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ABSTRACT 
 

EXPERIMENTAL INVESTIGATION OF A HYBRID THERMAL 
MANAGEMENT SYSTEM FOR AN ELECTRIC VEHICLE BATTERY 

MODULE 
 

Environmental concerns and limited energy sources of the world are driving force 

in electric vehicle technology improvements. One of the main components of the electric 

vehicles is battery cell. Using batteries in electric vehicles brings up new concerns such 

as safety problems, limit of range and so on. The temperature of the battery cell increases 

during charging/discharging and operation. There is an optimal temperature range (15ºC 

─ 35ºC) for battery cells to maximize efficiency and prevent safety issues. The high 

temperature values in the battery cells can be result with fire and explosion. In addition, 

the performance of the battery cells is highly affected by operating temperatures. 

Therefore, thermal management of the battery cells is a necessity to overcome safety 

issues and maximize the battery performance. The feasibility of microchannel heat sink 

for battery cooling is investigated numerically and it is decided to continue with 

conventional length scales because of the higher pressure drop values in micro scales. 

Thus, a hybrid cooling system, using air and liquid solely or simultaneously, is developed 

and is introduced to a battery module. The battery module created by connecting three 

lithium-ion pouch cells in serial. According to the results, air cooling gives the more 

homogeneous temperature distribution. The lowest temperature values are observed in 

hybrid cooling system and temperature difference between the cells are reduced by 30% 

when compared to the water-cooling system. The temperature profile in air cooling shows 

that any increase in the ambient temperature (23ºC) or discharge rate will undergo a 

temperature rise in battery cells and optimal temperature ranges will be exceeded in that 

case. A step function, in a sequence of various discharge rate, is introduced to the battery 

module to determine cooling capacity of the air system during operation. The result show 

that the temperature of the cells is kept below 30ºC. The hybrid cooling is enabled to 

select cooling systems for the battery module with respect to operating condition; hence, 

the efficiency of the system is increased.  

 

Keywords and Phrases: Battery Module, Lithium-ion Cells, Hybrid Cooling
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ÖZET 
 

ELEKTRİKLİ ARAÇ PİL MODÜLÜ İÇİN HİBRİT ISIL YÖNETİM 
SİSTEMİNİN DENEYSEL OLARAK İNCELENMESİ  

 
Çevresel kaygılar ve sınırlı enerji kaynakları, elektrikli araçlardaki gelişmelerin 

temel kaynağıdır. Elektrikli araçların ana bileşenlerinden bir tanesi pil hücresidir. 

Elektrikli araçlarda pil kullanımı güvenlik sorunları, menzil sınırı vb. yeni endişeleri de 

beraberinde getirmektedir. Pil hücrelerinin sıcaklığı, şarj, deşarj ve kullanım esnasında 

artmaktadır. Verimliliği en üst düzeye çıkarmak ve güvenlik sorunlarını önlemek 

açısından pil hücreleri için belirlenmiş optimum çalışma sıcaklık aralığı (15ºC ─ 35ºC) 

vardır. Pil hücrelerindeki yüksek sıcaklık değerleri yangın ve patlama ile 

sonuçlanmaktadır. Ayrıca pil hücrelerinin performansı sıcaklık değerlerinden yüksek 

oranda etkilenmektedir. Bu durum, güvenlik sorunlarının üstesinden gelmek ve pil 

performansını en üst düzeye çıkarmak için bir termal yönetim sisteminin gerekliliğini 

göstermektedir. Pil soğutma için mikro kanallı soğutma sisteminin uygulanabilirliği 

sayısal olarak araştırılmış ve mikro ölçekteki yüksek basınç düşüşleri nedeniyle normal 

ölçekli soğutma sistemi ile devam edilmesine karar verilmiştir. Bu nedenle, hava ve sıvı 

soğutmanın ayrı ayrı veya bütünleşik olarak uygulanabildiği bir hibrit soğutma sistemi 

geliştirilmiş ve pil modülüne uygulanmıştır. Pil modülü, üç adet lityum-iyon kese 

hücresinin seri bağlanmasıyla oluşturulmuştur. Deneyler sırasında ortam sıcaklığı 

23ºC’de tutulmuş ve pil hücreleri 3C hızında deşarj edilmiştir. Sonuçlara göre, hava 

soğutma daha homojen bir sıcaklık dağılımı vermektedir. En düşük sıcaklık değerleri 

hibrit soğutma sisteminde gözlenmiştir ve hücreler arası sıcaklık farkı su soğutmalı 

sisteme göre %30 oranında azalmaktadır. Hava soğutmadaki sıcaklık profili, ortam 

sıcaklığındaki veya deşarj hızındaki olası bir artışın sonucu olarak optimum sıcaklık 

değerlerinin dışında kalınacağını göstermektedir. Hava soğutma sisteminin elektrikli araç 

aktif iken kapasitesini belirlemek adına pil modülü bir dizin sıra ile (3C-1C) deşarj 

edilmiştir. Sonuçlara bakıldığında, ortam sıcaklığı 23ºC iken, hava soğutma ile pil 

hücrelerin sıcaklığının 30ºC'nin altında tutulduğu görülmektedir. Hibrit soğutma 

sayesinde pil modülü için aracın kullanım durumuna göre uygun soğutma sistemini 

seçebilmekteyiz; dolayısıyla sistemin verimliliğini artırmaktayız.   

 

Anahtar Kelimeler ve Deyimler: Batarya Modülü, Lityum-iyon Hücreler, Hibrit Soğutma
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

1.1. Problem Statement 
 

 

Research and development on electric vehicles are being focused in the worldwide 

due to concern about energy consumption and atmospheric air quality. In addition, recent 

developments in advanced rechargeable batteries for electric vehicles also contribute to 

adaptation of people to use electric vehicles. There are many kinds of rechargeable 

batteries and lithium-ion batteries have gained lots of interests as an energy storage 

solution for electric vehicles due to their high specific energy and power density 

compared to its competitors [Affanni et al. 2005; Pesaran et al. 2007, Chen et al., 2009, 

Mastali et al. 2016]. However, using batteries in electric vehicles brings new challenges 

such as thermal management, duration of charging, limit of range and so on. The 

temperature of a battery increases during charging/discharging and operation. The 

capacity, durability and safety of the lithium-ion batteries are highly affected by operating 

temperature [Bandhauer et al., 2011, Safari and Delacourt, 2011]. The durability and 

safety issues arise in the case of over-heating problem. In addition, the capacity of the 

battery decreases at low temperature [Horie et al. 2008]. Therefore, the temperature of a 

battery system should be kept in a certain range to prevents safety risks and maximizes 

capacity. Moreover, a thermal management system is necessary to achieve optimum 

performance from a battery system. There are various kinds of thermal management 

systems for batteries such as air cooling, liquid cooling, heat pipe cooling and so on [Li 

et al., 2019].   
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1.2. Aim and Objectives 
 

 

The main aim of the study is to keep the battery cells in the optimal operating 

temperature range (15ºC ─ 35ºC) during charging, discharging and operation by 

documenting various cooling systems such as air, water and hybrid cooling. In the hybrid 

cooling system, air and water cooling imposed to battery cells solely or simultaneously 

in order to determine the cooling performance. The selected cooling system should be 

met the requirements of the battery system.  

A battery module is manufactured by connecting three lithium-ion pouch cells in 

serial. A heat exchanger is designed and manufactured to obtain uniform temperature 

distribution along the battery module. The size of heat exchanger is kept as small as 

possible to minimize its weight and volume. Therefore, heat transfer and fluid flow 

characteristic in micro size heat exchangers are investigated. In addition, the feasibility 

of microchannels (comparison between heat transfer rate and pressure drop values) is 

investigated via a numerical study. According to the review and numerical study on 

microchannel heat sinks, it is decided to continue with a conventional heat exchanger in 

the cooling of battery cells because of higher pressure drop values in micro scales. Hence, 

the study is mainly experimental parts all of them are carried out at constant temperature 

(23 ºC) for battery module.  

 

    

1.3. Limitations and Assumptions 
 

 

The experiments are carried out in a large room which is not air-conditioned. 

Therefore, there were several degrees Celsius temperature fluctuations during 

experiments which are considered to be approximately constant. All the temperature and 

voltage values are measured by thermocouples.  

The temperature of battery cells in a battery module is measured by thermocouples 

which are located near the positive tab. As we know from the literature, the temperature 

is not constant through the battery surface and it is dense near the tabs. Therefore, the 

highest temperature values on the battery surfaces are considered during the study.  
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There are some limitations related to cable connections. The connection of battery 

cells and charging/discharging devices are very important to get more accurate results. If 

the connection of battery is not made properly, it is possible to observe unexpected 

temperature rise and uneven temperature differences between the cells.  

Manufacturing of the heat exchanger is limited by the available sources. Actually, 

it is not possible to reach desired dimensions for the materials from the market, such as 

copper tubes, plates and etc.  

 

 

1.4. Thesis Outline 
 

 

The thesis consists of eight chapters. The second chapter is mainly based on 

literature studies about the electric vehicle batteries, thermal management of battery 

systems and microchannel heat sinks concept.  

In chapter three, a numerical study on the heat transfer enhancement in 

microchannel heat sink is conducted. COMSOL Multiphysics, v5.0 (COMSOL, 2014), is 

selected as computational software in the numerical analysis of heat transfer and fluid 

flow.  

In chapter four, the methodology of the thesis is given. The thesis is mainly 

consisting of experimental studies. Hence, measurement methods, utilized devices and 

charge/discharge procedures are presented in the chapter. Also, accuracy of devices is 

given in the chapter. The general concepts for the experimental procedure and 

measurement methods are introduced.  

The chapter five contains different approaches used in the study of battery 

systems. One of the approaches is using silicone heater system as a solution for the battery 

studies. A silicone heater system is utilized in the experimental setup to reflects the 

thermal behaviour of a real battery. In the second part, an experimental study is conducted 

on a single battery cell. The temperature distribution on the battery surface is measured 

via thermocouples and monitored by using a thermal camera.  

  Chapter six is the main part of the thesis. In the chapter, the experimental setup 

for a battery module which is created by connecting three lithium-ion pouch cells in serial, 

is represented.  
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In the chapter seven, the results of the experimental studies which are based on 

battery module are introduced. Various cooling methods introduced to the battery module 

and main outcomes are figure out via graphs. The last chapter is based on evaluation of 

the results. 
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CHAPTER 2 

 

 

LITERATURE REVIEW 
 

 

Thermal management of battery cells is an important concept for electric vehicles. 

The performance of the battery cell is highly affected by operating temperature and safety 

issues arise in electric vehicles because of overheating. Therefore, a cooling system is a 

necessity for battery cells to increase performance and eliminate safety problems. The 

temperature and heat generation profiles in battery cells should be covered before 

introducing a cooling method. Therefore, the literature part is divided into three sections 

and starts with the description of battery system. Firstly, the battery system is defined by 

their mechanical, chemical and thermal properties. Furthermore, thermal behaviour of 

battery cells (temperature distribution and heat generation profiles) is also investigated in 

detail. In the second part of the literature chapter, thermal management systems used in 

the battery systems are studied. Finally, heat transfer and fluid flow characteristics in 

microchannel heat sinks (MCHS), which is aimed to introduce as a cooling system for 

battery cells, are reviewed in detail. 

 

  

2.1. Description of Battery Systems 
 

 

One of the essential components in the electric vehicle is battery cell (Wang, 

2006). There are many battery types used in electric vehicles and lithium-ion batteries 

have gained much interest among them since they have high power density to volume 

ratio (Affanni et al., 2005, Pesaran et al., 2007, Chen et al., 2009, Mastali et al., 2016; 

Mukane et al., 2021). The lithium-ion batteries have been fabricated in various shapes 

and configurations such as cylindrical, coin, prismatic(rectangular), pouch and thin-flat. 

The study is conducted for the pouch cell geometry in the thesis.  

A lithium-ion unit cell consists of a negative electrode, a separator and a positive 

electrode which are sandwiched between two current collectors. Schematic representation 
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of a unit cell and a battery cell are given in Figure 2.1 (Smith and Wang 2006; 

Hosseinzadeh et al., 2017). Aluminium and copper are commonly used metals for positive 

and negative current collectors, respectively. 

 

 

  
(a) (b) 

Figure 2.1. Schematic representation of a unit cell and a battery cell  

(Source: Hosseinzadeh et al., 2017; Smith and Wang, 2006) 

 

 

The capacity and performance of the electric vehicle mainly depend on battery 

cell. In addition, most of the safety problems in electric vehicles are because of battery 

systems (Horie et al., 2008; Bandhauer et al., 2011; Safari and Delacourt, 2011). The 

battery system hierarchy in an electric vehicle is shown in Figure 2.2 (Al-Hallaj and 

Selman, 2002). A battery module contains many battery cells and a battery pack is created 

by connecting many battery units (hundreds and thousands) in serial or parallel 

configuration. The number of battery cells and battery modules in a battery pack is 

defined with respect to desired battery voltage and capacity (Karimi and Li, 2013). 
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Figure 2.2. Configuration of the battery system; battery cell, battery module and battery 

pack  (Source: Al-Hallaj and Selman, 2002) 

 

 

2.1.1. Heat Generation in a Battery Cell: Mathematical Formulation  
 

 

In a battery cell, heat is generated by (i) entropy change due to electrochemical 

reactions and (ii) Joule’s effect (ohmic heating) caused by current transfer across internal 

resistances (Karimi ve Li, 2013). The heat generation rate in a battery cell can be 

calculated by using Equation (2.1) (Bernardi et al., 1984; Chen and Evans, 1994):  

 

 

 (2.1) 

 

 

where  is heat generation rate,  is current (   for discharge, and  for charge), 

 is equilibrium cell voltage (also called as open circuit voltage),  is cell voltage,  is 

temperature of the cell and  is the temperature coefficient. The first term, 

, is heat generation resulting from ohmic and other internal resistances present 

in the cell (also called as irreversible heat generation or Joule’s heating) and the second 

term, , is heat generated or consumed because of the reversible entropy 

change, resulting from cell electrochemical reactions. Reversible heat generation in a 

battery cell is related to entropy change and it is also represented by Equation (2.2) 

(Karimi and Li, 2013).  
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 (2.2) 

 

 

where ,   and  represents the discharge current per unit volume, entropy change, 

number of electrons in the reaction and Faraday’s constant (96485 C/mol), respectively.  

Beside heat generation rate in a battery cell which is calculated by Equation (2.1), 

heat generated in the current collecting tabs is also considered in the study of Yi et al. 

(2013) and it is defined as: 

  

 

 (2.3) 

 

 

where  and  represent resistivity of the current collecting tab and electrical contact 

resistance between the current collecting tab and the lead wire connecting the battery cell. 

 is defined as the current density with respect to the cross-sectional area of the current 

collecting tab. 

All the equations, are used in the calculation of heat generation rate in batteries, 

are investigated and total heat generation in a battery cell is indicated by Equation (2.4) 

[Xiao and Choe, 2013]. 

 

 

 (2.4) 

 

 

The calculation of total heat generation in a battery cell is possible via Equations 

(2.1) - (2.4), but some of the terms are change over time (i.e., ), so in the calculation 

of time dependent variables, experimental values from the literature studies should be 

taken into consideration. Therefore, in order to conduct a study without using real 

batteries, researchers should be followed these ways: (i) utilized a software which 
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contains a solution approach for battery systems, or (ii) use experimental results for time 

dependent parameters which are presented in the literature.   

 

 

2.1.2. Thermal Behaviour of Pouch Cells During Charging, 

Discharging and Operation (Heat Generation and Temperature 

Distribution Profiles) 
 

 

Heat generation in a battery is change with respect to battery type, capacity, 

charge/discharge condition and environmental temperature. These are the general 

parameters that affects the heat generation behaviour of the batteries. In addition to these 

parameters, chemical reaction inside the cell also affects the heat generation 

characteristics of the battery cell.  

Numerous investigations have been made on the heat generation and temperature 

distribution along the battery surface. Heat generation is dense near connection points 

(tabs or busbars) with respect to literature. There are two main reasons for why high 

temperature values are observed near tabs/busbars. The first one is that ionic distribution 

between the positive and negative tabs. This situation is documented in the study of Li et 

al. (2019). In Figure 2.3, the movement of ions from negative tab to positive tab during 

discharge is shown clearly. More ions move in the upper part of the pouch cell and current 

density is high at that part.  

 

 

 
Figure 2.3. Ionic distribution between the positive and negative tabs at 1C discharge  

(Source: Li et al., 2019) 
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The second one is that heat generation in the current collecting tabs. As mentioned 

in the Chapter 2.1.1, there is a heat generation in the tabs, and it flows through the battery 

surface. As the contribution of these two parameters, heat generation in battery cells 

becomes dense near the tabs and decreases through the other sides of the battery cells. 

The change of volumetric heat generation values along the surface of pouch cell is shown 

in Figure 2.4.  

 

 

 
Figure 2.4. Heat generation distribution along the battery surface at 1C discharge rate  

(Source: Li et al., 2019) 
 

 

The heat generation inside the battery cell increases with the battery capacity 

(Arora and Kapoor, 2019). The change of heat generation rate with respect to depth of 

discharge (DOD) for battery cells with different capacities is shown in Figure 2.5. The 

batteries discharging at 3C rates when ambient temperature is 20ºC. According to the 

Figure 2.5, heat generation rate increases with increasing depth of discharge. There is a 

remarkable difference in the heat generation rates of different capacity cells at the end of 

the discharge. The difference between the heat generation rates become significant at high 

capacities. 
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Figure 2.5. The change in heat generation during 3C discharging for different capacity 

batteries (20 ºC) (Source: Arora and Kapoor, 2019) 

 

 

One of the other parameters which affects the heat generation behaviour of a 

battery cell is the environmental temperature. This effect can be explained by the change 

of battery internal resistances via environmental temperature. At low temperatures, the 

internal resistance of battery cell rises and electrical current decreases. As a result, the 

amount of heat generated in the battery cell increases. In the literature, it is pronounced 

that heat generation in a battery cell is inversely proportional to environmental 

temperature (Chen et al., 2014; Arora et al., 2017; Lin et al., 2018). This situation is 

represented in Figure 2.6 (Lin et al., 2018). According to Figure 2.6, the high amount of 

heat is produced at low ambient temperatures. The difference between the heat generation 

rates is significant at the beginning of the discharging.  

 

 

 
Figure 2.6. The change of heat generation at various environmental temperature with 

respect to time at 1C rate discharging (Source: Lin et al., 2018) 
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The last parameters of that section which affects the heat generation rate of a 

battery cell is charge/discharge rate. The duration of charging/discharging is defined by 

“C” rate. 1C rate means that charge/ discharge of a battery will be completed in one hour. 

Similarly, charging/discharging of a battery cell will be completed in 2 hours and 30 

minutes for 0.5C and 2C rate, respectively. Therefore, C rate is inversely proportional 

with time and huge amount of heat releases in a short time interval at high C rate. In the 

literature, it is documented that heat generation in a battery increases with C rate (Chen 

et al. 2014; Bazinski and Wang, 2016; Lin et al., 2018). The increment in the heat transfer 

rate with respect to the C rate shows an exponential trend as it is indicated by Figure 2.7 

(Lin et al. 2018).  

 

 

 
Figure 2.7. The change of heat generation during discharging at different C rate when 

the temperature is constant (Source: Lin et al., 2018) 

 

 

Xie et al. (2018) experimentally and numerically investigated heat generation 

characteristic of a lithium-ion battery cell under different temperature and 

discharge/charge rates. They stated that maximum heat generation occurs at the highest 

discharge rate. Also, they indicate that the charging/discharging time become longer with 

the rise in ambient temperature. 

The effect of various parameters like capacity, ambient temperature, and etc., on 

the generation rate in a battery cell are discussed above. In addition to these parameters, 

the contribution of connection points, which occurs between battery tabs in a battery 

module, to total heat generation rate should be considered. The effect arises in module 
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and pack level in the battery system. In the study of Keyser et al. (2017), this situation is 

explained by 22% increment in the heat generation rate per cell when the cell placed 

inside the battery pack instead of operating single cell. The main reason behind this 

increment is heat generation in the connection points. The difference in heat generation 

between a single cell and a cell in a battery pack with respect to the discharge rate is 

shown in Figure 2.8. As it shown in Figure 2.8, the difference between heat generation 

rates of a single cell and a cell in a battery pack increases with the discharge rate and it 

takes its largest value (33%) at the end of the discharge.  

 

 

 
Figure 2.8. The change in the total heat generation for a single cell and a cell in the 

battery module with respect to discharge current (Source: Keyser et al., 

2017) 

 

 

In addition to the parameters mentioned above, there are some conditions which 

affect the temperature distribution on a battery surface. One of the conditions is tab 

configuration. Kim et al. (2008) experimentally and numerically studied the effect of 

electrode configuration on the thermal behaviour of a battery system. Their experimental 

results show that the highest temperature values are observed around the tabs. Figure 2.9 

shows the temperature distribution along a battery cell during discharge for different 

electrode configurations. As it shown in Figure 2.9 (a-b), the heat generation is dense 

around positive terminal tab and the temperature distribution along the battery surface is 

changed by tab configuration. 
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Figure 2.9. Temperature distribution along a battery cell surface during discharge for 

different tab configuration (Source: Kim et al. 2008) 

 
 
 

The change of temperature distribution on the surface of a battery cell over time 

is covered experimentally and numerically by Goutam et al. (2017). They stated that 

maximum heat generation occurs around the positive tab core during the discharge. 

However, at the end of the discharge, maximum temperature values are recorded at the 

upper part of the pouch cell. As can be seen from Figure 2.10, the temperature difference 

along the cell is almost 5ºC.  

 

 

 
Figure 2.10. Temperature distribution along a battery cell during the discharge and at 

end of the discharge: numerical and experimental results (Source: Goutam 

et al, 2017) 
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Literature demonstrates that heat generation and temperature distribution in a 

battery cell are not uniformly distributed along the cell surface during charging, 

discharging and operation. The heat generation is dense around the tabs of the battery 

cell. Also, there are many parameters which effect the heat generation rate in a battery 

cell and temperature distribution on the battery surface such as capacity, ambient 

temperature, charge/discharge rate, tab configuration and etc.  

 

 

2.2. Thermal Management Systems for Batteries  
 

 

Thermal management system is crucial in order to increase performance of the 

battery cell and eliminating safety issues (preventing overheating and thermal runaway) 

by controlling operating temperature values (Maleki et al. 1999; Xun et al., 2013; 

Fathabadi, 2014; Vertiz et al. 2014; Mastali et al., 2018). There is an optimum temperature 

range (0°C  ─ 65°C) for battery cells in order to keep lifespan, capacity and performance 

as high as possible (Karimi ve Li, 2013). Actually, optimum temperature range is change 

with respect to the battery type, for instance, lithium-ion batteries provide the best 

performance at temperatures between 25°C ─ 40°C (Pesaran, 2002; Dan et al., 2019). 

The optimum operating temperatures can be changed with respect to battery type, 

however, 25°C  ─ 40°C is treated as ideal environmental conditions for most of the 

batteries (Yeow et al., 2012; Pesaran, 2002). The lifetime, capacity and performance of 

the battery cells highly effected by operating temperatures. At the low temperatures, 

(<15ºC), the ionic distribution is become slow and the performance of the battery 

decreases (Zhang et al., 2017). At high temperatures, (>35ºC), chemical reactions inside 

the battery occur very fast. This situation inversely affects the lifetime of the battery (Xu 

et al., 2017). Beside these factors, there is an additional parameter effecting the 

performance of the battery cell: temperature difference. The temperature differences 

among the cells in a battery pack highly affects cell performances and, aging problems 

arise due to high cell-to-cell temperature difference (Saw et al., 2016; Han et al., 2019; 

Feng et al., 2019). The temperature difference along the battery surface should be less 

than 5ºC (Chung and Kim, 2019). Thermal runaway can be occurred in battery packs at 

the high temperature values and under large temperature differences, and it has resulted 

in fire of the cells. This situation shows the necessity of the cooling system for battery 
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cells. Also, the capacity of the cooling system should be defined with respect to the 

capacity of the battery system.   

There are two main approaches in thermal management of lithium-ion batteries: 

decreasing heat generation rate inside the battery cell and increasing the heat dissipation 

rate outside the battery. In the first approach, the electrochemical performance of the cell 

is improved by reducing the thermal resistance of the battery. In the second approach, the 

heat transfer rate from the battery surface to environment is improved in order to reduce 

temperature in the battery. Also, distributing heat uniformly through the battery surface 

is one of the objectives of the second approach (Mastali et al., 2018). Different types of 

cooling systems have been developed for the second approach such as air cooling 

(Fathabadi et al. 2014), liquid cooling (Tong et al. 2015), heat pipe cooling (Zhao et al. 

2015) and phase-change material cooling (Lin et al. 2015). Also, application methods of 

the cooling systems are separated into two categories: direct cooling and indirect cooling. 

In the direct cooling, there is a direct contact between the heat transfer surfaces of battery 

cell and coolant medium. However, in the indirect cooling an extra equipment placed 

between the coolant medium and the heat transfer surfaces of battery cell to transfer heat 

from one medium to other medium. Figure 2.11 shows schematically the direct and 

indirect cooling systems used in the study of Teng and Yeow (2012). They are 

numerically covered the application of direct and indirect cooling systems on a pouch cell 

battery. They stated that direct liquid cooling is more efficient than indirect liquid cooling 

at the same flow rate of coolant. 

 

 

 
Figure 2.11. Illustration of (a) direct and (b) indirect liquid cooling 

  [Source: Teng and Yeow, 2012] 
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The limitations and merits change with respect to the cooling methods. Air 

cooling is the simplest approach among the cooling methods and more uniform 

temperature distribution can be obtained in the system. However, the capacity of the air 

cooling is limited. The temperature rise in the battery can mitigate via forced-air cooling, 

but during aggressive driving circles and at high operating temperatures it will inadequate 

and will cause a large nonuniform temperature distribution (Zhao et al., 2015; Lin et al., 

2015). In the literature, it is stated that air cooling can be affective when the heat 

generation per cell is smaller than 10 W (Teng and Yeow, 2012). In the high-capacity 

battery cells and at high charge/discharge rates, liquid cooling is a feasible solution for 

the cooling of battery cells. The main drawbacks in the liquid cooling systems are 

complexity, cost and potential leakage. Adding phase change materials will cause extra 

weight and will be occupied extra volume in the battery pack. Also, heat absorbed from 

phase change materials during continuous cycling also need to exhaust from the system. 

The main limits in the beat pipe cooling systems are gravity, weight and passive control 

system (Chen et al. 2016). 

Chen et al. (2016) numerically surveyed the cooling methods for a pouch cell 

geometry. They investigated four types of cooling: air cooling, fin cooling and liquid 

cooling (direct and indirect). The configuration of the cooling systems is given in the 

Figure 2.12. The results figure out that maximum temperature difference along the surface 

of the battery cell was obtained in indirect liquid cooling because of the longest cooling 

channels.  

 

 

 
Figure 2.12. Different cooling methods and their configurations; (a) air cooling, (b) fins 

cooling, (c) indirect liquid cooling and (d) direct liquid cooling (Source: 

Chen et al. 2016) 
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2.2.1. Air Cooling  
 

 

Air is commonly used in the cooling of electric vehicles because of simple 

equipment requirements and reliable system operations. Cooling of the battery cell is 

easily achieved by supplying air directly through the battery module. However, air 

cooling is not suitable for the cooling of battery module in the extreme conditions, such 

as at high charge/discharge rate (Wang et al. 2015). 

Air‐based cooling can be divided into two main categories: natural convection and 

forced convection. There are some variations in the application of air cooling system such 

as air flow velocities, flow path and geometrical arrangement of the batteries in the pack 

(Al-Zareer et al., 2018).   

Fathabadi et al. (2014) numerically tested the cooling of a battery system in case 

of natural convection. The application method of air cooling to the battery unit is shown 

in Figure 2.13. They state that battery have been cooled effectively by air cooling at 

various environmental conditions (up to 48°C). They also stated that at high 

environmental temperatures (>48°C), forced convection need to be applied to the system 

in order to cool battery units effectively. 

 

 

 
Figure 2.13. Battery pack design with the proposed cooling media 

(Source: Fathabadi et al. 2014) 
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2.2.2. Liquid Cooling 
 

 

There are various application methods for the liquid cooling in a battery module. 

The heat transfer by liquid cooling can be accomplished by through discrete tubing around 

each battery module, with a jacket around the battery module, submerging battery 

modules in a dielectric fluid for direct contact or placing the battery module on a liquid 

cooled plate (heat sink concept) (Wang et al., 2015). Liquid cooling is more complicated 

than air cooling, but it is more effective than air cooling under aggressive cycling. 

Huo et al. (2015) numerically documented cooling of a battery cell by utilizing 

cold plates with various number of cooling channels. The effect of number of channels, 

flow direction, mass flow rate and ambient temperature on the temperature rise and 

temperature distribution in a battery during the discharge are evaluated with a 

comprehensive numerical study. The results show that the maximum temperature values 

in the battery cell is decreases when the number of cooling channels increases. In addition, 

based on the 6 channels liquid cooling system, they numerically surveyed the effect of 

flow direction on the temperature distribution and the results are represented by Figure 

2.14. According to the results, the lowest temperature values are observed in Design 1 

and Design 5. Also, Design 1 gives the most uniform temperature distribution for cold 

plate when compared to other designs. Thus, the authors decide to continue their research 

on Design 1 by considering the cost, complexity of other designs. 

 

 

 
(a)                                                                      (b) 

Figure 2.14. Schematics of (a) different flow directions and (b) corresponding 

temperature distribution at the end of the discharge (Source: Huo et al. 

2015) 
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2.2.3. Phase Change Material (PCM) Cooling 
 

 

Phase change materials (PCM) is firstly introduced by Hallaj and Selman (2002) 

as a possible solution for the cooling of battery systems and it takes more attention in 

recent years. The main working principle of PCM cooling is that the heat generated by 

battery cell during discharge is stored as latent heat in the PCM and is transferred to the 

cell module during relaxation to keep its temperature constant (Wang et al., 2015). The 

main advantages of PCM are low maintenance cost and providing temperature 

uniformity. The main drawbacks in the PCM cooling are that it is caused extra weight 

and the cooling capacity is limited under aggressive driving circles.   

 

 

2.3. Heat Transfer in Microchannels 
 

 

There are various types of cooling methods used in electric vehicles such as air 

cooling, heat pipe cooling, PCM cooling and so on. In addition to these methods, 

microchannel heat sinks (MCHS) can be used as an alternative solution for the thermal 

management of a battery cell. MCHS are capable of enhancing heat transfer rate due to 

their high surface to volume ratio relative to the conventional heat sinks (Tuckerman and 

Pease, 1981; Guo and Li, 2003; Kumaraguruparan and Sornakumar 2010; Kandlikar, 

2012; Yadav et al., 2016, Vajdi et al., 2020). However, increase in the heat transfer 

surface area yields the penalty of increased pressure drop. (Tuckerman and Pease, 1981; 

Guo and Li, 2003; Garimella and Singhal, 2004; Kandlikar et al., 2006; Xie et al., 2009; 

Dang and Teng, 2011; Dewan and Srivastava, 2015; Vajdi et al., 2020;  Coşkun and 

Çetkin, 2020) The feasibility of MCHS can be uncovered by finding maximized heat 

transfer rate for acceptable pressure drop values. Hence, this part will be based on 

literature survey about heat transfer in microchannels and summary of the studies which 

are mainly based on heat transfer and fluid flow characteristic in MCHS. In addition, 

studies which are used MCHS in the cooling of electric vehicles will be documented in 

the last part of that section. 
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Heat transfer channels can be classified with respect to their hydraulic diameter 

as macro, mini, micro, and nano channels. Microchannel heat sink concept was firstly 

introduced by Tuckerman and Pease (1981). They stated that a channel can classify as 

microchannel if the hydraulic diameter ranges from 0.01 mm to 0.2 mm. Table 2.1 shows 

the classification of heat exchanger based on their channel sizes (Mehendale et al., 2000; 

Kandlikar and Grande 2002). The channels can be classified as microchannel if the 

hydraulic diameter lied in between 0.001-1 mm (Gad-el-Hak 1999; Morini, 2004). 

Microchannel heat sinks (MCHS) are capable of enhancing heat transfer rate due to their 

high surface to volume ratio relative to the conventional heat sinks (Tuckerman and 

Pease, 1981; Guo and Li, 2003; Kumaraguruparan and Sornakumar 2010; Kandlikar, 

2012; Yadav et al., 2016).  

 

 

Table 2.1.  Classification of heat exchangers with respect to hydraulic diameter 
Mehendale et al. 2000 Kandlikar and Grande 2002 
Micro HEX  Transitional channel  
Macro HEX  Microchannel  
Compact HEX  Mini channel  
Conventional HEX  Conventional channel  

 
 

Microchannel heat exchangers have been utilized in numerous fields of 

engineering applications such as electronics, automotive industry, fuel cells, air 

conditioning systems, and some of them are shown in Figure 2.15. 

 

 

 
(a) (b) (c) (d) 

Figure 2.15. Microchannel HEXs utilized in (a) electronic cooling (b) natural gas 

cooling in automotive industry (c) air conditioning (d) fuel cells (Source: 

Dang and Teng, 2011; Knight et al., 1992; Zhao et al., 2016; Lee et al., 

2002) 
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In micro sizes, majority of the cases are laminar because of relatively small 

hydraulic diameters compared to conventional sizes. Generally, transition from laminar 

to turbulent flow is occurred earlier than in conventional length scales (Recr = 2300) (Guo 

and Li, 2003; Yuan et al., 2016; Peng and Peterson, 1995). Some of the obtained critical 

Reynolds number values for MCHS are given in Table 2.2. 

 

 

Table 2.2. Transition from laminar to turbulent flow for MCHS 
Study Critical Reynolds Number 
Wu and Little (1983) 400-900 
Peng and Peterson (1995) 1000  
Harms et al. (1999) 1500 
Yuan et al. (2016) 1500  
Li et al. (2003)  1700 

 

 

MCHS studies in the literature are categorized with respect to heat transfer 

mechanisms, fluid flow characteristic and solution methods. The schematic 

representation of how the studies can be categorized is shown in Figure 2.16.  

 

 

 
Figure 2.16. Schematic representation of MCHS categorization 
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2.3.1. Scaling Effects in MCHS 

 

 

In continuum approach (macro scale) some physical phenomena can be ignored 

while evaluating heat transfer and pressure drop characteristics (surface roughness, EDL 

effect, viscous dissipation, rarefaction, aspect ratio, axial heat conduction). However, as 

the length scale decreases, the effect of these physical phenomena become essential, and; 

therefore, they needed to be considered in order to evaluate heat transfer and flow 

characteristic accurately. Validity of continuum approach in micro scale needed to be 

carefully investigated, especially for gaseous flow (Kandlikar et al., 2006). Knudsen 

number (Kn), (free molecular path/characteristic flow dimension), is utilized to 

characterize the flow regime of gaseous flow in MCHS and the flow is treated in 

continuum medium if Kn number is smaller than 0.001. Continuum assumption cannot 

be used as Kn number becomes greater than 0.001 and rarefaction effect becomes 

significant on heat transfer for gaseous flow (Kakaç et al., 2005; Sen and Darici, 2017). 

Flow regimes with respect to Kn number are listed in Table 2.3 (Kandlikar et al., 2006; 

Arkilic et al., 1997; Jayaraj et al., 2007). In slip flow regime, the temperature and velocity 

profiles differ from continuum regime and the differences explained by slip velocity and 

temperature jump (Sen and Darici, 2017). This situation indicates that there is no 

thermodynamic equilibrium between the fluid particles and channel wall surfaces at the 

boundary of the channel walls in the presence of slip velocity and temperature jump 

(Kalyoncu and Barisik, 2016). 

 

 

Table 2.3. Flow regimes for gaseous flow at various Kn number values  

       (Source: Kandlikar et al., 2006; Arkilic et al., 1997; Jayaraj et al., 2007) 
 

Knudsen number Flow regime Solution Method 
 Continuum (no molecular diffusion) Euler equations with slip-BCS 

 Continuum (with molecular diffusion) NS equations with no-slip-BCs 
 Slip flow (slightly rarefied) NS equations with slip-BCs 

 Transient flow (moderately rarefied) Burnett equations with slip-BCs 
Moment equations 
Lattice Boltzmann 
Direct simulation Monte Carlo 

 Free molecular flow Collisionless Boltzmann  
Direct simulation Monte Carlo 
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2.3.1.1. Surface Roughness  
 

 

Relative surface roughness can be defined as the ratio between the roughness of 

the surface material ( ) and hydraulic diameter (dh) of a microchannel. In macro scale 

(conventional) channels, importance of surface roughness pronounced only in turbulent 

regime (Xu et al., 2000; Sahar et al., 2016). However, it is essential for microchannels 

even in laminar region (Rosa et al., 2009); although it is a debated topic in the literature 

(Guo and Li, 2003; Peng et al., 1995; Weilin et al., 2000; Zhou and Yao, 2011; Sahar et 

al., 2016; Steinke and Kandlikar, 2006). Surface roughness along the microchannel (Sun 

and Faghri, 2003) is schematically shown in Figure 2.17. ε is the roughness height, and 

the effect of surface roughness increases as the height increases. 

 

 

 
Figure 2.17. Schematic representation of the surface roughness in the microchannel 

(Source: Sun and Faghri, 2003) 

 

 

Steinke and Kandlikar (2006) stated that researchers should consider surface 

roughness effect in their studies. Most of the studies state that Nusselt number (Guo and 

Li, 2003; Yuan et al., 2016; Wu and Cheng, 2003; Liu et al., 2015) and friction factor 

(Guo and Li, 2003; Weilin et al., 2000; Wu and Cheng, 2003; Liu et al., 2015) increase 

as surface roughness increases. Guo and Li (2003) states that early transition from laminar 

to turbulent flow in MCHS is due to surface roughness. Some researchers (Guo and Li 

2003; Weilin et al., 2000; Rahman, 2000) also state that the distinction in between 

experimental and theoretical values are due to surface roughness. Liu et al. (2015) stated 

that the effect of surface roughness cannot be neglected when Reynolds number is greater 
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than 1500. In addition, Dai et al. (2014) stated that the roughness effect on friction factor 

and critical Re number need to be considered at high the relative surface roughness values 

(>1%).  Moreover, researchers state that at low Kn number values (<0.02), the effect of 

surface roughness on friction factor becomes greater (Kleinstreuer and Koo, 2004). 

Kandlikar et al. (2003) experimentally investigated the effect of surface roughness on 

friction factor and heat transfer rate using two pipes with different inner diameters: 0.62 

and 1.067 mm. They document that for 1.067 mm pipe diameter, the effect of surface 

roughness on heat transfer and pressure drop is insignificant when compared to 0.62 mm 

pipe diameter. Zhang et al. (2019) stated that Nu number and Po number in rough 

microchannels are not only related to shape of cross section of the channel but also related 

to the Re number of liquid flows. However, Croce and D’Agaro (2005) indicated that the 

effect of surface roughness on heat transfer is insignificant (within experimental error 

limits) and it highly depends on tube geometry. In addition to that, some of the researchers 

stated that overall thermal performance of a HEX does not change with surface roughness 

(Liu et al., 2015; Yuan et al., 2016). Furthermore, Pelevic and Meer (2016) indicated that 

surface roughness has minor effect (only 4% increase in heat transfer for 2.93% relative 

roughness) on heat transfer enhancement in their numerical study.  

 

  

2.3.1.2. Electrical Double Layer (EDL) 
 

 

EDL is related to electrostatic surface charge on the heat transfer surfaces, and it 

is formed on the heat transfer wall surfaces as reformation of charges on the solid surface 

and balancing charges in the liquid. It affects heat transfer and fluid flow due to 

interaction between the solid surfaces and aqueous solution (Kandlikar et al, 2006; Mala 

et al., 1997). EDL effect is essential for flow of liquids in microchannels (Mala et al., 

1997; Ng and Tan, 2004; Tan and Ng, 2006). Schematic representation of the EDL at the 

channel wall 80 is shown in Figure 2.18. ξ and ψ are electric potential at the boundary 

between the diffuse double layer and the compact layer (zeta potential) and electrostatic 

potential at any point in the electric double layer, respectively. 
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Figure 2.18. Schematic view of the EDL at the channel wall  

(Source: Hunter, 1981; Mala and Li, 1999)  

 

 

Ng and Tan (2004) stated that EDL effect decreases the effectiveness (actual heat 

transfer rate over maximum possible heat transfer rate) of the microchannel. They define 

EDL effect as a body force in the z-direction momentum equation (Ng and Poh, 2001; 

Tan and Ng, 2006). Ren et al. (2001) and Li (2001) showed that EDL effect increases 

pressure drop in microchannels. Mala et al. (1997) states that heat transfer rate in 

microchannels decreases because of EDL effect, and it is dominant at the vicinity of walls. 

The literature documents that friction factor increase (Mala et al., 1997; Yang et al., 1998, 

Yang and Li, 1998) and Nu number decrease due to EDL (Mala et al., 1997; Yang et al., 

1998). The mean increment in the friction factor and decrement in Nu number was 

recorded as 17% and 8%, respectively in the study of Yang et al. (1998) for 200 mV zeta 

potentials and 10-8 M ionic concentration. 

 

 

2.3.1.3. Axial Heat Conduction  
 

 

Maranzana et al. (2004) numerically and theoretically studied the effect of axial 

heat conduction on heat transfer of MCHS. They stated that efficiency of heat exchanger 

is reduced in the presence of axial heat conduction. They point out that axial heat 

conduction is the reason why numerical and theoretical results do not match. They 

suggested that axial heat conduction needed to be defined during the numerical solution 
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phase in order to overcome the mismatch. In addition, they defined a new dimensionless 

quantity, M axial heat conduction number. They indicated that under specific conditions 

(M<0.01), the effect of axial heat conduction can be neglected. However, Lin et al. (2016) 

and Zhang et al. (2010) stated that, M can be inadequate to judge whether the effect of 

the axial heat conduction on heat transfer if the uniform outside wall temperature 

boundary condition was existing. Moreover, Hetsroni et al. (2005) stated that the effect 

of axial heat conduction can be ignored when Re<150 and M=0.01. However, axial heat 

conduction should be considered when Re>150 and M>0.01. In addition, the effect of 

axial heat conduction is neglected in the studies of Cole and Cetin (2011) and Yu et al. 

(2018) for high Pe number values (Pe>100). Cole and Cetin (2011) also stated that 

thermal conductivity of the wall should be lower than the thermal conductivity of the fluid 

to neglect axial conduction. Furthermore, Barisik et al. (2015) stated that the effect of 

axial heat conduction can be ignored in pipe flow even for relatively small Peclet number 

values (Pe<100) with the existence of viscous dissipation. The effect of axial heat 

conduction changes with respect to Knudsen number, Peclet number, thermal 

conductivity and thickness of the separating wall (Rahimi and Mehryar, 2012). An 

increment in Kn number, Pe number and hydraulic diameter decrease axial heat 

conduction rate (Kalyoncu and Barisik, 2016). In contrast, the effect of axial heat 

conduction on heat transfer increases as Re number, thermal conductivity and thickness 

of the separating wall increase (Cole and Cetin, 2011). At the entrance region, presence 

of axial heat conduction increases heat transfer rate. However, axial heat conduction 

result in reduction in Nu number in fully developed region (Huang et al., 2014). Lin and 

Kandlikar (2012) stated that the effect of axial conduction can be neglected if the 

conductivity of channel material is lower than thermal conductivity of the fluid as 

indicated in the study of Cole and Cetin. (2011) In addition, Kakac et al. (2011) proved 

that the effect of axial heat conduction can be neglected when Kn number greater than 

0.1 and temperature difference between the wall and fluid exceeds 1.667 ( =1.667). In 

Figure 2.19, the effect of axial heat conduction on the heat flux distribution along the wall 

is represented schematically (Rahimi and Mehryar, 2012). The figure shows that axial 

heat conduction yields heat flux distribution to vary along the solid‐fluid interface even 

though applied heat flux to the solid region is uniform. 
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Figure 2.19. Schematic representation of the effect of axial heat conduction on the wall 

heat transfer per unit length (Source: Rahimi and Mehryar, 2012) 

 

 

2.3.1.4. Aspect Ratio (AR) 
 

 

Channel aspect ratio definition varies the literature. Generally accepted definition 

is the division of channel height to channel width. The orientation of the channel is not 

crucial for fluid flow due to fixed cross-sectional area (Steinke and Kandlikar, 2006).  

However, channel orientation cannot be ignored for heat transfer, and it is critical to 

define heat transfer boundary conditions (Rosa et al., 2009; Zhimin and Fah, 1997). In 

the rectangular cross sections, Nusselt number depends on the aspect ratio ( ), and Nu 

increases from square channels ( ) to deep rectangular channels (for parallel plates, 

) (Rosa et al., 2009). Zhimin and Fah (1997) numerically studied optimization of 

rectangular microchannels. They stated that channel aspect ratio in laminar flow region 

must be as high as possible to obtain minimum thermal resistance. They also indicated 

that the lowest thermal resistance can be achieved in turbulent region; however, this is 

not preferred because of high pumping power requirements. Furthermore, numerically 

showed that low thermal resistance (<0.1 W/mK) and high pressure drop (>250 kPa) in 

microchannels are obtained for high aspect ratio (20.333) and small hydraulic diameter 

(0.172). In addition, they concluded that the rectangular MCHS with the aspect ratio range 

of 8.904-11.442 have the best performance in terms of heat transfer and pressure drop. 

The change in friction factor with respect to aspect ratio was studied by Sahar et al. (2017) 

and Kim and Kim (2006). According to them, friction factor decreases as aspect ratio 

increases from 1 to 2, then it starts to increase as aspect ratio keep increasing.  
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2.3.1.5. Viscous Dissipation  
 

 

Pressure drop in MCHS are relatively greater than macro scale ones. Therefore, 

viscous heating effect cannot be neglected as in macro scale heat sinks. Brinkman (Br) 

number is the ratio of viscous heating overheat conduction in the fluid domain which 

flows along microchannel, and it is used to determine the effect of viscous dissipation on 

heat transfer mechanism in MCHS (Çetin et al., 2008). Kalyoncu and Barisik (2016) 

numerically showed that viscous dissipation increases and decreases heat transfer rate for 

positive and negative Br cases, respectively. However, they indicated that developed Nu 

number values are the same for both cases. Morini (2005) stated that decrease in friction 

factor as Re number increases can be explained with the reduction of viscosity because 

of viscous heating effect in MCHS. He also stated that viscous dissipation effect become 

significant for liquid flow when the hydraulic diameter is smaller than 100 μm. In 

addition, Koo and Kleinstreuer (2004) documented that viscous dissipation should not be 

ignored for small size channels (dh<50 μm). Chen (2006) stated that Nu number increases 

in the fully developed region with viscous dissipation when the value of Kn number is 

small (<0.03). In contrast, Morini and Spiga (2007) numerically indicated that heat 

transfer in MCHS is adversely affected by viscous heating due to reduction in Nu number. 

In addition, Mukharjee et al. (2017) stated that Nu number is inversely proportional to the 

Br number for constant heat flux boundary condition. Furthermore, Zhai et al. (2017) 

stated that the effect of viscous dissipation on temperature rise is insignificant when 

compared to convective heat transfer for water flow. In addition, they also stated that flow 

distribution and temperature field is affected by the length of entrance region. In order to 

eliminate entrance effect and obtain more uniform flow field, entrance length should be 

as long as possible. Morini (2006) stated that at high Re number (>1000), entrance effect 

with viscous dissipation needed to be considered in order to define flow characteristic and 

temperature field correctly. In addition, Fani et al. (2015) stated that the effect of viscous 

dissipation become more important with increasing the Re number and volume fraction.  
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2.3.2. Uncertainties in Experimental Studies and Summary of the 

Literature 
 

 

The results of experimental studies in the literature which are based on MCHS do 

not consistent with each other. There are three main reasons behind the obtain different 

results from the experimental studies: (i) fabrication of microchannels (Zhao et al., 2016; 

Xu et al., 2000), (ii) errors in measurement, (iii) misalignments in the experimental setups. 

Pfund et al. (2000) emphasize the uncertainties in the experimental studies, and they 

stated that in order to understand phenomes in micro level correctly, we need to do more 

precise experiments. Some researchers stated that experimental results are good 

agreement with theoretical results and conventional correlations can be used at micro 

scales (Morini and Spiga, 2007; Mukherjee et al., 2017; Zhai et al., 2017; Morini 2006). 

Missaggia et al. (1989) experimentally confirmed that the utilization of microchannels in 

the cooling of a laser diode which dissipates 500 W/cm2 heat flux. They also stated that 

experimental values are in good agreement with the theoretical calculations.  

To sum up, the effect of some physical phenomena (ignored at macro scale) on 

heat transfer and fluid flow become significant in micro scale studies. In order to evaluate 

heat transfer and fluid flow characteristics accurately, these phenomena should be 

considered.  

 

 

2.3.3. Microchannel Heat Sink for Battery Cooling 
 

 

Microchannels are rarely used in the cooling of battery cells. In table 2.4, some of 

studies related to MCHS cooling for battery systems are listed. The application of MCHS 

for the cooling of battery cells is carried out in two ways: internal cooling and external 

cooling. In the internal cooling, MCHS with liquid electrolyte are embedded through the 

electrodes (Mohammadian et al., 2015; Mohammadian and Zhang, 2018). In the external 

cooling, MCHS are integrated and assembled through the surface of battery cells. Various 

types of fluids can be used as coolant such as water, ethylene glycol and etc. in the 

external cooling. The researcher state that internal cooling is more effective than external 
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cooling in the cooling of battery cells and obtain uniformity through the battery surface. 

In the study of Pan et al. (2019), MCHS is used to cool battery cells. They emphasize that 

pressure drop in MCHS is the key factor in the cooling applications, and new designs are 

required to reduce pressure drop in MCHS by using manifold designs and etc.  

The literature shows that, the main concern in MCHS is higher pressure drop 

values and it should be considered in the design of a cooling system for batteries. 

Therfore, a numerical study is conducted to figure out the heat transfer and pressure drop 

characteristics of MCHS by inserting micro fins and nanofluids. According to the results 

of the numerical study and outcomes of the review study, we decided to design a cooling 

system in conventional scales for the thermal management of battery cells.  

 

 

Table 2.4. MCHS for battery cooling 
Study Method Battery Type Cooling 

Method 
Coolant 

Mohammadian et al., (2015) Numerical Prismatic  
Lithium-ion  

Internal 
External  

liquid electrolyte 
/water 

Pan et al., (2019) Experimental Lithium-ion  External  water 
Mohammadian and Zhang, (2018)  Numerical - Internal liquid electrolyte 
Bandhauer and Garimella, (2013)  Experimental Lithium-ion  Internal PCM 
Liu et al.,  (2016)  Experimental 

/Numerical 
Prismatic  
Lithium-ion 

External - 
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CHAPTER 3 

 

 

HEAT TRANSFER ENHANCEMENT IN 

MICROCHANNEL HEAT SINK: NUMERICAL STUDY  
 

 

Heat transfer and fluid flow characteristic in MCHS are investigated detailly in 

Chapter 2. The feasibility of MCHS can be measured by the comparison of two 

parameters; (i) increase in heat transfer rate and (ii) increase in pressure drop. A numerical 

study on heat transfer enhancement in MCHS is conducted and results are tabulated in 

this part. Micro pin fins and nanofluids are used to increase the heat transfer rate in 

MCHS.  

 Here, we show that overall thermal conductance in a rectangular microchannel 

heat sink can be maximized with the combination of nanofluids and micro pin fins. We 

uncover the effect of micro pin fins and nanofluids both separately and simultaneously in 

order to uncover their effect on the thermal conductance (i.e., thermal resistance).  

Advanced applications with miniature designs require great volumetric heating 

capabilities. Therefore, the literature focuses on maximization of thermal conductance 

(i.e., minimization of thermal resistances) when the reserved space for cooling system is 

limited. The literature also focuses on cooling with nanofluids and phase changing 

materials due to their capability of increasing thermal conductance (Shafahi et al., 2010; 

Li et al, 2015; Alshaer et al., 2015; Ma et al., 2015). In addition, the literature documents 

heat transfer enhancement with micro pin fins (Tuckerman and Pease, 1981; Peles et al., 

2005; Kosar et al., 2005; Prasher et al., 2006). Nanofluid suspensions (base fluid + 

nanoparticles) have greater thermal conductivity relative to their base fluid because of the 

high thermal conductivity of suspended particles. The rate of enhancement in the thermal 

conductivity of base fluids is still a hotly debated topic. However, it is well known that 

the downside of nanofluids is that they increase pressure drop (Choi and Eastman, 1995; 

Choi et al., 2001; Prasher et al., 2006; Xuan et al., 2003; Nguyen et al., 2008; Anoop et 

al., 2009). Likewise, the pressure drops along the microchannels with inserted micro pin 

fins (Adewumi et al., 2013; Prasher et al., 2006; Qu and Siu-Ho, 2008). 
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Tuckerman and Pease (1981) were first to investigate the performance of silicon 

based micro pin fins. They documented the pressure drop along microchannels for three 

distinct square fin designs. However, they did not document the thermal performance of 

fins. Peles et al. (2005) experimentally uncovered the effect of micro pin fins on heat 

transfer rate and pressure drop. They documented the parameters which are affecting the 

overall thermal resistance. They showed that the thermal resistance can be decreased 

greatly (1.5–2.5 times) with inserted pin fin heat sinks. Koşar et al. (2005) investigated 

the effect of staggered and inline micro pin fin bundles on pressure drop. They compared 

the micro scale pressure drop results with the macro scale data which evaluated based on 

conventional pressure drop correlations. In addition, they proposed a modified correlation 

for flow over micro pin fin bundles. Adewumi et al. (2013) documented what the size of 

embedded micro pin fins should be to minimize thermal resistance. Prasher et al. (2006) 

experimentally uncovered the thermal and hydraulic performances of silicon-based, low 

aspect ratio micro pin fin bundles under cross flow. They showed how the average Nusselt 

number (Nu) and friction factor vary relative to the fin diameter. Qu and Siu-Ho (2008) 

surveyed how the heat transfer rate and pressured drop vary with micro pin fin arrays. 

First (Qu and Siu-Ho (2008), Part I), they proposed two Nusselt number correlations and 

compared them with the existing correlations. Then (Qu and Siu-Ho, 2008, Part II), they 

developed a power-law type correlation to predict average Nu number for adiabatic and 

diabatic conditions.  

Nanofluids were introduced by Choi and Eastman (1995). They observed the that 

the average thermal conductivity of a fluid with suspended copper particle increases. Choi 

et al. (2001) showed that the thermal conductivity of a base fluid increases approximately 

two times by addition of less than 1% carbon nanotubes. Prasher et al. (2006) documented 

how the viscosity of alumina-based nanofluid is affected by shear rate, temperature, 

nanoparticle diameter and volume fraction. They concluded that increase in the viscosity 

is greater than (50%) the increase in the thermal conductance. Xuan et al. (2003) 

experimentally uncovered the enhancement in the thermal conductivity of a copper and 

water suspension. They also investigated the effect of particle aggregation on thermal 

conductivity of nanofluids. Nguyen et al. (2008) documented the dynamic viscosity of 

Al2O3/water nanofluid for the temperature range of 20ºC to nearly 75ºC. Anoop et al. 

(2009) investigated the heat transfer enhancement in laminar developing region for 

various size and concentration of nanoparticles. Das et al. (2006) comprehensively 

reviewed the nanofluid literature. They stated that there is not a certain equation nor 
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approach which gives the change in the thermal conductivity with nanoparticle addition 

to a base fluid. Buongiorno et al. (2009) emphasized that the literature does not agree on 

the thermal properties of nanofluids. In order to resolve inconsistencies, an international 

nanofluid property benchmark exercise (INPBE) was launched at the first scientific 

conference which focuses on nanofluids. By this way, it was agreed that thermal 

conductivity and other properties of nanofluids would be tested by over 30 organizations 

worldwide; and the results would be reported by publications. Chandrasekar et al. (2010) 

measured the thermal conductivity and viscosity of Al2O3/water nanofluid in the volume 

fraction range from 0.33% to 5%. They concluded that both properties increase linearly 

as the volume concentration increases. In addition, increase in the viscosity becomes 

nonlinear after 2% volume concentration because of the hydrodynamic interactions 

between nanoparticles and base fluid. Later, Chandrasekar et al. (2011) uncovered the 

change of pressure drop under constant heat flux condition in the plane tube with a 0.1% 

volume fraction nanofluid (Al2O3-water suspension). They observed 34% increase in the 

Nusselt number; and they did not observe a significant increase in the pressure drop with 

nanofluids compared to distilled water. Lin et al. (2014) numerically surveyed pressure 

drops and heat transfer rate of nanofluids (water/Al2O3 suspension) in turbulent pipe flow. 

They stated that distribution of nanoparticles in the flow field becomes nonuniform due 

to the particle convection, diffusion, coagulation and breakage. They observed Nusselt 

number decreased by 8% and 3% because of the nonuniformity with Reynolds numbers 

of 5000 and 25000, respectively. Yuan et al. (2018) numerically uncovered how the 

volume fraction of cylindrical nanoparticles affect the viscosity of the nanofluid. They 

showed that resistance to the fluid flow increases with volume fraction; however, the 

effect of volume fraction diminishes when Reynolds number is greater than 200. 

Ghanbarpour et al. (2014) experimentally uncovered the thermal properties and 

rheological behaviour of water based Al2O3 nanofluids. They showed that thermal 

conductivity and viscosity of nanofluids increase as temperature and/or particle 

concentration increase. However, they documented that the increase in the viscosity is 

more pronounced than the increase in the thermal conductivity. Karimzadehkhouei et al. 

(2018) numerically and experimentally investigated the effect of inlet temperature of 

Al2O3 suspension on heat transfer rate along microchannels. They concluded that the 

effect of inlet temperature on the heat transfer rate is dominant near the inlet of channels 

(<L/5). The current literature shows that both fins and nanofluids increase the resistance 

to fluid flow and decrease the resistance to heat flow. However, it focuses on the effect 
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of micro pin fins and nanofluids separately. Here we uncover what should be the ratio of 

solid volume reserved for fins and nanoparticles when they both exist in order to enhance 

the overall thermal conductance (minimization of thermal resistance) with minimum 

pressure drop. Recent studies emphasize that the nanofluid thermofluidic properties 

should be measured via experiments, such as thermal conductivity, viscosity etc. 

Therefore, here we benefit from the experimental results of Chandrasekar et al. (2010). 

 

 

3.1. Numerical Model 
 

 

The physical model consists of a microchannel with length scales of L Wc Hc, 

which is inserted in a silicone substrate with length scales of L W H as shown in Figure 

3.1. Figure 3.1(b) shows how the micro pin fins are inserted into the microchannel and 

first micro pin fin is located at the inlet of the channel. The material of the micro pin fins 

is highly conductive silicon substrate. The micro pin fins are circular cylinders with 

diameter of D fin and height of H fin. The volume of the microchannel is fixed, and so is 

the volume of the solid domain surrounding it. Length scales of the computational domain 

are given in Table 3.1. 

 

 

 
Figure 3.1. Physical model of microchannel heat sink: (a) stacked model and (b)   

computational domain 

 

Table 3.1. Dimensions of the solid and fluid domains 
Solid Domain Fluid Domain 

H (mm) W (mm) L (mm) Hc (mm) Wc (mm) 
0.9 0.1 10 0.705 0.06 
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Two physical models were used in the present study. First one is the microchannel 

heat sink without micro pin fins and the second one is with them, i.e. integrated design. 

The volume of the computational domain is fixed, which is  

 

 

 (3.1) 

 

 

The number of fins inserted into the microchannel can vary but total fin volume 

is fixed, 

 

 

 (3.2) 

 

 

The height (H fin) and the diameter of the fins (D fin) are 0.08 mm and 0.04 mm, 

respectively. The total fin volume is 0.14% of the total solid volume. 

 

 

3.1.1. Governing Equations 
 

 

The coolant in the simulations is pure water or nanofluid (water-Al2O3 

suspension). Water and nanofluid are incompressible with homogeneous and constant 

thermophysical properties. The effect of buoyancy forces is negligibly small in the current 

problem due to the micro length scales. 

Conservation of mass, momentum and energy equations were solved numerically 

to determine velocity and temperature distribution for the solution domain. For laminar 

and steady flow, the governing equations are: 

 

 

 (3.3) 

 (3.4) 
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 (3.5) 

 

 

where  are the density, specific heat, thermal conductivity and dynamic 

viscosity of the fluid.  is the velocity vector in the fluid domain. 

For solid regions, the energy equation reduces to: 

 

 

 (3.6) 

 

 

where  is the thermal conductivity in the solid domains (i.e., the thermal conductivity 

of solid channel and fins). 

 

 

3.1.2. Boundary Conditions 
 

 

The coolant is driven by the pressure difference in between the inlet and outlet 

surfaces of the microchannel as shown in Figure 3.1(b). The pressure difference between 

inlet and outlet of the microchannel is defined with respect to the Bejan number. Bejan 

number (Bhattacharjee and Grosshandler, 1988; Petrescu, 1994) represents the 

dimensionless pressure difference along a channel and it is symbolized as Be. It was 

derived during the channel size optimization in forced convection. Furthermore, Bejan 

and Lorente (2008) are emphasized that the role played by the Rayleigh number for the 

natural convection cooling is played by Bejan number in forced convection, cf. pp. 92 of 

Reference (Bejan and Lorente, 2008). Be number is defined in Petrescu (1994) as 

 

 

 (3.7) 
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Equation 3.8 is used to determine the pressure difference in between the inlet and 

outlet surfaces of the microchannel.  

 

 

 (3.8) 

 

 

In Equation 3.7 and 3.8, , , and Pout are representing thermal diffusivity of the 

fluid, volume of the computational domain and pressure at the microchannel outlet, 

respectively. In addition, the boundaries of the microchannel surrounded by the solid 

surface is defined as no slip wall boundaries with stationary wall 

 

 

 (3.9) 

 

 

The outlet boundary is defined as pressure outlet (at y=L), 

 

 

 (3.10) 

 

 

The temperature of the coolant at the inlet boundary (at y=0) is fixed. 

 

 

 (3.11) 

 

 

The left and right boundaries of the domain (at x=0 and x=W) are symmetry 

boundaries, 
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 (3.12) 

 

 

At the bottom wall (at z=0), uniform heat flux is applied, 

 

 

 (3.13) 

 

 

The remaining outside walls of the solid domain surrounding the microchannel 

are adiabatic. The continuity of energy at the interfaces of solid and fluid surfaces satisfies 

 

 

 (3.14) 

 

 

where n is the outward normal vector. 

 

 

3.1.3. Nanofluid 
 

 

Density, specific heat, viscosity and thermal conductivity of the working fluid are 

function of volume fraction of the suspended nanoparticle. The effective density and 

specific heat values for nanofluids calculated from the following equations (Pak and Cho, 

1998): 

 

 

 (3.15) 

 (3.16) 
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where  is the volume fraction of the nanoparticle.  

One of the important thermophysical parameters of nanofluids is viscosity which 

affects the pressure drop. Viscosity of a nanofluid depends on nanoparticle volume 

fraction, its diameter and temperature (Prasher et al., 2006). Similarly, nanoparticle size, 

shape, temperature, particle interaction between the solid and fluid are the main 

parameters affecting the thermal conductivity of the nanofluids (Das et al., 2006; Meyer 

et al., 2016). In the literature, there are many equations to calculate effective viscosity 

and thermal conductivity of nanofluids. However, the literature shows that the nanofluid 

material properties vary dramatically between models in published documents. 

Experimentally measured nanofluid thermophysical properties were used during the 

study (cf. experimental results of Chandrasekar et al., 2010) in order to understand the 

effect of nanofluids in the heat transfer enhancement clearly without the effect of bias in 

the material model. Thermophysical properties of the base fluid (water) and nanoparticles 

(Al2O3) are given in Table 3.2 (Chandrasekar et al., 2010; Pak and Cho, 1998; Das et al., 

2003). 

 

 

Table 3.2. Thermophysical properties of water and Al2O3 at 20ºC 

        (Source: Chandrasekar et al., 2010; Pak and Cho, 1998; Das et al., 2003) 
 k (W/m.ºC) ρ  (kg/m3) Cp  (J/kg.ºC) μ  (kg/m.s) 

Water  0.6 997 4170 0.001 
Al2O3  35 3880 729 - 

Nanofluid (0.1%) 0.621 1025.8 4135.6 000110 
Nanofluid (0.2%) 0.630 1057.7 4113.5 0.00121 
Nanofluid (0.3%) 0.658 1083.5 4066.8 0.00140 
Nanofluid (0.4%) 0.695 1112.3 4032.4 0.00170 

 
 

3.2. Numerical Procedure 
 

 

In the numerical part, the conservation of mass, momentum and energy equations 

were solved numerically by using a commercial finite element software, COMSOL 

Multiphysics 5.0 (COMSOL, 2014). In the numerical study, flow is laminar and steady 

state conditions is exist. The computational domain was meshed using free tetrahedral 

and pyramid elements. The convergence criteria were specified as 10-5 for continuity, 
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momentum and energy equations during the simulations. The simulation results are 

considered as mesh independent when the criterion of Equation (3.17) is satisfied. 

 

 

 (3.17) 

 

 

Here, ∆T is defined as the difference between maximum and minimum 

temperatures of the fluid, and “i” represents the mesh index 

The effect of mesh size on the simulation results of base model and integrated 

model are represented in Tables 3.3 and 3.4, respectively. 

 

 

Table 3.3. Grid refinement test results for base model 

Number of 
Mesh Elements   

37782 14.9329 - 
86867 15.1366 0.0135 

264372 15.3619 0.0147 
460318 15.4670 0.0068 

 

Table 3.4. Grid refinement test results for integrated design 

Number of 
Mesh Elements   

51893 14.7852 - 
230569 14.9877 0.0135 
438920 15.1653 0.0117 
585770 15.1812 0.0010 

 
 

3.2.1. Validation of the Model 
 

 

Validation of the model is carried out with respect to the literature. Figure 3.2 

shows the comparison between the results of Adewumi et al. (2013), Bello-Ochende et 

al. (2010), and the present study. The accuracy of Adewumi et al. (2013) and Bello-

Ochende et al. (2010) were given as 10% and 15% with respect to the analytical results 
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of Khan et al. (2006) and experimental results of Tuckerman and Pease (1981), 

respectively. The figure shows that the values obtained in the present study are in good 

agreement with the studies of Adewumi et al. (2013) and Bello-Ochende et al. (2010) 

with an average deviation of about 7.3% and 2.6%, respectively. 

 

 

 
Figure 3.2. Comparison between results of present model and literature for wall 

temperature differences 

 

 

3.2.2. Heat Transfer Enhancement by Micro Fins 
 

 

Figure 3.3 shows the effect of inserted micro pin fins on the peak temperature 

relative to the Be number. The figure reveals that 2.5% improvement was achieved by 

integrated design relative to the base model. The effect of integrated design on the thermal 

conductance diminishes as Be number increases. This result implies that at low Be 

numbers, heat transfer is limited due to low fluid velocity. Fins increase the heat transfer 

surface area; therefore, the heat transferred in integrated design is greater even the 

resistance to the fluid flow is greater. In addition, if the pressure drop related with the 

extended surface dramatically decreases the fluid velocity, then the base model may 

provide smaller thermal resistance than the integrated design. 
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Figure 3.3. Influence of dimensionless pressure drop on the peak wall temperature 

differences for base model and integrated design 

 

 

First fin in the integrated design is centred nearly to the inlet of the microchannel 

and the rest of the fins were aligned with a fixed distance from each other along the 

microchannel. The optimum fin numbers and the distance between the fins were 

determined with respect to the minimized peak wall temperature difference. Figure 3.4(a) 

shows that the peak temperature decreases as the number of fins increases until the 6th fin 

when . Then, the peak temperature stands almost steady. Figure 3.4(b),(c) 

also show that the peak temperature is the smallest for the 6th micro pin fin; and 

increasing the fin number increases the peak temperature (thermal resistance) afterwards. 

Overall, according to Figure 3.4, the integrated design with 6 micro pin fins minimizes 

the peak wall temperature differences (maximum thermal conductance) for low, 

intermediate, and high Be numbers. 

 

 

 
(a) (b) (c) 

Figure 3.4. Variation of the peak wall temperature differences with fin numbers for:  

      (a) Be= , (b) Be= , (c) Be=  
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Figure 3.5 shows the effect of distance between the fins on peak wall temperature 

difference for 6 fins. According to Figure 3.5, the peak wall temperature difference is 

minimum when the distance between the fins is 0.0825 mm for all Be numbers. In Figure 

3.5, it can be seen that the peak wall temperature difference increases as the distance 

between the fins increases. This result implies that as the distance between the fins 

increases, the next level of fins stays in the wake of the previous fins due to the increase 

in the thermal boundary layer. Furthermore, as the fluid flows along the channel its 

temperature increases, which decreases the heat transfer rate from the fins to fluid. 

Therefore, the effect of fins on heat transfer rate diminishes as the spacing in between 

them increases. 

 

 

 
(a) (b) (c) 

Figure 3.5. Variation of the peak wall temperature difference with the distance between  

the fins for: (a) Be= , (b) Be= , (c) Be=  

 

 

3.2.3. Heat Transfer Enhancement by Nanofluid 
 

 

Next consider the coolant is a nanofluid (suspension of water and Al2O3) with 

various volume fractions. Figure 3.6 shows that the peak temperature difference decreases 

with 4% Al2O3 nanoparticle addition to the water. The effect of nanofluid on the peak 

temperature difference is more pronounced at low Be numbers. However, 18% and 25% 

improvements were observed in minimizing the peak wall temperature difference by 

using nanofluid for Be numbers  and , respectively. Note that Be 

number (dimensionless pressure difference) is fixed throughout the study; therefore, 
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change in the pressure drop is related to the variation in the material properties as can be 

seen in Equation 3.7.  

 

 

 
Figure 3.6. Variation of the peak wall temperature difference with Be number for Base  

Model 

 

 

Figure 3.7 shows the effect of nanofluid on the peak wall temperature difference 

for the integrated design. Similar to the base model (Figure 3.6), nanofluid increases the 

overall thermal conductance for all Be numbers; however, increase in the thermal 

conductance for the integrated design diminishes as the Be number increases. Maximum 

improvement in the peak wall temperature difference was measured as 18% for the lowest 

Be number, .  
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Figure 3.7. Variation of the peak wall temperature difference with Be number for 

Integrated Design 

 

 

Comparison of Figures 3.6 and 3.7 reveals that the enhancement in the thermal 

conductance is greater in base model than the integrated one for the greatest Be number. 

However, the integrated design yields better enhancement in the thermal conductance as 

the Be number decreases. This shows that only fins yield better thermal performance at 

low Be numbers, and only nanofluid at high Be numbers. Therefore, there is an optimal 

volume fraction ratio at the intermediate Be numbers. The effect of nanofluid volume 

fraction on the peak wall temperature differences is represented in Figure 3.8(a)–(c) for 

the lowest, intermediate, and highest Be numbers. Volume fraction of nanofluid varies 

from 1% to 4%. In general, Figure 3.8(a)–(c) show that thermal conductance increases as 

the nanoparticle volume fraction in the fluid increases, with the exception of Figure 3.8( 

a). Figure 3.8(a) is for the lowest Be number case; therefore, increase in the flow 

resistance limits the enhancement in thermal conductance via nanofluids. The minimum 

wall temperature differences are observed in 4% volume fraction. The volume fraction 

was limited as 4% in order to eliminate agglomeration in the nanofluid. Figure 3.8 shows 

that utilizing nanofluid is an ineffective solution to reduce peak wall temperature 

differences for the lowest Be number at 1% volume fraction. Maximum improvement in 

the peak wall temperature difference is 25% in the highest Be number for 4% volume 

fraction. However, the pressure drop increases dramatically as the volume fraction 

increases from 1 to 4%, i.e. 10.3% to 45.4% increase compared to the base fluid, 

respectively. 
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(a) (b) (c) 

Figure 3.8. Variation of the peak wall temperature difference with nanofluid volume 

fraction for different Be numbers; (a) , (b) , (c) 

 

 

 

The effect of total fin volume and volume fraction of nanofluid on the temperature 

difference is shown in Figure 3.9. The peak wall temperature difference decreases by 

increasing the volume fraction of nanofluid while fin volume is fixed. However, 

increasing the total volume of the fins decreases the thermal conductance. For instance, 

3.8% increment in the wall temperature is observed when the fin volume increases eight 

times. This situation can be explained as an increase in the total fin volume increases the 

resistance to the fluid flow, which decreases convective heat transfer coefficient.  

 

 

Vft
2Vft
4Vft
8Vft

 
Figure 3.9. Variation of the peak wall temperature difference with volume fraction of 

nanofluid and total fin volume  
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Figure 3.10 summarizes the results of the study. According to Figure 3.10, 

integrated design with nanofluid minimizes the peak wall temperature difference for the 

lowest Be number. In addition, base model with water yields the greatest peak wall 

temperature difference for the lowest Be number. Furthermore, base model with 

nanofluid minimizes the peak temperature difference for the highest Be number. 

Therefore, it can be concluded that thermal conductance is maximum with fins and 

nanofluid, and nanofluid for low and high Be numbers. Therefore, nanofluid should be 

used with or without fins relative to the given Be number in order to maximize the thermal 

conductance. For instance, if an evolutionary analogy is used, it means that particles 

forming the fins dissolves in time to enhance heat transfer rate.  

 

 

 
Figure 3.10. The change in the peak wall temperature difference by volume fraction of 

nanofluid and total fin volume 

 

  

Next, consider that the thermal conductivities of the nanoparticle and fins are the 

same (35 W/m.K) in order to understand the evolutionary concept. Figure 3.11 shows 

how the temperature difference and volumetric flow rate vary relative to the Be number 

for fins, nanofluids and fins + nanofluids with fixed volume fraction. So far, the fin 

volume was 0.14% and the maximum nanofluid volume fraction was 4%. Here, the 

summation of the volumes of fins and nanoparticles correspond to 4.14% volume fraction. 

Therefore, the optimal ratio of volume fraction between the fins and nanofluid for thermal 

conductance enhancement becomes evident.  
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According to Figure 3.11, nanofluid yields the maximum thermal conductance 

(almost 50% improvement in the thermal conductance relative to the micro pin fins) by 

minimizing the peak wall temperature difference. Figure 3.11(a) shows that the thermal 

conductance with only fins (4.14% volume fraction) is smaller in comparison to the only 

nanofluid (4.14% volume fraction) whereas their resistance to the fluid flow is greater 

(decreased volumetric flow rate  “ ” for the same Be number). Figure 3.11(a)–(b) shows 

that suspending the majority of the solid volume into the fluid enhances thermal 

conductance more than embedding micro pin fins; and it also minimizes resistance to the 

fluid flow. However, Figure 3.11(a), (b) also shows that greatest thermal conductance and 

the smallest resistance to the fluid flow is achieved when a small percentage (0.14% 

volume fraction) of the solid volume is reserved for fins. 

 

 

 
(a) (b) 

Figure 3.11. The change in (a) the peak wall temperature difference and (b) the 

volumetric flow rate of the coolant with respect to volume fraction of 

nanofluid and total fin volume 

 

 

3.3. Discussion of the Numerical Results 
 

 

Here, we document what should be the volume fractions of micro pin fins and 

nanoparticles to conform maximum thermal conductance for a microchannel heat sink. 

The effect of fins and nanoparticles suspended to the base fluid (water) on the thermal 
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conductance documented both solely and simultaneously. The results show that 

microchannel with micro pin fins provides greater thermal conductance than 

microchannel without micro pin fins. The distance between the fins and their number 

were optimized to maximize thermal conductance. Heat transfer enhancement with 

nanofluid is also documented for various Be numbers. The results show that nanofluid 

with volume fraction of 4% significantly reduce the peak temperature. Nanofluid with 

any volume fraction improve the thermal conductance for all the surveyed Be numbers. 

However, nanofluid also increases the resistance to the fluid flow which requires 

additional pumping power. Nanofluid with micro pin fins increases the thermal 

conductance by 18% for the lowest Be number relative to the base fluid without fins. 

Increase in the total fin volume increases the resistances to the fluid flow, and therefore 

it increases the temperature difference of the microchannel up to 3.8%.  

Nanofluid decreases the peak temperature more than inserting micro pin fins when 

the thermal conductivity of nanoparticles and micro pin fins are the same. Almost 50% 

improvement is achieved with nanofluid instead of micro pin fins. Overall, the results 

uncover that there is an optimum volume fraction reserved for fins and nanoparticles 

suspended in the base fluid for a prescribed set of conditions. Depending on the material 

properties of substances, the volume fractions which provide the minimum peak 

temperature (maximum thermal conductance) is affected. 

Both nanofluids and micro pin fins decrease the overall thermal resistance due to 

increase in the average thermal conductivity of the flow system. In addition, they increase 

the heat transfer surface area of the solid interacting with the fluid. However, the pumping 

power (pressure drop) increases in both methods due to the increase in the resistances to 

the fluid flow. The results document what should be the nanoparticle volume fraction 

mixed into the base fluid and the micro pin fin volume in order to minimize thermal 

resistance. If the thermal conductivity of the nanoparticles and micro pin fins are the 

same, the thermal conductance becomes the maximum with 4% and 0.14% volume 

fractions for the nanofluid and micro pin fins, respectively. This result shows that 

inserting micro pin fins and using nanofluids with a given volume fraction ratio maximize 

the overall thermal conductance. 

The result of the numerical study is evaluated in terms of heat transfer 

enhancement and pressured drop values in microchannel heat sink. According to the 

results, using microchannel heat sink for battery cooling is not feasible because of 

relatively high pressure drop values which increases the energy consumption in the 
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electric vehicle thermal management system. Therefore, it is decided to design a new heat 

exchanger in conventional length scales. 
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CHAPTER 4 

 

 

MATERIALS AND METHODS 
 

 

The methodology of the thesis is mainly based on experimental studies. Firstly, 

experimental procedure is introduced with utilized components and devices. The 

experimental part is mainly divided into two sections. They are silicone heater system 

and real battery case. In the real battery case, experimental studies conducted with a single 

battery cell and a 3S battery module. 

 

 

4.1. Experimental Procedure 
 

 

Experimental part consists of studies related to silicone heater system and pouch 

cell batteries. The same experimental procedure is followed for the silicone heater system 

and real battery case. Firstly, the heat generation and temperature profile of battery cells 

during charging, discharging and operating are investigated in detail via literature review. 

A silicone heater system which shows the thermal behaviour of the battery cell is created 

by benefiting from the literature knowledge. An experimental study is conducted on the 

cooling of the silicone heater system to evaluate the thermal behaviour of battery cell 

under various discharge rate by applying various heating loads to the silicone heater.  

The experimental setup of silicone based system consists of a silicone heater 

system, a water bath, a thermal camera, a needle valve, a flowmeter, a programmable 

power supply and a data logger. In addition to these materials, a programmable electronic 

load is used in the experimental study of the battery cell/module.    

In real battery case, a lithium-ion pouch type battery cell with a capacity of 7.5 

Ah (Kokam, SLPB705106100) is used (Figure 4.1). The specification of the cell is given 

in Table 4.1. The allowable continuous charge and discharge conditions are specified as 

1C rate and 2C rate, respectively. 
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Figure 4.1. 7.5 Ah Pouch Cell (Kokam SLPB705106100) 

 
 
Table 4.1: Specification of Kokam Pouch Cell 

Type SLPB75106100 
Typical Capacity  7.5 Ah 
Nominal Voltage  3.7 V 
Charge Condition Max. Current  7.5 A 

Voltage  4.2 ±0.03 V 
Discharge Condition Continuous Current  15 A 

Peak Current  37.5 A 
Cut-off Voltage  2.7 V 

Operating Temperature  Charge 0 ~ 40ºC 
Discharge -20 ~ 60ºC 

Dimensions  Thickness  7.5 ± 0.2 mm 
Width 106 ± 0.2 mm 
Length 100 ± 0.2 mm 

Weight 155 ± 5 g 
 

 

In the cooling of battery cells, a heat exchanger (HEX) is used. The HEX is 

designed to control and distribute the temperature of battery cell uniformly (Figure 4.2). 

The dimensions of the HEX are defined with respect to the battery size. The HEX consists 

of a main distribution channel, a main gathering channel, two cooling plates and five heat 

distributing channel. The heat distributing channels are in elliptic shape and they are 

created by squeezing circular channels from two sides (Figure 4.2(b)).  

 

 



  
 

54 

 
(a) (b) 

Figure 4.2. (a) Heat exchanger and (b) heat transfer channel  

 

 

 In the first part of the real battery case, temperature distribution on the surface of 

a single battery cell is measured by thermocouples and monitored via a thermal camera. 

Then, a battery module is created by the connection of three lithium-ion pouch cells in 

serial. According to the results obtained from single battery case, a cooling system 

consists of a battery module, HEXs and a manifold design is created to allow air and 

liquid cooling solely and simultaneously. Therefore, the methodology of thesis can be 

summarized under three headings: studies conducted on silicone heater system, cooling 

of a single battery cell and cooling of a battery module. 

 

 

4.1.1. Measurement Devices  
 

 

In that section, the measurement devices and methods used in the experimental 

parts are explained in detail. During the measurement campaign, temperature (T) and 

voltage (V) values in the battery module are measured via thermocouples and stored by a 

data logger. In the silicone heater system and the single battery cell case, a thermal camera 

is used to take infrared images during the experiments. The measured data are used to 

evaluate cooling capacity of the thermal management systems.  

Thermocouple measures T and V values with an accuracy of ±1.5°C and ±60 μV, 

respectively. T and V values are measured every second and stored by HIOKI data logger 

(Figure 4.3). Technical specifications of the data logger are given in Table 4.2. The data 
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logger has ten channels and be able to record temperature and voltage values during the 

experiments. The accuracy of the data logger is ±0.35°C and ±0.2 V for temperature and 

voltage measurements, respectively. 

 

 

 
Figure 4.3. HIOKI Data Logger (LR8431-20) 

 

Table 4.2. Technical specifications of data logger 

Type Hioki Data logger (LR8431-20) 

Measurement Range Temperature: -20°C to 70°C 
Relative Humidity: 5% to 95% 

Accuracy Temperature: ±0.35°C from 0°C to 50°C 
Relative Humidity: ±2.5% from 10% to 90% 

Memory 64K bytes 

 

 

4.1.2. Charging/Discharging Procedure  
 

 

Charging and discharging of battery module are carried out via programmable DC 

power supply and programmable DC electronic load, respectively. The maximum power 

outpu of the charger and discharger are 360 W and 1500 W, respectively. The technical 

specifications of the devices are given in Table 4.3 and they are represented by Figure 4.4 

(a)-(b). 
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Figure 4.4. (a) Programmable DC Power Supply and (b) Programmable DC Electronic 

Load 

 

Table 4.3. Technical specifications of charger and discharger 

 Discharger Charger 

Type/Model BK Precision 8614  GW Instek PSH2018A 

Input Voltage 0-120 V 0-20 V 

Input Current 0-240 A 0-18 A 

Input Power 1500 W 360 W 

Accuracy ±(0.05%+0.1FS)  0.1%+5 mV  
 0.2%+5 mA 

 

 

Here, the procedures which are followed during charging and discharging of 

battery cell/module are introduced. The charging process takes place via two steps: 

constant current (CC) and constant voltage (CV) mode. Firstly, the maximum allowable 

voltage value for the battery cell (4.2V and 12.6V for a lithium-ion puch cell and 3S 

battery module, respectively) and output current are adjusted on the programmable DC 

power supply. The output current represents the charge/discharge rate. The lithium-ion 

pouch cell/module is started to charge in CC mode and when the voltage of the 

cell/module reaches its maximum value, the power supply swtiches charge mode from 

CC to CV. The charging process is completed when the current on the power supply 

reaches to 0.05% of the battery capacity (i.e. 0.375A for 7.5Ah capacity battery cell). In 

the discharging process of a battery cell/module a DC electronic load is utilized. 

Discharging of battery cell/module is carried out in CC mode. The minimum allowable 

voltage (cut off voltage) and output current can be aligned by the electronic load. The 

discharging process is completed when battery voltage reaches to minimum allowable 

voltage which are 2.7V and 8.1 V for a pouch cell and 3S battery module, respectively. 
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There are some variables used to describe condition of the battery cell during 

charging and discharging. One of them is the state of charge (SOC) which represents the 

current battery capacity as a percentage of maximum allowable capacity. SOC is 

considered during charging process and it is used to estimate change in battery capacity 

over time. The other one is that the depth of discharge (DOD) which represents the 

discharged battery capacity as a percantage of maximum capacity [MIT, 2008].  

A battery management system (BMS) card is implemented to battery module to 

control voltage of battery cells. It prevents over charging and discharging of a battery cell 

in the battery module. A 3S-40A BMS card with its cable connections is shown in Figure 

4.5. The charging/discharging of battery cells are carried out via BMS circuits. 

 

 

  
Figure 3.5. 3S-40A BMS Card 

 

 

4.1.3. Other Equipment 
 

 

A water bath (Labo C200-H13) supplies coolant liquid to the system at specified 

temperature and flow rate (Figure 4.6). The technical specifications of the water bath is 

given in Table 4.4. It operates in the temperature range -20°C to 100°C. The maximum 

allowable flow rate of water for the water bath is 16 lt/min. In the experimental setup, the 

flowrate of the coolant is measured by a turbine type flowmeter. 
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Figure 4.6. Water Bath and technical specifications 

 

Table 4.4. Technical specifications of Labo water supply 

Type/Model Labo C200-H13  

Temperature Range -20/100°C 

Heating Capacity 1.1 kW  

Cooling Capacity 0.25 kW 

Bath Capacity 7 lt 

Maximum Flow Rate 16 lt/min 

Temperature Stability ±0.03°C 

 

 

A fan is utilized to supply air at ambient temperature for battery cooling (Figure 

4.7). It is located at the inlet of the air manifold and the air flow inside air duct is regulated 

by honeycombs which are placed along the duct. The power ouput and the allowable flow 

rate of the fan are specified as 19-22 W and 2.52-2.83 m3/min, respectively. 

 

 

 
Figure 4.7. Tubeaxial Fan 
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CHAPTER 5  
 

 

DIFFERENT APPROACHES FOR BATTERY SYSTEMS 
 

 

5.1. Silicone Heater System 
 

 

A silicone heater which represents the thermal behaviour of the battery cell (heat 

generation inside the battery cell and temperature distribution on the surface of the battery 

cell) is produced with respect to literature studies and it is utilized in the experimental 

studies. Such a method has not proposed up to now in the literature, so the study may be 

creating a new experimental procedure for future studies. Also, it enables to conduct 

studies on battery systems without using real batteries. 

The experimental setup for the silicone heater system is shown in Figure 5.1. The 

main components of the experimental setup are a water bath, a needle valve, a flowmeter, 

a silicone heater system engaged with a cooling channel, a data logger and a power 

supply. A water bath supplies coolant liquid to the system. The flow is regulated by a 

needle valve and flowrate of the coolant is measured via a flowmeter. The silicone heater 

system and coolant plate are in contact with each other to allow heat transfer, while the 

remaining surfaces are isolated from the environment. The temperature on the surface of 

the silicone heater system, temperature of the coolant at the inlet and outlet are measured 

by thermocouples. All the measured values are recorded via data logger.  
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Figure 5.1. Experimental setup for silicone heater system 

 

 

The heat generation and temperature distribution characteristics of a lithium-ion 

pouch cell is studied in detail in the Chapter 2. According to that knowledge, a silicone 

heater system which reflects the thermal behaviour of a pouch cell is created by a silicone 

heater is located between two steel plates (Figure 5.2). Stainless steel is selected for the 

metal plate because of its thermal conductivity value. Thus, the thermal conductivity of 

silicone heater system and the battery cell in thickness direction are almost identical. The 

silicone heater system is activated by DC power supply. The maximum capacity and 

working voltage of the silicon heater are 50 W and 20 V, respectively. The heat generated 

in the silicon heater can be altered by changing the supplied current and this situation 

approximate discharging of a battery cell at various C-rates.   

 

 

 
(a) (b) (c) 

Figure 5.2. Silicone heater system (a) Silicone heater (b) silicone heater sandwiched 

between the metal plates and (c) location of thermocouple 
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5.1.1. Results of Silicone Heater System 
 

 

The temperature distribution on the surface of silicone heater system is shown in 

Figure 5.3. The thermal image captured by thermal camera at the middle of the heat 

generation process when the heat generation rate is 30 W. According to the Figure 5.3, 

the heat generation is not uniform along the surface of silicone heater system as occurs in 

batteries. The temperature is dense near the bottom side of the silicone heater system.  

 

 

 
Figure 5.3. Thermal image of temperature distribution on the surface of the silicone 

heater system  

 

 

The temperature changes of the silicone heater system under various heating loads 

(7 W - 48 W) are measured via thermocouples. The aim of generating various heating 

loads is to simulate thermal behaviour of a real battery under various charge/discharge 

rate (C-rate) by using silicone heater system. An example from literature shows that the 

generated heats for a 14 Ah capacity pouch cell are calculated as 7.19 W and 17.95 W 

during 3C and 5C discharge rate, respectively (Vertiz et al., 2014).  

The coolant liquid is supplied to the system with a flowrate of 0.0218 kg/s and at 

a temperature of 15°C. The change of the temperature on the surface of silicon heater 

system at various heating loads is given in Figure 5.4. According to the Figure 5.4, the 

temperature of the silicone heater system can be controlled by using liquid cooling up to 
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30 W heating load. As a result, the cooling capacity of the system is determined as 30 W 

for continuous loading. The temperature of the silicone heater system exceeds to 55°C in 

10 minutes for 48 W heating load. This means that, if a battery cell discharged at 6C rate 

(the discharge is completed in 10 minutes), the temperature of the cell has been exceeded 

the operating temperature limits through the end of the discharge. 

 

 

 
Figure 5.4. The change in temperature values of the silicone heater system under 

various heating load 

 

 

The effect of the coolant temperature on the temperature change of silicone heater 

system when the heating load is 30 W is shown in Figure 5.5. According to the Figure 

5.5, the temperature of the silicone heater system reaches to 45°C in 7.5 min when there 

is not cooling system. This means that the temperature of a battery cell has been reached 

critical values through the end of the discharging process (8C rate). The temperature of 

the silicone heater system is kept below 45°C for 15 minutes when the cooling system at 

various temperature values, i.e., 10ºC and 15ºC, is involved in the process. 

Here, thermal behaviour of a battery system is estimated by using silicone heater 

system under various heating load. The discharge of the battery cell is carried out constant 

current mode, and it means that there is a continuous load on the battery cell throughout 

the discharge process. Therefore, a silicone heater system is introduced to estimate 

thermal behaviour of a battery cell under various discharge rates in the present study. 
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Figure 5.5. Temperature change in the silicone heater system under different conditions 
 

 

5.2. Single Lithium-ion Pouch Cell  
 

 

Here, the temperature distribution on the surface of a lithium-ion pouch cell is 

monitored via a thermal camera and is measured by thermocouples. The experimental 

setup for single lithium-ion pouch cell consists of a lithium-ion pouch cell, a HEX, a 

needle valve, a flowmeter, a DC power supply, a DC electronic load, many 

thermocouples, a thermal camera, and a data logger. Five thermocouples are positioned 

along the surface of the battery cell to measure temperature change during 

charging/discharging. Cooling of the battery cell is carried out by using a heat exchanger.  

The temperature variations in the surface of the battery cell are monitored by use 

of thermal camera and simultaneous thermocouple measurements under various 

charge/discharge rates. There is only natural convection during the measurements. After 

that, a cooling system is introduced to the battery cell to control temperature values. The 

precision of the measurement devices is increased by considering the accuracy values 

given in the data sheets. The locations of the thermocouples on the surface of the battery 

cell are shown in Figure 5.6. CH1 and CH2 are positioned near to the negative and 

positive tabs, respectively. CH3 is located at the middle of the battery cell. CH4 and CH5 

thermocouples are positioned at the bottom of the battery cell.  
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Figure 5.6. The locations of the thermocouples on the surface of the battery cell  

 

 

5.2.2. Results of Single Battery Cell 
 

 

The battery cell charged at 2C rate, and the temperature distribution on the surface 

of the battery cell is represented in Figure 5.7. There is not any cooling system during the 

charge and the ambient temperature is recorded as 30.2ºC. According to the Figure 5.7, 

the highest temperature values are recorded for CH1 and CH2 (they are positioned near 

the tabs). In addition, the lowest temperature values are recorded for CH4 which is the 

outermost points to the tabs. The difference between the maximum and the minimum 

temperature values is 2ºC for the battery cell. Also, the temperature of the battery cell 

remains within operating temperature limits and there is only 5ºC increment in the 

temperature of the battery cell during the charge at 2C rate. 

The temperature of the battery cell increases sharply at the beginning of the 

charging process and decreases through the end of the charging process. These situations 

can be explained with the mode of the charging process. The temperature of the battery 

cell increases during CC mode which is occurred at the beginning of the charging process. 

Then, the charging mode is changed from CC to CV when the voltage of the battery cell 

reaches to its maximum value. The supplied current to the battery cell decreases during 

the CV mode. Thus, the decrement in the temperature value through the end of the 

charging process can be explained with the decrease in the current values at CV mode. 

The small decrease in the temperature values at the middle of the charging process can 

be related to chemical reactions occur in the battery cell.   
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Figure 5.7. The temperature distribution on the surface of the battery cell at 2C rate 

charging 

 

 

The change in temperature during 2C and 3C rate discharging process are shown 

in Figure 5.8(a) and Figure 5.8(b), respectively. The ambient temperature is kept constant 

(30ºC) during discharging process. According to Figure 5.8(a-b), the temperature of the 

battery cell increases throughout discharging process. The main reason behind that the 

nature of the discharging process: discharging process occurs only in CC mode. There is 

only natural convection as a cooling system during the discharging process. The 

maximum temperature values are out of the operating limits and measured as 46.1ºC and 

51.7ºC for 2C and 3C rate discharge, respectively. Also, the maximum temperature 

difference between the measurement points is recorded as 5ºC and it is the critical value 

for operating limits. The highest and the lowest temperature values are measured at near 

to the negative tab and at the outermost points to the tabs during discharging process, 

respectively. 
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(a) 

 
(b) 

Figure 5.8. The measured temperature values for the single battery cell during discharge 

(a) 2C rate and (b) 3C rate 

 

 

The infrared images of the battery surface are captured via a thermal camera 

during the charge/discharge. Figure 5.9 (a) and (b) show the temperature distribution on 

the surface of the battery cell at 424s of the charging and at end of discharging process, 

respectively. There is only natural convection during the 2C rate charge/discharge. The 

comparison of thermal images of the battery cell shows that the heat generated during 

discharge is larger than that by charge. The measured maximum temperature values are 

37ºC and 46ºC at 2C charge and discharge rate, respectively. The thermal image obtained 

at 2C charge rate is captured when the temperature of the battery cell reaches its maximum 

value. 
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(a) (b) 

Figure 5.9. Thermal images of battery cell at 2C rate (a) 424 s of charge and (b) at the 

end of the discharge  

 

 

According to Figure 5.7 and Figure 5.9(a), there is a slight increase in the 

temperature of the battery cell during charging. Thus, a heat exchanger is designed and 

introduced for battery cell to control the temperature during discharging process. The 

temperature of coolant liquid is measured as 17ºC at the inlet of the cooling system. The 

change in temperatures on the surface of the battery cell at 2C discharge rate are 

monitored by using a thermal camera. Thermal images of battery surface at 2C discharge 

rate are shown in Figure 5.10 (a-b). According to the Figure 5.10(b), the temperature of 

the battery cell is kept below the 30°C when the cooling system is introduced to battery 

cell. In addition, the maximum temperature of battery is 29.2°C. The cooling capacity for 

the HEX is calculated as 20 W.  

 

 

 
(a) (b) 

Figure 5.10. Temperature distribution on the battery surface at the end of the discharge 

for 2C rate: (a) no cooling (b) liquid cooling  
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CHAPTER 6 

 

 

 EXPERIMENTAL STUDY FOR A BATTERY MODULE 
 

 

6.1. Experimental Setup 
 

 

The operating temperature limits can be exceeded if a cooling system is not 

introduced to battery system. Hence, a cooling system is crucial to increase performance 

of a battery cell and to overcome safety issues in battery systems. Thermal characteristics 

of lithium-ion pouch cell have been studied in the previous chapter. In the real life, great 

number of battery cells are connected with each other in serial or parallel configurations 

and are used for different purposes such as in electric vehicles, in electronic devices, in 

scooters and so on.  Here, a battery module is created by connecting three battery cells in 

serial and various cooling methods have been implemented and results are tabulated.  

All the experiments are conducted at 1C charge rate and 1C-3C discharge rate.  

The T and V values are measured via K-type thermocouples during charging and 

discharging process. One thermocouple is positioned near the positive tab of the battery 

cell to measure temperature change during the experiments (Figure 6.1). Four 

thermocouples are used to measure the coolant (air and water) temperatures at the inlet 

and the outlet section of the cooling system. Moreover, one thermocouple is utilized to 

record ambient temperature. 

 

 

 
Figure 6.1. The location of thermocouple on the surface of a pouch cell 
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The cooling channels are manufactured from copper (Figure 6.2). The surface of 

battery cells and cooling plates are in contact with each other. In order to reduce contact 

resistances between the heat transfer surfaces, a thermal paste/grease has a thermal 

conductivity of 5.3 W/m.K and a thermal pad has a thermal conductivity of 3.6 W/m.K, 

are used solely. There are totally two cooling channels and three battery cells in the 

battery system.  

 

 

  
(a) (b) 

Figure 6.2. View of the cooling channel from (a) front side and (b) back side  

 

 

The cooling channels and batteries are placed in an order to allow air flow without 

any disturbances (Figure 6.3). A distributing channel and a gathering channel are utilized 

to distribute and collect the coolant liquid, respectively. Five elliptic heat transfer 

channels are placed between the distributing channel and gathering channel. The heat 

transfer channels with an elliptical cross section enables to liquid flow between 

distributing channel and gathering channel. The contact area between the heat transfer 

channels and plates is increased thanks to elliptical form. Hence, heat transfer is 

enhanced. Another advantage of elliptical form of heat transfer channels is decrement in 

the area occupied by thermal management system. Air enters the cooling channel from 

upper part of the cooling plate and leaving from the lower part of the cooling plate and is 

flowing between the elliptic heat transfer channels.  
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Figure 6.3. The alignment of battery cells and heat exchangers  

 

 

The cooling system is shown in Figure 6.4. The cooling channels and batteries are 

placed in a plexiglass to hold them together and a battery system is created. Battery 

management system (BMS) are connected to batteries by using cables and crocodiles. Air 

and liquid are supplied to the system via silicon pipes and an air manifold, respectively.  

Three honeycombs are located inside of the duct to regulate air flow. The cooling liquid 

with a desired temperature is supplied to the system via a water bath. A fan with a capacity 

of 0.042 m3/s is used to supply air to the system. The gaps between the connection points 

of the battery tabs are closed by using fiberglass to prevent air leakage from the battery 

system.  

 

 

 
Figure 6.4. Cooling system with manifold design 
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The experimental setup is schematically shown in Figure 6.5. To sum up, all 

system consisting of the following components: water bath, needle valve, flowmeter, 

datalogger, charger, discharger, axial fan, HEXs, lithium-ion pouch cells and many 

thermocouples. The needle valve and the flowmeter are utilized to regulate liquid flow 

and measure to flow rate of the coolant, respectively. A circulating water bath and an 

axial fan are used to supply water and air to the cooling system, respectively. In the air 

manifold, three honeycombs are used to regulate air flow through the duct. The charging 

and discharging of the battery cells are carried out via power supply and electronic load, 

respectively. Thermocouples are utilized to measure temperature and voltage values. A 

set of thermocouples which are located at the inlet and outlet section of the cooling system 

measure the coolants temperatures. All the measured temperature and voltage values are 

recorded by data logger. The capacity of the cooling system is determined via measured 

values.  

 
 

 
Figure 6.5. Schematics of the experimental setup 
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CHAPTER 7 

 

 

RESULTS AND DISCUSSION 
 

 

In the experimental study, a lithium-ion pouch cell (Kokam, SLPB75106100) is 

utilized. A battery module is created by connecting three lithium-ion pouch cells in serial. 

All the experiments are carried out at 1C rate charging and only heat transfer mechanism 

is natural convection. After the cells reaching to the thermal equilibrium after charging, 

1C and 3C rates were used for discharging. The main objective of the thesis is to ensure 

that battery module working in the best temperature range. Various cooling methods are 

imposed to battery cells to achieve the goal of the Thesis.  

 

 

7.1. Charge 
 

 

The charging process occurs in two steps: constant current (CC) and constant 

voltage (CV). There is only natural convection during charging of battery cells. The 

change of temperature and voltage values during charging with respect to state of charge 

(SOC) is shown in Figure 7.1. According to Figure 7.1, the temperature remains in 

optimum range when environmental temperature is 23ºC. The charging start with CC 

mode and the temperature of the battery cells increases during this mode. A temperature 

drop in a short time range interval in middle of the CC mode is observed and this situation 

can be related to chemical reactions occurring inside the battery cell. The temperature of 

the battery cells is started to decrease when the charging mode change from CC to CV. 

The reason behind that situation is the reduction in supplied current to the batteries. 

According to Figure 7.1, there is only 4 °C increment in temperature during the 1C charge 

rate, so it is not needed to use cooling systems at 1C charge rate. There is a homogeneous 

temperature distribution between the cells in the module and the maximum temperature 

difference between the cell is 0.5°C. 
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(a) (b) 

Figure 7.1. The change in (a) temperature (b) voltage of 3S battery cells during 1C 

charge 

 

 

7.2. Discharge: Constant Current 
 

 

Discharging of battery cells carried out in CC mode. The change of temperature 

and voltage values with respect to dept of discharge (DOD) at 1C discharge rate are shown 

in Figure 7.2(a) and (b). The cells are subjected to cooling under natural convection 

during discharging process. According to the Figure 7.2(a), the temperature of the cells 

remain within the optimum operating range when ambient temperature is 23°C. There is 

only 0.5°C temperature difference between the cells during 1C discharge rate. The small 

fluctuations in the temperature values can be related to environmental factors like heat 

dissipated by equipments. There is a slight temperature differences between the Cell 1 

and the others. These difference can be related to misalignment of the experimental setup. 

The change in voltage with respect to DOD is given in Figure 7.2(b) and it shows a sharp 

decrease at the end of the discharge. Discharge of the battery module is completed in 3431 

seconds and the capacity of the battery module is defined as 7.147 Ah at 1C discharge 

rate. 
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(a) (b) 

Figure 7.2. The change in (a) temperature (b) voltage of 3S battery cells during 1C 

discharge 

 

 

7.2.1. Air Cooling 
 

 

The battery module is cooled by air, water, and hybrid systems. Firstly, air cooling 

introduced to the battery module at 3C discharge rate. According to the Figure 7.3(a), the 

highest temperature values are observed in Cell 3 and the temperature reaches 33.7°C at 

the end of the discharge. Also, the maximum temperature difference between the cells is 

only 1.5°C. The non homogeneous distribution of the air flow between the batteries might 

be the reason for the temperature difference. The cooling capacity of air is determined as 

5 W. The change in voltage values with respect to DOD are given in Figure 7.3(b). In the 

beginnig and at the end of the discharging process there is a sharp decrease in voltage 

values. The voltage curve in water and hybrid cooling follow a similar trend to that in air 

cooling at 3C discharge rate. 

 

 

 
(a) (b) 

Figure 7.3. The change in (a) temperature and (b) voltage of 3S battery cells during 3C 

discharge with air cooling 
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7.2.2. Water Cooling 
 

 

Secondly, water cooling is introduced to the battery module. The temperature of 

the coolant liquid is defined as 23°C which has the same value as the ambient. As it shown 

in Figure 7.4, almost 7% reduction in the maximum temperature is obtained in water 

cooling system when compared to air cooling system. The temperature values in Cell 1 

and Cell 3 are very close to each other and there is only 0.7°C difference between them. 

However, there is almost 4°C temperature difference between the Cell 2 and the others. 

This situation can be explained by the position of the Cell 2. It is located in the middle of 

the cooling system, and it is cooled from both sides because of the symmetric shape. 

Therefore, as the number of cells increases in a module cell except the ones located near 

the entrance and exit would yield a similar temperature trend as in Cell 2. The cooling 

capacity of water system is defined as 15 W. 

 

 

 
Figure 7.4. The change in temperature of 3S battery cells during 3C discharge: water 

cooling  

 

 

7.2.3. Hybrid Cooling 
 

 

Finally, the battery cells are cooled by hybrid system. In the hybrid system, air 

and liquid cooling are used simultaneously. According to the Figure 7.5, each cell 
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temperature is kept below 29°C at hybrid cooling. In addition, the maximum temperature 

difference between the cells is 2.7°C and it is almost 30% lower than that of liquid 

cooling. The temperature trend in Figure 7.5 shows that the thermal management of the 

battery module is achieved via hybrid cooling for 3C discharge rate at an ambient 

temperature of 23°C. 

 

 

 
Figure 7.5. The change in temperature of 3S battery cells during 3C discharge: hybrid 

cooling 

 

 

7.2.4. Comparison of the Cooling Systems 
 

 

Air and water cooling are introduced to the battery module solely or 

simultaneously. In Figure 7.6, the results of Cell 2 at 3C dicharge rate is shown. In the 

comparison of cooling methods Cell 2 is selected because of position in the battery 

module. A battery pack in an electric vehicle is consists of many cells and most of the 

cells in the battery pack behaves like Cell 2. According to the Figure 7.6, the highest 

temperature values are observed in air cooling. Almost 2.5 % improvement in the 

maximum temperature is achieved by hybrid cooling when compared to water cooling. 

The temperature of battery cells are in operating limits in air cooling but the temperature 

trend show that the air cooling will be insufficient in extreme conditions such as 

aggressive driving cycles, high ambient temperatures, high discharge rate and so on. 
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Figure 7.6. The change in temperature of Cell 2 under various cooling methods during 

3C discharge 

 

 

The comparison between the cooling systems is made in cell level and the results 

are tabulated in Table 7.1. According to the Table 7.1, the temperature of the battery cells 

is kept in operating limits by each cooling systems. The highest and lowest temperature 

values in battery cell are recorded for air and hybrid cooling, respectively. The 

temperature difference between the cells is minimum for air cooling and maximum for 

water cooling.  

 

 

Table 7.1. Summary of the results for a battery module 
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step function is introduced to the battery module to determine the cooling capacity of air 

system during operation. In the step function, the battery module is subjected to a 

discharge at a rate of 3C for 270 s and then discharged at a rate of 1C for 810 s. This 

process continues until the discharging process is completed. 

 

 

7.3.1. Air Cooling 
 

 

Figure 7.7 shows the temperature and voltage profiles of the batteries during the 

operation under air cooling. According to Figure 7.7(a), air cooling is kept cell 

temperatures below 30°C when various loading imposed to battery module. Moreover, 

the maximum temperature difference is kept below 3°C. The highest temperature values 

occuring at Cell 1 and it is almost 30°C. The discharging process is completed in 2354 

seconds and the capacity of the battery is 7.153 Ah. 

 

 

 
(a) (b) 

Figure 7.7. The change in (a) temperature and (b) voltage values of battery cells in 

battery module during air cooling under step function 
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CHAPTER 8 

 

 

CONCLUSIONS 
 

 

Thesis is mainly based on the cooling of electric vehicle battery cells. There are 

various methods used in the cooling of the battery cells such as air cooling, liquid cooling, 

phase change cooling and etc. Microchannel heat sinks are one of the possible solutions 

for the cooling of the battery cells. There are a few studies/applications related to MCHS 

cooling in electric vehicle batteries. However, the popularity of electric vehicles is 

increase in the worldwide and this situation will contribute to development of electric 

vehicle industry and utilizing of MCHS in the cooling of electric vehicle batteries. 

Therefore, one of the subjects of the thesis is to uncover using micro heat exchangers in 

the cooling of battery cells. Therefore, experimental, and numerical studies in the 

literature about the heat transfer and flow characteristic in micro scale heat exchangers 

are investigated in detail to understand the feasibility of microchannel heat sinks for the 

application in battery thermal management system.  

According to literature, the characteristic of heat and fluid flow in MCHS are not 

resolved exactly and there is not consistency between the results of published documents. 

In order to understand heat and flow characteristics and make contribution to studies at 

micro scale levels, we should be aware of the following arguments. 

- There is no new physical phenomenon in microscale literature. Only difference 

between the macroscale is that the effect of surface roughness, EDL, axial heat 

conduction, aspect ratio, rarefaction effect, viscous dissipation, and so forth, are 

negligibly small in macroscales. 

- Experimental and numerical research is suggested to be conducted 

simultaneously to increase the accuracy of the results. Viscous dissipation, axial heat 

conduction, and rarefaction (for gaseous flow) effects should be considered while 

evaluating heat transfer and fluid flow in MCHS.  

- Continuum assumption in microscale is validated for liquid flow and generally 

problematic for gaseous flow. If Kn number is lower than 0.001, the gaseous flow can 

also be treated as continuum. 
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- Viscous dissipation can increase or decrease heat transfer depending on Br 

number (heating or cooling). The friction factor reduces due to a decrease in apparent 

viscosity as temperature increases in the heating case. 

- The effect of axial heat conduction in MCHS becomes negligible when Pe < 

100. 

- The effect of surface roughness on heat transfer is generally insignificant; 

however, the change in friction factor with surface roughness is remarkable according to 

the literature. Surface roughness effect on the friction factor and heat transfer is generally 

pronounced with rarefaction effect for gaseous flow, and it becomes significant at low Kn 

number values. 

- EDL affects liquid flow in microchannels and creates resistance to the fluid flow 

at the vicinity of the solid wall, that is, rise in apparent viscosity. This increases pumping 

power requirements in MCHS.  

-Overall, geometrical parameters should be defined as certain as possible and 

manufacturing constraints needed to be defined clearly before the experiments. When 

comparing the results of experimental studies, all the assumptions should agree with the 

methodology. The literature shows that there is disagreement in MCHS literature, and the 

physics of fluid flow should be focused more. To increase consistency between the 

literature and to understand the physical phenomena at microscale accurately, 

experimental and numerical studies should consider all physical phenomena in their 

studies and state all assumptions and criteria to justify the reason of why some phenomena 

are neglected if applicable. Thus, would enable the audience to compare the microscale 

heat transfer literature and realize the effect of each physical phenomena on heat transfer 

and pressure drop accurately. 

In addition to the review on MCHS, a numerical study which is mainly based on 

heat transfer enhancement in MCHS is conducted by inserting micro pin fins and 

nanofluids. The numerical study is conducted via COMSOL software and increase in 

pressure drop and heat transfer rate in microchannel heat sinks are determined. According 

to the numerical results the heat transfer rate in microchannels is enhanced by the 

extension of the heat transfer surfaces. However, the pressure drops in the microchannels 

also increase with the rising of heat transfer surface area. As a result, using microchannel 

heat sinks in battery cooling is not feasible because of higher pressure drop values. Thus, 

it is decided to design a heat exchanger in conventional length scales and introduce to 

battery cells.  
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In the study of battery cooling, various approaches have been used. Firstly, the 

study conducts on a silicone heater system to understand the thermal behaviour of the 

battery cells. And, then the experimental studies are conducted in a single lithium-ion 

battery cell to visualize temperature distribution on surface of the battery cell. Silicone 

heater system is tested under various heating loads. It is aimed to estimate thermal 

behaviours of battery cell at various discharge rate by using various heating loads in the 

silicone heater system. The silicone heater system can be good approximation to 

understand the thermal behaviour of the battery cell and it might be an economical way 

of conducting experimental studies. Furthermore, the safety problems arise in battery 

cells during experimental studies such as thermal runaway, fire of cells, short circuit and 

so on, can be eliminated in the silicone heater system. After that, experimental studies are 

carried out using a single lithium-ion battery to characterize thermal behaviour of the 

battery cell. The results show that heat generation is dense near the tabs, and it changes 

with respect to the charge/discharge rate.  

Lastly, the experimental studies are carried out in a battery module. Battery 

packs/modules are created by connecting many cells in serial or parallel configurations 

and they are used in electric vehicles as a power source. Here, a battery module, consists 

of three pouch cells connected in series, is cooled by implementing various cooling 

methods. According to the results, all the cooling systems are met the requirements of 

battery system at 3C discharge rate when the ambient temperature is 23°C. In the water 

cooling, the lowest temperature values are recorded in the middle cell because of the 

symmetric shape (it cooled from both sides). The most uniform temperature distribution 

and the lowest temperature values are observed in the air cooling and the hybrid cooling, 

respectively. The temperature of battery cells remains in the operating limits during air 

cooling; however, the temperature profile shows that the air cooling will be failed in 

extreme conditions such as aggressive driving cycles, high ambient temperatures, high 

discharge rates and so on. The result proves that air cooling will be the best solution for 

low capacity cells. In the hybrid system, the battery module is cooled by air, liquid, or the 

hybridization between them. The cooling system can be selected with respect to the 

operating conditions. Hence, an optional energy efficient cooling system is developed by 

the hybrid cooling. In order to simulate the performance of air cooling during the 

operation of electric vehicles, a step function is created. In the step function, discharging 

process is carried out in the following sequence: discharge at the 3C rate for 270 seconds 
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and discharge at the 1C rate for 810 seconds. The result shows that the cell temperatures 

are kept below 30°C during step function when the ambient temperature is 23°C.   

 

 

8.1. Further Studies 
 

 

The silicone heater system can be improved by defining new parameters. A time 

dependent code can be developed with respect to the heat generation profile in a battery 

cell and it is embedded into the power supply to introduce a predefined heating load for 

silicon heater.    

The battery cell can be modeled via a computational fluid dynamics software and 

the experimental model can be validated with respect to the numerical model. In addition, 

the numerical model can be used to develop the existing designs (the heat exchanger and 

the battery system used in the thesis) 
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