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Elektrikli araclar, iklim degisikliginin yikici etkilerini en aza indirmek ve siirdiiriilebilir
bir yasam saglamak amaciyla giderek yayginlasmaktadir. Bu araglarda kullanilan
bataryanin kullanim sirasindaki sicakligi, batarya performansini ve dmriinii dogrudan
etkilemektedir. Bu nedenle sicakligi kontrol altina alan sistemler tizerindeki ¢alismalar
giderek artmaktadir.

Bu caligmada Goupil G6 aracinda kullanilan lithium ion batarya esas alinmis ve sabit 1s1
akist sinir sarti i¢in gerekli olan degeri bulmak adina bataryanin genel bir termal modeli

Amesim ortaminda olusturulmus ve validasyonu saglanmistir. 3020 [W/m?] 1s1 lireten ve
450 [mm] x 810 [mm] taban yiizey alanina sahip olan batarya i¢in yine ayni taban yilizey
alanina sahip sogutma plakasi modellenmistir. Caligmada ii¢ farkli kanal sayisi, kanal
ylikseklikleri ve akiskan debisi ile laminer ve tiirbiilansli kosullar altinda optimizasyon
calismalari gerceklestirilmistir. Buna ek olarak her bir farkli sogutucu akigkanlari etkisini
gozlemlemek igin su ve etilen-glikolun iki farkli orandaki su ile karigimi incelenmistir.
Optimizasyon i¢in Taguchi ortogonal matrisinden yararlanilmistir ve analizler
Hesaplamali  Akiskanlar Dinamigi (HAD) kullamilarak  gergeklestirilmistir.
Degerlendirme 6l¢iitii olarak tabanda olusan maksimum sicaklik, taban ylizey sicakliginin
standart sapmasi ve basing kayb1 g6z onilinde bulundurulmus, elde edilen ¢iktilar Minitab
yazilimi kullanilarak degerlendirilmistir. Birden fazla sonu¢ parametresi oldugu igin
Taguchi tabanli ¢ok yamth Gri Iliski Analizi ile optimizasyon calismasi
gerceklestirilmistir.

Anahtar Kelimeler: HAD, Elektrikli Arag Bataryasi, Optimizasyon, Sogutma
2023, vii + 77 sayfa.
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Electric vehicles are becoming increasingly common in order to minimize the devastating
effects of climate change and to provide a sustainable life. The temperature of the battery
used in these vehicles directly affects the battery performance and life. For this reason,
studies on systems that control the temperature are increasing.

In this study, the lithium ion battery used in the Goupil G6 vehicle is based, and a general
thermal model of the battery was created and validated in the Amesim environment in
order to find the required value for the constant heat flux boundary condition. For the
battery producing 3020 [W/m?] heat and having a base surface area of 450 [mm] x 810
[mm], a cooling plate with the same base surface area is modeled. In the study,
optimization studies were carried out under laminar and turbulent conditions with three
different channel numbers, channel heights and fluid flow rate. In addition, to observe the
effect of each different refrigerant, the mixture of water and ethylene-glycol with two
different ratios and water was investigated. The Taguchi orthogonal matrix was used for
optimization and analyzes were performed using Computational Fluid Dynamics (CFD).
The maximum temperature, standard deviation of the surface temperature and pressure
loss at the base were taken into account as evaluation criteria, and the outputs were
evaluated using Minitab software. Since there is more than one result parameter,
optimization study was carried out with Taguchi-based multi-response Grey Relational
Analysis.

Key words: CFD, Electric Vehicle Battery, Optimization, Cooling
2023, vii + 77 pages.
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1. INTRODUCTION

Since the industrial revolution, the population density has increased gradually, and
consumption has also increased in parallel. The increase in consumption in all sectors has
led to its increasing importance in logistics and the use of vehicles with internal
combustion engines such as trucks, commercial cars, motorcycles, planes, etc. more
frequently. Due to this increase, carbon emissions have increased and have a negative but
significant effect on climate change (Wrigley 2013) . Various steps have been taken to
keep climate change under control and to reduce it to the pre-industrial levels within a
certain period of time, and decisions have been taken and implemented by countries. The
most comprehensive agreement currently in force is the Paris Agreement. According to
this agreement, the use of vehicles with internal combustion engines will be restricted and
alternatives such as electric vehicles will be provided to replace them. For this reason,
large investments and incentives are made by countries and institutions for the

development of electric vehicles and its technologies.

The prevalence of electric vehicles depends on various factors. The first of these is the
incentives made to the buyer. With these incentives, it is aimed to minimize the price
difference between vehicles with combustion engines and electric vehicles for the
consumers. A second reason is the comfort criteria for the cabin, which includes the
heating and cooling features of the cabin. Unlike fuel-powered vehicles, the fact that the
amount of residual heat is not high in electric vehicles means extra energy will be spent
for heating and cooling systems. This shortens the range and causes more frequent battery
charging breaks. Another and one of the most important reasons are the concept called
range anxiety. This concept indicates the anxiety experienced by the users when they
cannot predict whether the current vehicle, they drive can go the way they want to travel.

This is of great importance in the car selection decisions of the consumers.

The effective use of heating and cooling systems that have been used for years in ICEVS,
increasing the vehicle range, and shortening the charging times are important factors in
the selection stage of electric vehicles from the customer perspectives. These expectations

showed the necessity of developing battery systems. However, the development of battery



systems and the addition of fast charging features have brought along heating problems
that may occur in the battery during charge and discharge mode. For this reason, studies
on battery cooling systems are carried out by companies and institutions around the world.
Since the batteries are electrochemical systems and they are designed to achieve the
highest efficiency at their optimal temperatures, the temperature and humidity of the
environment are the key elements that directly and notably affect their performance, state
of health (SOH), charge acceptance and cycle life. When they work in environments with
temperatures outside these optimum temperature values, they may cause negative and
critical consequences such as stopping the operation, melting, damaging the vehicle,
creating flames or emitting dangerous gases. Studies have shown that when lithium-ion
batteries are used in extreme conditions for a long period of time, their state of health

values are decreases sharply (Friesen et.al 2016).

This sensitivity of lithium-ion batteries to the temperature necessitates the use of
additional systems. These systems are called battery thermal management systems
(BTMS) in general. The main purpose of using these systems is to maintain the
temperature of the battery in the operating temperature range within a uniformity, to
prevent possible damage to the battery and to ensure that the battery works with its

maximum efficiency.

The selection of the cooling system technology of the batteries varies depending on the
geometry of the battery, its location in the vehicle, the size and material of the area to be
cooled. These systems are basically classified as air cooling, liquid cooling and phase
change material (PCM). Air cooling solutions are the cheapest and simplest of these
systems, but these solutions should be used in non-critical cases because the control of
the temperature and uniformity are more difficult to than other systems. Solutions
containing liquid cooling are used when a more uniform and effective cooling is required.
One of the disadvantages of this system is that it is heavier than systems with air cooling.
Finally, PCMs are materials that generally rely on solid-liquid phase transitions during
temperature changes. The existing material changes state and turns into a liquid when the

heat is absorbed and vice versa (Sundén 2019).



In this study, the liquid cooling plate for the lithium-ion battery used in the G6 vehicle
produced by GOUPIL Industries was designed, optimized and its effect on cooling was
investigated. CREO software was used in the design of the plate. The heat flux value
required for the main analysis was provided with the existing battery whose generic model
was made with the AMESIM software. This 1D model has been validated by charging
tests. Finally, the designed cold plate was analyzed by using ANSYS Fluent. The aim of
the carried-out study is to optimize the conditions that provide the best and the most
uniform thermal performance and the most optimal pressure loss with the liquid cooling

plate application used to remove the excess heat from the battery.

The theoretical basics and the resources of the research, which constitute the second part
of the thesis, contain general information about lithium-ion battery and cooling systems,
and the studies done so far are examined. In the third chapter, under the title of material
and method, the equations used in the thesis, the model of the study and the boundary
conditions are presented. The results of the analyzes are included in the fourth chapter,
which is the findings and discussion. Finally, all the results are shown in the fifth section

under the results.



2. THEORETICAL BASICS and LITERATURE REVIEW

General Background

In this section, information that will contribute to the research and help to better
understand the subject is given. The transition phases of vehicles with internal combustion
engines to electric vehicles, the environmental effects of electric vehicles andthe decisions
taken on this subject are mentioned. Apart from their environmental impactsa short

summary has been made about the future of electric vehicles.

Ansys Fluent and Amesim Software

In parallel with the advancement of technology, the increase in needs and therefore the
increase in the demand for consumption has led to the growth of sectors that include
transportation technologies such as cargo and passenger transportation. For this reason,
time has become an important factor in the competition of these rapidly growing sectors
with their competitors in the global market. Since product development and system
improvement stages and prototype creation are very costly and time-consuming, the
development and use of specific software that will shorten this time and minimize the

number of prototypes is increasing.

Ansys Fluent is a fluid simulation software known for its advanced physical modeling
capabilities needed to model flow, turbulence, heat transfer and chemical reactions.

Simcenter Amesim is a software that enables users to model, analyze and optimize multi-
physical systems. Since it has various libraries and sub elements for fluid, electrical,
automotive, thermal and propulsion systems it provides freedom in systems that can be

modeled while reducing development cost and time.

In this study, the lithium-ion battery used in the Goupil G6 vehicle was modeled using
Amesim 2021.2 and a validation study was carried out for the heat flux value required for
limit conditions. By optimizing the existing model, realistic results were obtained. Thus,

the systems created can be accepted as the base model and allow further studies with the



desired modifications. Furthermore, a liquid cooling plate was designed based on the
battery used in Goupil G6 and analyzed using ANSYS FLUENT 2021R2 software.

Environmental Background

Since the industrial revolution affected human life in many ways, it is considered a turning
point in the history of humanity. With the industrial revolution, urbanization became
widespread, average incomes and health opportunities increased, and accordingly, the

population showed an unpredictable continuous growth. (Wilde 2021).

Industrialization and the growth of the population increased the demand for goods and
caused the production volume and carbon-dioxide emissions to expand in direct
proportion. According to the researches carried out, the carbon emission occurring in the
last thirty years is more than the carbon emission between 1750-1990 (Ritchie 2019). The
recovery of the economy after the Covid-19 pandemic and the increase in gas prices have
led to a tendency towards non-renewable energy sources such as coal and carbon
emissions to be higher than all values up to 2021 with 36.3 billion tonnes (“IEA” 2022).

Greenhouse gases (GHG) are various gases in the atmosphere that absorb infrared
radiation and reflect it back to the earth which cause warm the planet (Kweku et al. 2018).
Methane, water vapor, carbon dioxide, nitrous oxide, surface-level ozone can be shown
as examples of these gases (Mann 2022). The degree of influence of these gases is
determined by examining them in two different categories. The first of these is the life
span in the atmosphere. Carbon dioxide is the most complexly removed gas because more
than one process is involved. 50% of carbon dioxide is removed from the atmosphere in
the first thirty years, 30% in several centuries and the remaining 20% in many thousands
of years (Moore 2008, Anonymous 2012). Methane is mostly removed from the
atmosphere by chemical reactions and this process takes only about 12 years and 109
years for nitrous oxide (Anonymous 2012). The second characteristic feature used to
determine the effect of gases in the atmosphere on greenhouse effects is their ability to
absorb and reflect energy. By examining these two characteristics, a generic scale for

measuring the effects called Global Warming Potential (GWP) is created. According to



this scale, the GWP value of CO- in 100 years is 1, while the value of methane is 28 and
N20 value is 265 (Myhre et al. 2013). However, although the GWP value of carbon-
dioxide is the lowest among the others, the amount and the lifetime of CO is the highest
among mentioned gasses (“Anonymous” 2017). For this reason, the most important and

dominant greenhouse gas is carbon-dioxide.

CO:2 is produced both naturally and by human activities. However, it is the gases that are
harmful to the nature are the result of human activities, such as burning fossil fuels,
deforestation, that cause the greenhouse effect. In Figure 2.1, the percentage of carbon-
dioxide production depending on the sectors is shown. According to the study conducted
in 2020, the transportation and the electric power generation sector has the highest carbon
dioxide emission with 25%. It has been observed that carbon emissions from buildings
account for one-fifth of total emissions. The remaining sectors have a total value of 30%.
The importance of the role of only three main sectors, which are electric power,
transportation, and buildings sectors, in reducing carbon emissions is very clear.

2020 Carbon Emissions by Sector: 126 MMT CO.e
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Figure 2.1. Percentage of CO2 production depending on the sectors (“Anonymous”
2020)

As claimed by another recent study on carbon-dioxide emissions in the transportation
sector, the image of which is given in Figure 2.2, it has been observed that passenger cars
and trucks constitute 41% and 22%, respectively, in the transportation sector. The most
of this carbon-dioxide emission in transportation is caused by road transportation because

most of the existing vehicles work with internal combustion engines. These areas are



followed by shipping with 11% and aviation with 8%. Rail, two/three wheelers, buses and

light commercial vehicles make up the remaining 18%.

+ Two/three-wheelers 3%
Light commercial vehicles 5%

Buses and minibuses 7%

- Passenger cars 41%

+ Aviation 8%

Shipping 11%

- Medium and heavy trucks 22

Figure 2.2. CO2 emissions in the transportation sector (“Anonymous” 2021 May)

Due to such an increase in carbon emissions, it has been recorded that the world has
warmed by 1.1°C since 1990. Although this seems like a low value for now, it is an
ascension that should be taken seriously for the future. In consequence, companies,
municipalities and countries take various precautions against global warming. One of the
most important cautions in force to reduce global warming is the Paris agreement, which
was signed by various countries in 2016. The aim of this agreement is to reduce the current
warming below 2°C and above pre-industrial levels, preferably to 1.5°C in long term
(Maizland 2022). In the same agreement, it was stated that 50% of carbon emissionsshould
be cut by 2030 in order to keep global warming below 1.5°C (UNFCCC 2015).

Within the scope of the improvements made to achieve the targets, different scenarios are
created, warming predictions for the future are made and it is checked whether they match
the desired goals. These scenarios are as seen in Figure 2.3. The first scenario, shown in
pink, is the prediction for a situation where no policy is applied to keep global warming
at a certain level. As it is seen, if carbon emission continues in this way without any
improvement, it is expected that the earth will warm up between 4.1°C and 4.8°C by the
year 2100. The scenario indicated in orange is the expected value at the end of 2100 with
the current policies. It is clear that even with current policies, global warming is expected
to rise to a value between 2.5°C and 2.9°C unless more steps are taken to reduce



greenhouse gas emissions. If all countries fulfill their commitments, this value will remain
at 2.1°C, but sharp reductions should be made in emissions until 2045 for below 2°C and
until 2027 for 1.5°C (Ritchie, H., et al. 2020 August).
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Figure 2.3. GHG emissions and warming scenarios (Ritchie, H. et al. 2020 August)

One of the most important goals of the countries is to reach net zero emissions by 2050
and to keep the global warming value at 1.5°C by the end 0f 2100 (Rogelj et al. 2015, IEA
2022 December). However, to close the gap between rhetoric and reality, it is necessary
to take aggressive actions immediately. Although the pathways necessary to reach these
goals have been determined by various committees, there is no general rule that fits all
countries. For this reason, countries should make their own improvements within the
framework of the above-mentioned targets according to their country dynamics.
However, it is vital to focus on the first three main sectors seen in Figure 2.1 in order for
the measures to be taken to be effective regardless of the country. One of these sectors is
the transportation sector. The biggest cause of carbon emissions in this portion is the
internal combustion engines used in transportation vehicles. Instead of theseengines,
which use carbon-based non-renewable fuels to work, the use of electrically powered

engines is encouraged.
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Figure 2.4. Regional rates of BEV and PHEV between 2010 to 2021 (IEA, 2022 May)

Figure 2.4 indicates the regional rates of BEV and PHEVs between the years 2010 and
2021. Throughout the research, it was found that the total amount of electric vehicle sales
in 2012 was reached in just one week in 2021 (IEA, 2022 May) and by 2021, the number
of electric vehicles actively used increased to 16.5 million. Although the current sales
cover 9% of the global market, the fact that it has four times the volume of the sales values
for the year 2019 alone highlights the rapid increase in sales trends. When the number of
electric vehicles on the roads is examined on the basis of countries, China takes the first
place with a total of 8 million units. It is seen that the countries with the second highest
volume in the global market are the countries in Europe. When analyzed by country,
Norway comes first with 86%, followed by Iceland with 72%, Sweden 43%, Netherlands
30% and France 19% (IEA, 2022 May). Although the USA doubled its sales in 2020, it
only accounts for 10% of the global market.

Global EV fleet sizes by segment and market
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Figure 2.5. Global EV fleet size predictions (“BloombergNEF”, 2022)



According to the report by Bloomberg NEF, which can be seen in Figure 2.5, the sales of
passenger electric vehicles, which were 6.6 million in 2021, are predicted to reach 20.6
million by 2025. While China and Europe account for 80% of these sales, it is estimated
that the USA will make up the remaining 15%. Despite the increase in EV sales, it is
expected that ICEVs will also increase until 2024 but will go a downward trend after this
year. It has been stated that the sales of heavy-duty trucks powered by electric motors, of
which a total of ten thousand were sold in 2021, increase between 35% and 60% each
year and will be fully electric by 2030.
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Figure 2.6. Fleet predictions by countries according to ETS (“BloombergNEF”, 2022)

Although the sales of electrically powered vehicles have increased, this rate of increase is
not the same all over the world. Long-term passenger EV fleet numbers and drivetrain
distributions are given in Figure 2.6. In these estimates for 2040, China, Europe and the
US have the highest percentages of EVs. It is seen that the electric vehicle usage rates in
countries such as India, Mexico, Turkey, Russia and Brazil, where the economy is not
stable, support policies are limited, are very low compared to the world. When the
distribution estimates in drivetrain types are examined, it is seen that the sales of vehicles
with internal combustion engines will increase between 2020-2025, but then decrease
with the increase in sales of battery electric vehicles. It is predicted that plug-in hybrid
vehicles will also enter a decreasing trend as of 2025, because of the increasing oil prices
and cost-effective, improved batteries.
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Since electric vehicles do not work with carbon-based fuels, they do not emit any carbon
during their use, therefore they are also called zero-emission vehicles. Although they do
not emit carbon while driving, their carbon footprints are not zero because they contribute

to carbon emissions during their production (Moseman 2022).
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Figure 2.7. Life cycle of an electric vehicle

Although the vehicle's propulsion system is the first thing to look at when comparing the
carbon emissions of the vehicles, it is more appropriate to make a life-cycle assessment
for a correct comparison. The life cycle of every vehicle produced generally includes the
production of the vehicle, the source of the energy used, its operation and its recycling,
which can be seen in Figure 2.7 (Wu et al. 2018). Considering vehicles powered by
electric motors, it is known that the main carbon emissions are not during usage such as
vehicles with internal combustion engines, but during the production of energy storage

systems and drivetrains.
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Figure 2.8. Percentage of carbon emissions produced by ICEV, PHEV and BEVs during
their life cycle (Bieker, G., et al. 2022 March)
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In Figure 2.8, the graph of a research made on the basis of Germany in March 2022 is
given. In the study, the carbon values released during electricity production, fuel
production, maintenance, battery production and production of ICEV, PHEV and BEV
were compared. As can be seen from the figure, the carbon emissions that occur during
production are almost equal for all vehicle types, regardless of the propulsion systems of
the vehicles. When only ICEV is examined, it is seen that the highest carbon emission
occurs during fuel production and fuel consumption. In terms of fuel, vehicles working
with diesel cause 12% more carbon emissions than those working with gasoline. When
PHEVs containing both an electric motor and an internal combustion engine are
examined, it is seen that the most effective area in carbon emission is fuel consumption
with non-renewable energy sources. Although they have an internal combustion engine,
it has been found that thanks to electric mode, they emit 10% to 45% less carbon compared
to vehicles with only internal combustion engines. Considering other reasons, while the
carbon released during electricity production comes in the second place and fuel
production also constitutes the third largest segment. Finally, the carbon emissions of
vehicles with only electric motors are listed according to their causes. It has been observed
that a large part of the carbon emissions of fully electric vehicles is due to the mode of
production of the electricity used. This is followed by the percentage of carbon released
during battery production. It has been determined that these vehicles emit between 42%
and 66% less carbon compared to vehicles running on completely non- renewable fuels,

such as gasoline.

In general, it is known that vehicles with fully electric motor emit less carbon emissions
than those with internal combustion engines. However, the extent to which electric
vehicles emit carbon varies from country to country. The level of these emissions varies

according to the method used in electricity generation.
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Figure 2.9. Distribution of GHG emissions by European countries (“EEA” 2022 October)

Electric vehicles can be charged with electrical energy produced using various primary
energy sources such as gas, oil, solar, wind, and nuclear. Therefore, GHG emissions
values will also be different depending on these primary sources. In Figure 2.9, the
distribution of GHG emissions by countries in Europe is given. When the graph is
examined, it is seen that the lowest value is in Norway and Sweden, which use electricity
produced from renewable energy sources. France is in the third place, which uses mostly
nuclear and renewable energy sources. Poland and Estonia are among the countries with
the highest GHG emissions because of the high consumption of coal used for electricity

generation.

In line with the information given, it is seen that the use of electric vehicles should be
expanded since they do not emit carbon emissions during their use in line with the “net
zero” targeted for 2050. However, although the amount of carbon released during the
usage period is important, necessary precautions should be taken by considering the
amount of carbon that will be released during the production, logistics, maintenance and

recycling of these vehicles.
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Theoretical Background

In this section, detailed information about the lithium-ion battery, its working principle

and cooling systems are given.
Lithium-ion Battery

Lithium-ion batteries are the devices that convert chemical energy into electrical energy,
store it and release this energy when needed. It contains an anode, cathode, separator,
electrolyte and two current collectors (positive and negative) which can be seen in Figure
2.10. The negative electrode of the cell is called the anode, and the positive electrode is
called the cathode. The separator is an important safety element that separates the anode
and cathode from each other, allows the passage of lithium ions during charge and
discharge but prevents possible short circuits by not conducting electricity. Lastly,
electrolyte is a gel or liquid element in the battery that helps transfer lithium ions from

anode to cathode.
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Figure 2.10. Schematic representation of the working principle of lithium-ion battery

During the charging process, the lithium ions tend to move from cathode part to anode
part of the cell through the electrolyte. The more ions placed on the anode part consisting
of layers, the greater the voltage between the negative and positive electrode. This
movement of lithium-ions causes free electrons to increase in the anode part, which
creates a charge in the positive current collector. In the case of discharge, these ions

embedded between the layers are released and transferred to the cathode. The more
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lithium ions move to the positive side, the more discharge capacity occurs (Woodford
2022).

The usage areas of lithium-ion batteries are quite wide, and the capacity required for each
area is not the same. For this reason, batteries containing different chemicals compatible
with different sectors, such as automobiles and household appliances, have been

produced. Information including different battery types can be as seen in Table 2.1.
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Table 2.1. Types of li-ion battery (Battery University, 2014)

Chemical Material Short Form Information
Name
Lithium Cobalt | LiCoO2 Li - cobalt High specific energy
Oxide Short battery life
Cell phones, laptops,
electronic cameras
Lithium LiMn204 Li - manganese | High temperature stability
Manganese Safe
Oxide Medical equipment and
devices, electric vehicles
Lithium Iron | LiFePO4 LFP Durability and long lifecycle
Phosphate Thermally stable and safe
Electric vehicles and bikes
Lithium Nickel | LINiMnCoO2 NMC High specific energy
Manganese Low cost
Cobalt Oxide Low heating rate
Electric vehicles
Lithium Nickel | LiNiCoAlIO2 NCA High energy with long
Cobalt lifespan
Aluminum Less safe than other Li-ion
Oxide batteries
Electric vehicles
Lithium Li4Ti5012 Li - titanate Extremely rapid recharge
titanate time

Less efficient
Aerospace applications and
energy storage technologies

in the future
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The most important advantage of these rechargeable batteries is their high energy density.
This means that three to four times more energy per unit mass can be store than other
rechargeable batteries. The other advantages are the low self-discharge, quick recharge
ability and longer life span. But there are disadvantages as well as advantages. The first
thing that comes to mind is the decrease in the charging capacity over time due to loss of
the lithium-ions during the charge and discharge. Another disadvantage is that it is very
sensitive to temperature. When it is operated at an ambient temperature different from the
nominal operating temperature, it causes both the capacity to drop considerably and the
battery to have a negative effect on health (Matthe et al. 2011). For this reason, thermal

management systems are often needed (Zubi et al. 2018).

Battery Thermal Management Systems

Batteries are highly affected by both hot and cold climates (Jaguemont et. al. 2016, Erdinc
et al. 2009). It is known that at low temperatures, performance decreases, charge
acceptance worsens, lifespan and energy capacity decrease (Ma et al. 2018, Wu et al.
2019). At high temperatures, it causes irreversible capacity and performance drops, as
well as the formation of catastrophic thermal runaways (Ma et al. 2018, Wu et al. 2019).
It is necessary to use various systems in order to keep the performance and life span at the
optimum and to prevent the thermal runaway and to eliminate the elements that threaten
the safety of the battery (Chombo & Laoonual 2020). Battery thermal management
systems are safety components used to control both the heat produced by the battery and
the effect from the environment so that the battery works in the optimumtemperature
range (Park & Jung 2013).

These systems can be examined under two general headings as passive and active.

Subcategories of these systems can be divided into air cooling, liquid cooling, and phase

change material (PCM) cooling.
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Air Cooling

These systems are systems that use the cabin or outdoor air as a cooler. These systems are
frequently used in many industries due to their low cost, simple structure and easy
repairability. However, since the air has a lower heat capacity and low thermal
conductivity, it cannot provide effective cooling (Park & Jung 2013). Toyota Prius and
Nissan Leaf can be shown as examples of the most well-known electric vehicles using

this technology (Wu et al. 2019).
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Figure 2.11. Active and passive air cooling (Pesaran 2001, Kurmaev et al. 2020)

Cooling can be provided by natural convection (passive) or by forced convection (active).
However, natural convection is only suitable for low density batteries. A sematic
representation of passive and active air-cooling systems is given in Figure 2.11. While the
passive systems seen in the first schematic system in the figure take the air directly from
the atmosphere or the cabin, the active systems, which are the other systems in the figure,
take the preconditioned air from a heater or air conditioner (Park & Jung 2013). While
the system is being designed, it should be kept in mind that the temperature in themiddle
zone and the output zone of the battery will be higher than in the other zones, andthe

necessary arrangements should be created accordingly.
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Liquid Cooling

These are systems in which liquids are used as a coolant. They have higher heat removal
rates due to their higher density and heat capacity compared to air. For this reason, they
are frequently used in electric vehicles. In general, there are three different systems,
namely immersing cooling, direct cooling, and indirect cooling. In immersing cooling,
the battery modules are directly in the dielectric liquid. In direct cooling, the battery
surface is in contact with the refrigerant. It is not used in electric vehicle batteries due to
its impracticality and safety reasons. On the other hand, indirect cooling is a very common
cooling system in vehicles, using a cooling plate or jacket. Indirect cooling is very simple
compared to other systems, and higher flow rate is obtained because the viscosity of the

refrigerant liquids used is lower than that of dielectric liquids.
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Pack
Pump
Outdoor air ¥ 3 Exhaust
Radiator

Fan

Figure 2.12. Passive liquid cooling system (Pesaran 2001, Kurmaev et al. 2020)

Figure 2.12 presents the sematic scheme of passive liquid cooling. The coolant is
circulated in a closed system with the help of a pump. The heat in the battery is absorbed
by the liquid circulating in the system and this heat is released through a radiator. The
cooling power depends on the temperature between the ambient air and the battery.
Although the fans behind the radiator improve cooling performance, the passive fluid
system can become useless if the ambient air is higher than the battery temperature or the

difference is too small.
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Figure 2.13. Active liquid cooling system (Kurmaev et al. 2020)

The systematic scheme of an active liquid cooling system can be seen in figure 2.13. In
these systems, there are two different loops, the primary loop, which is similar to the loop
in the passive system, and the secondary loop, which is simply the air conditioning loop.
In this system, the cooling liquid coming from the battery is transmitted to the evaporator
with the help of a pump and connects it to the second loop required for cooling. In cases
where it is desired to heat the battery, this element acts as a condenser, while the other

heat exchanger acts as an evaporator.

2.2.2.3. PCM Cooling

A phase change material (PCM) is a material that releases/absorbs energy at the phase
transition to be used to provide useful heat or cooling and to control temperature
fluctuations (Wu et al. 2019). A significant amount of heat energy is absorbed or released
during the phase transition of a material. In PCMs, it is tried to control the temperature by
taking advantage of this phenomenon. PCM is mostly used in combination with air

cooling systems.
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2.3. Previous Studies

Due to climate change, various regulations have been brought to the transportation sector
and therefore investments in electric vehicle technologies have increased. Battery and
cooling systems have become the most important of these technologies. Because of the
high energy density and low self-discharge, the demand for lithium-ion batteries is
expected to increase by 18.1% by the end of 2030 (“Anonymous” 2019-2020). Although
it is a battery with many advantages, it is highly sensitive to temperature. Since the
electrolyte inside the battery cell is flammable, the battery should be used and charged in
certain temperatures. This obstacle limits the developments in battery technology and
manufacturers are looking for various solutions to safety problems caused by overheating.

Liquid cooling is one of the systems used to cool the battery.

A liquid cooling system with changing surface which is between the channels and cells is
design by Shang et al. (2018 October) and it is analyzed with different mass flow rate,
inlet temperature and width of cooling channel dimension to observe the performance and
the consumption of the pump. Increasing the inlet mass flow rate was effective in
decreasing the maximum temperature, but it did not enhance the uniformity of the
temperature between cells. In terms of inlet temperature of the coolant and the width of
the cooling channel, it has been seen that the temperature of the battery is proportional to
the temperature of the inlet and inversely proportional to the width size of plate. After
examining these differentiators one by one, single factor analysis and orthogonal test were
applied and optimization study was carried out for all the factors. Uniformity is ensured

after optimization and the energy used by the pump is reduced.

Deng et al. (2019 July) studied the thermal performance of the lithium-ion battery using
a cold plate. The study analyzed the effect of mass flow rate, number of cold plates,
channel distribution and the direction of cooling into the temperature distribution. It has
been found that the best cooling is provided by the design with more channels in the

middle of the coil and the coolant flow direction affects the uniformity.
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Ye et al. (2019 February) designed and optimized a cooling plate for a lithium iron
phosphate battery. The orthogonal experimental design method is applied to the thermal
model to optimize battery gap, the cross-section dimension, and the cooling channel
number of the plate. After the optimization of the plate, the difference between the
maximum and minimum temperature decreased by 9.5%, while the pressure drop showed

a decrease of approximately 17%.

Deng et al. (2018 June) published a review on the cooling performance of lithium-ion
batteries with different coolants, design of battery packs and cooling strategies. In terms
of coolants, a comparison was made between water, oil and additional nanoparticles. It
has been determined that the most effective way for battery life and performance is liquid
cooling. The configurations which are series, parallel and series-parallel studied for the
battery pack design. Finally, information about active and passive, internal and external,

direct and indirect cooling systems is given and examined.

Kim and Jarret (2013 July) worked on the impacts of operating conditions on the optimum
design of cooling plate of battery of the electric vehicles. Temperature homogeneity,
average temperature and pressure drop were considered while doing the measurements.
With the change of operating conditions, the temperature homogeneity among the cells

effected the most. The cooling plate is subjected to constant heat flux and optimized.

Panchal et al. (2020 April) developed a turbulence model of a cold plate with micro-
channels and water coolant for batteries used in electric vehicles with a reverse
engineering approach. The numerical operation was tested under different temperatures
and for two different C-rates, which is 3C and 4C.

Chaab and Wei (2019 August) developed and experimentally analyzed a hybrid cooling
system for the electric vehicle batteries. Since the system uses the capillary effect as the
driving force of the coolant, no additional power is used. At the end of the study, the
existing system improved both the cooling efficiency and temperature uniformity by 70%
compared to the battery without any cooling solution. Compared with the air-cooled

system, this improvement was found to be 20% for efficiency, 56% for uniformity.

22



A water cooled mini-channel plate for large sized prismatic lithium-ion battery designed
and simulated by Panchal et al. (2017 May). The experimental and numerical simulations
were performed with different discharge rates and operating temperatures. It was
observed that as the c-rate and operating temperature increased, the cooling plate
temperature increased in parallel. In addition, it has been observed that the temperature
sensors close to the anode and cathode is measured higher temperatures than the sensors
located in the middle region of the battery surface.

Xu et al. (2019 December) utilized numerical study to optimize a cold plate splitter for
lithium battery. Orthogonal experimental design method is used to optimize the splitter
number, length, angle, the distance between two splitters and the offset distance. As the
number of splitters increases, the mean temperature difference of each cell decreases.
Additionally, the deflection angle and splitter length highly effected thermal performance
of the battery pack.

Huo et al. (2014 October) investigated the influence of thermal management system of a
battery by using cold plate with mini-channels. The temperature distribution in the
discharged state of the battery is investigated in different number of channels, flow
direction, inlet mass flow rate and ambient temperature cases. As the number of channels
on the cooling plate and inlet mass flow rate increased, the maximum temperature reached
in the battery pack is also decreased. It has been observed that the effect of flow direction
is very less compared to the other parameters.

Turaka et al. (2021) compared different cooling systems for lithium-ion battery using
CFD simulation. In the study, cooling plates with different configurations were modeled
in three dimensions and analyzed using ANSY'S under different mass flow rates. At the
end of the simulation, pressure, velocity, heat transfer coefficient, mass flow rate and heat
transfer rate for each geometry and inlet mass flow rate were printed as output. In the light
of the analyzes carried out, it was determined that the calculated heat flux value in
geometries with U-bend heat pipe in which RT50 is used as a phase change material is
lower than the case which is used lithium-ion phosphate phase change materials. In

geometries with straight channels, it was determined that the mass flow rate, heat transfer
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rate and heat transfer coefficient value increased by increasing the inlet mass flow rate
and heat transfer rate compared to bend type channels.
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3. MATERIALS and METHODS

In this part of the thesis, the information about the necessary measures for the numerical
solution of the investigated problem, the conservation equations used for the solution, the
boundary conditions and the turbulence equations used for the turbulent flow are

presented.

Validation Study

Since the geometries to be used in the thesis study cannot be validated experimentally, it
is aimed to provide validation of the methods to be used during the analysis by considering
a similar study. For the validation, the optimization of the heat sink used in electric vehicle

batteries studied by Kim and Jarrett was chosen (Jarrett et al. 2011).

The chosen geometry for the validation study was obtained using the CREO software.
The outer dimensions of the geometry are 1 [mm] x 160 [mm] x 200 [mm]. The geometry
to be analysed is symmetrical, therefore the thickness is reduced to 0.5 [mm] and only
half of the geometry was created in 3D. The cooling channel geometry with a width of 20
[mm] and a height of 0.75 [mm] was formed as 20 [mm] x 0.375 [mm] after halving it as

specified in the paper.

Since the geometry contain both solid domain (plate) and fluid domain (cooling channel),
both were created separately and assembled using CREO Parametric. After the creation
of the geometry is finished, it is imported to the geometry part which can be found in the
component systems in the ANSY'S software. The imported geometry is as shown in Figure
3.1
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Figure 3.1. Validation geometry before slice operation

Since this geometry has two different domains, it was decided to mesh the fluid and solid
domains separately. For this reason, the geometry is divided into rectangular volumes
using the slice operator for convenience which can be seen in Figure 3.2. To create
independent parts (for fluid and solid domains) within the model, not all the volumes in
the geometry but only the volumes containing domains of the same type were created as

a part. Thus, two different domains were saved as two different parts.
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Figure 3.2. Validation geometry after slice operation

26



The created geometry is transferred to the mesh component in the component systems and
physics preference is set to CFD. First, the default mesh was applied, and the mesh
structures of the fluid and solid domains were arranged considering the obtained structure.
Since the flow will take place in the fluid domain, the mesh structures are compacted in
this region. The final state of the mesh structures can be seen in Figure 3.3 and the zoomed

version of the region marked in red can be seen in Figure 3.4.
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Figure 3.3. The mesh structure of the geometry
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Figure 3.4. Detailed view of the mesh structure of the geometry
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A total of 243 971 elements are used and 240 874 of them are in the fluid domain. The
number of elements in the reference study was tried to be reached for the current mesh
structure. Skewness is a quality indicator value that expresses the difference between
shape of the cell and shape of the equilateral cell and expresses that the quality of the
mesh structure gradually decreases as it approaches zero to one (ANSYS Meshing User’s
Guide 2013). The maximum value of skewness should be kept below 0.95 to avoid
convergence difficulties. The average skewness is seen as 0.00246 and the maximum
skewness is 0.54219 which is below the recommended level. Additionally, in terms of
orthogonal quality, which is another indicator for the quality of the cells, the best cells
have a value close to 1 and the worst cells will have a value close to 0. For this case, the
average orthogonal quality is seen as 0.99942.

After the mesh quality was checked, the name selection was created to define the
boundaries. For the first step, the fluid and solid volumes, the inlet-outlet, wall, symmetry,

and heat flux surfaces seen in Figure 3.5 are named.

' Heat flux

0,00 50,00 100,00 (rmmm) Z* x

Heat flux

Figure 3.5. Name selection for validation study

In the second step of the name creation, the surfaces shared by fluid and solid domains
are determined and named as interfaces. The reason for doing this is that both domains

28



are created separately while the geometry is being created. Otherwise, the problems
involving heat transfer cannot be solved because two different domains cannot interact.
After the names are defined, the created mesh structure is transferred to the fluent
component. The final geometry and the inlet-outlet boundary conditions can be seen from
Figure 3.6.

Figure 3.6. Imported validation geometry to the fluent component

The energy equations are turned on and the viscous model type is chosen as laminar. The
fluid that passes through the fluid domain is water-ethylene glycol. Since it is not in the
Fluent database, a new fluid has been created and added to the material part. After that,
the new created fluid was introduced to the fluid domain in the cell zone condition. The
solid domain is left in the default material, which is aluminum. Entries can be found in

the table below.
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Table 3.1. Coolant properties used in validation study

Coolant name: Water-ethylene-glycol
Coolant density [kg. m—3]: 1065
Coolant specific heat* [J. kg—1K-1]: 3494
Coolant conductivity [W.m-1K-1]: 0.419
Coolant viscosity [Pa.s]: 0.00315

*Property stated at 300 Kelvin.

Inlet boundary condition was set as mass-flow-inlet and 0.0005 (kg/s) value was given as
input. Due to the current coordinate system, the flow direction is set to -1 in the z direction.
The outlet condition is set to pressure-outlet. For the heat flux boundary condition 500
(W/m?) is given. The interface-solid and interface-fluid surfaces created during the name

selection are matched in the mesh interfaces section.

For the solution method, the scheme is selected as SIMPLE and flux type arrange as Rhie-
Chow: momentum based. The calculation was started by leaving the relaxation values at
their default values. Convergence criteria is set to 10 for the residuals. After hybrid

initialization, calculation was run.

As stated in the report, three different printouts were taken and compared. They are;
e Mean temperature on the heat flux surface
e Standard deviation of temperature on the heat flux surface
e Area weighted average total pressure on the inlet and outlet faces
(Psivid = Pintet — Poutlet)
The results are as follows:
The study mentioned as reference is the work of Jarret and Kim.
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Table 3.2. Comparison of the results from the validation study

Reference study Validation study
Piuid (Pa) 2948 3037
Tavg (K) 306.09 306.12
Ts (K) 2.64 2.507

General Description of the Problem and Physical Model

While designing the cooling plate analyzed in the study, the dimensions of the battery
used in the GOUPIL G6 vehicle were taken as a basis. The battery measures 450 (mm) X
810 (mm). Therefore, the cooling plate was created as the same size of the battery pack
by using CREO 8.

The determined channel dimensions and mass flow rate values were written in the Taguchi
matrix and analysis setups were created. Energy equations, conservation of mass,
conservation of momentum, and the equations of the selected turbulence model are
numerically solved with the help of ANSYS 2021 R2 Fluent software.

In the study, geometries with three different number of channels (4, 5 and 6 channels)
were created. These aforementioned models can be seen in Figure 3.7, 3.8 and 3.9. L,,
W,, Hp indicated in the figure represent the length, depth, and height of the cooling plate,

respectively.

Extensions have been added to the channel inlet and outlet region to improve the fluid

flow. Le denotes the length of the extension at the inlet and outlet.

In order to accurately compare the effect of cooling, the channels are located only within
a certain area, regardless of their number. Therefore, the distance between the start of the
first channel and the end of the last channel is always set to be 320 (mm) and this is

indicated by Lc. In addition, the distance of this specified cooling area from the outer
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surfaces of the plate was determined as 15 (mm). Cold plate thickness was kept constant
at 20 (mm).

Wp = 450 [mm]

Lp = 810 [mm]

Lc = 320 [mm]

ty

Constant Heat Flux

Figure 3.7. 3D geometry of 4-channel cooling plate

Figure 3.8. 3D geometry of 5-channel cooling plate
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Figure 3.9. 3D geometry of 6-channel cooling plate

The width of the channels has always been kept at the same value, which is 30 (mm), only
the height has been increased. The heights used are 10 (mm), 12 (mm) and 14 (mm),

respectively. 4, 5 and 6 channels are used in the analyzed geometries.
The analysis were carried out with three different refrigerants, namely water solution with
25% and 50% glycol ratio and water. The type and thermal properties of plate, cooling

channel and refrigerant are as given in between Table 3.3 — Table 3.4.

Table 3.3. Thermal properties of Al

Plate and cooling channel material: Al
Density (kg/m?3) : 2719
Specific heat (J/(kg) K) : 871
Thermal conductivity (W/(m K)) : 202.4

33



Table 3.4. Thermal properties of cooling fluids

Water EGW 25 EGW 50
Density (kg/m3) : 998.2 1028 1061
Specific heat (J/(kg) K) : 4182 3827 3348
Thermal conductivity (W/(m 0.6 0.493 0.3935
K)) :
Viscosity (kg/(m s)) : 0.001003 0.001564 0.002974
Freezing temperature (°C): 0 -10 -36

Taguchi matrices were used for the optimization in the study. As in the Taguchi method,
the properties that change are called parameters and the different values they take are
called levels (Freddi & Salmon 2019). Thus, since there are three parameters, A, B, and
C, and each parameter has three levels, the matrix has three different levels. Since laminar
and turbulent flows were examined in the analysis, a separate matrix was applied for each
situation. Therefore, the C parameter of the mass flow rate is shown in Table 3.5 for two

different levels.

Table 3.5. Values used in the study

Parameters Levels
(A)Number of channels: 4 5 6
(B)Height of the channels (mm): 10 12 14
(C)Mass flow rate (Laminar) (kg/s): 0.032 0.08 0.16
(C)Mass flow rate (Turbulent) (kg/s): 0.8 1 1.2

3.2.1 Assumptions

Since the geometry is symmetrical, only half of it is modeled and a symmetry boundary
condition is defined for the upper part of the cooling plate. A constant heat flow of 3020
(W/m?) is applied to the lower part of the plate. However, since the heat produced by the
battery is not constant, a generic thermal model of the battery was created using the

Amesim software and optimized by comparing it with the real-time experiment.
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Following this, the constant current value was given into the model and the constant heat
flow value used in the analysis was determined. Adiabatic boundary condition is applied

to the side walls of the solid domain (cold plate).

Since the surfaces between the cooling plate and the channels are the surfaces that are
used in common, interface definitions were made on these surfaces and mesh interfaces
were created in fluent in order for the software to solve the heat transfer in these areas.

In order to regulate the flow more quickly, the channels at the inlets and outlets have been
extended by 300 (mm), ten times the channel width. While the definition of symmetry
was made on the upper part of these elongated channels, the adiabatic boundary condition

was applied on the lower parts.

Computational Fluid Dynamics (CFD)

CFD is a numerical solution method used in the analysis of complex problems involving
fluid-fluid, fluid-solid and fluid-gas interactions and showing how the fluid will behave

in the specified problems (Simscale 2022).

The equations used in the analysis are the Navier — Stokes equations developed in the
1800s. Equations describe how velocity, pressure, temperature, and density are related in
fluid. These equations expressing a set of combined differential equations and can be
solved in theory using various mathematical methods for a given flow problem but in
practice it is almost impossible to solve these equations analytically. In the past, engineers
made approximations and assumptions and turned these equations into a set of equations
that they could solve. Recently, equations have been solved using various techniques such
as finite difference, finite volume, finite element, and spectral methods. This field is called
Computational Fluid Dynamics or CFD (Hall 2021, Li & Nielsen 2011).

CFD is preferred for many reasons, used in design and validation studies, thermal and
combustion analyzes in the aerospace, defense, aerospace, automotive and energy sectors
when the possibility of experimentation is limited or not available. These are:

e Giving fast and reliable results compared to experiments
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e Cheaper than other methods

¢ Allowing more detailed examinations in the flow region

e Safer to conduct examinations in studies in the fields of combustion and nuclear
e Shorter development stages

¢ Significantly reduce the amount of prototypes

Before performing the analysis, certain stages of CFD should be known and the working

pathway should be shaped according to these steps which can be seen in Figure 3.10.

In the first step, the purpose of the project is determined, and suggestions are made about
how to solve the problem in this direction. After that, the geometry to be solved is created
using a CAD software. At this step, simplifications should be made that will not affect the
result but will shorten the analysis time. The flow field is discretized into grid. Thereis no
optimum mesh structure and number of elements for all cases. These vary accordingto the
definition of the problem and shape of the geometry. It should be noted that the probability
of getting wrong results with an incorrectly formed network structure is veryhigh. After
the solution mesh is created, the analysis is performed by giving the boundaryand initial
conditions. Finally, with the help of postprocessing, the results are obtained and
interpreted (Slater 2021).
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Formulation of the
flow problem and determination
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Performing the simulation
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Discussion of the results

Figure 3.10. Steps of CFD analysis (Slater 2021)

Numerical Model

Mesh Independence Study

The results obtained from the analysis vary up to a certain number of elements. This value,
where the change is so small that it is negligible and almost unobservable, is called
number of mesh-independent elements (Gardiner 2017). Increasing the number of
elements after this limit does not make the solution more accurate but also causes the
solution time to prolong and the analysis to be more costly. For this reason, it is important

to determine the number of elements before the studies to be carried out.

For this study, four different mesh structures were created and analyzed for turbulent flow
with a mass flow rate of 1 (kg/s), for geometry with four channels and a height of 10
(mm). At the end of the analysis, the pressure difference between the inlet and the outlet

and maximum temperature on heat flux surface were obtained and visualized.
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Mesh Independence Study
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Figure 3.11. Mesh independence study

As a result of the studies, si