteristics and battery module model were discussed in the thermal management part.
The information in the literature confirmed the discharge characteristic. When the battery
1s discharged with 0.84A, 4.2A, 10A, 20A, and 30A, the discharge times are 17236.88s,
3522.02s, 1461.97s, 723.64s, 458.83s, respectively. The battery cell was simulated with
the NTGK battery model to create a realistic model using the experimental data of the
battery. The gap between the battery cells reached its most efficient value at 8 mm. At
8mm, the maximum temperature of the battery module was found to be 320K. In the
developed battery module, thermal management was attempted using a heat plate and a
cooling pipe. According to the numerical results, the battery module reaches 311.37K at

10C discharge. In the experimental process, the battery pack was charged with 15 amps
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and discharged with 30 amps. Moreover, the temperature values reached a maximum of
31 degrees. In the experiment on electric vehicles, a maximum discharge level of 255 A

was observed. In this experiment, the battery pack reached a maximum of 36 degrees.
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