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ABSTRACT 
 

 

Lithium-ion (Li-ion) batteries are an excellent energy source for electric vehicles due 

to their extraordinary features, such as lower mass density, high energy density and long 

service life. The use of Li-ion batteries in electric vehicles is becoming extensive in the 

modern world. During battery charging and usage, internal heat is continuously 

generated due to increased thermal resistance. If the heat produced is not removed 

correctly, it will get stored and increase the cell temperature. Such an extreme 

temperature directly affects the life cycle, effectiveness, dependability, and battery 

safety problems. Hence cooling mechanism is necessary to have a good life and 

reliability on the battery system. The main objective of this analysis is to perform the 

thermal analysis of the Li-ion battery pack considering conjugate conduction-

convection boundary conditions at the pack and coolant interface. This analysis is 

performed numerically by solving the relevant governing equations using the finite 

volume method. The conduction, Navier-Stokes, and energy equations are solved 

iteratively. The numerical study is carried for the battery pack cooled with five 

categories of coolants. Five categories of coolants are passed over the heat-generating 

battery packs to extract the heat and keep the temperature within the limit. Different 

kinds of gases, conventional oils, thermal oils, nanofluids, and liquid metals, are 

adopted as coolants. In each category of coolant, five types of fluids are selected to 

obtain the lowest maximum temperature. The flow Reynolds number (Re), heat 

generation (Qgen), and conductivity ratio (Cr) are the parameters considered for each 

fluid to analyze the temperature distribution in the battery pack and its maximum 

temperature in detail. The average Nusselt number (Nuavg) analysis indicates the heat 

removal from the battery pack cooled by flowing fluid is carried out considering 

coupled heat transfer conditions at the pack and coolant interface. The Pr of the coolants 

varies in the range of 0.0208 to 511.5 (25 coolants), and Cr for each coolant category 

has its own upper and lower limit are used. The major findings of the conjugate analysis 

conducted reveals that the temperature distribution is non-uniform at the top and bottom 

of the battery. The maximum temperature of the battery pack is located at the top portion 

of the battery where the electrodes are placed. The temperature of the pack is low at the 

bottom surface due to direct contact with the coolant which comes in contact as fresh. 

The regions with high and low temperatures at the top and bottom of the battery pack 

produce uneven thermal stress, which later can cause the failure of the battery. Hence, 

choosing an appropriate range of thermal conductivity ratios that balances the solid and 

the fluid field to get better battery system performance results is required. The 

maximum temperature of the pack is significantly reduced by the Re and Cr of the 

coolants. While Qgen in the battery causes an increase in temperature above critical 

limits. For temperature reduction below the critical threshold requires use of nanofluids 

at moderate Re and any Cr is suitable. The flow of gas coolants over the battery pack 

causes a less decrease in maximum temperature due to their lower thermal conductivity. 

The Cr of all coolants except gases causes a higher difference in maximum temperature 

at all Re.  Thermal oils, nanofluids, and liquid metals provide maximum temperature in 

the same range of 0.62 to 0.54. In contrast, gases have nearly the same effect at different 

values of Re and Cr. Pr of oils and liquid metals show more influence than the gases 

and nanofluids. However, the Pr of coolants shows lower effects at different heat 

generations inside the battery pack. Conversely, by increasing the Cr of coolants, the 

Pr shows a promising variation in maximum temperature. The Nuavg is found to be 

unaffected by Qgen due to the velocity profile remaining the same at any heat generation 
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term. Whereas the flow Re changes the velocity distribution significantly which impacts 

Nuavg severely for different coolants. The analysis also revealed that Cr and Qgen have 

no role in improving Nuavg while Pr and Re vary significantly in each step. Moreover, 

Nuavg is found to increase with Re continuously irrespective of any Cr and Qgen. While, 

for oils with an increase in Pr and Re, Nuavg was found to reduce significantly. 

Nanofluids are found to be more effective in improving heat transfer from the battery 

pack when cooled by flowing nano-coolants over it. 
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البحث ملخص  
 

 

-Liأصبحت السيارات الكهربائية التي تستخدم نظام بطارية الليثيوم أيون 

ion  واسعة النطاق في العالم الحديث. يمكن اعتبار بطاريات الليثيوم أيون

(Li-ion مصدرًا ممتازًا للطاقة للسيارات الكهربائية نظرًا لخصائصها غير )

العادية ، مثل كثافة الكتلة المنخفضة ، وكثافة الطاقة العالية ، وعمر الخدمة 

طارية واستخدامها ، داخليًا الطويل ، وما إلى ذلك ، ومع ذلك ، أثناء شحن الب

تتولد الحرارة بشكل مستمر بسبب زيادة المقاومة الحرارية. إذا لم تتم إزالة 

الحرارة الناتجة بشكل صحيح ، فسيتم تخزينها وزيادة درجة حرارة الخلية. 

تؤثر درجة الحرارة القصوى هذه بشكل مباشر على دورة الحياة والفعالية 

ة البطارية. ومن ثم فإن آلية التبريد ضرورية والاعتمادية ومشاكل سلام

للحصول على عمر جيد وموثوقية لنظام البطارية. الهدف الرئيسي من هذا 

مع مراعاة  Li-ionالبحث هو إجراء التحليل الحراري لحزمة بطارية 

ظروف حدود التوصيل والحمل المتقارن في واجهة العبوة والمبرد. يتم إجراء 

عن طريق حل المعادلات الحاكمة ذات الصلة باستخدام  هذا التحليل عدديًا

 Navier-Stokesطريقة الحجم المحدد. يتم حل معادلات التوصيل و 

والطاقة بشكل تكراري. يتم إجراء الدراسة العددية لحزمة البطارية المبردة 

بخمس فئات من المبردات. يتم تمرير خمس فئات من المبردات فوق حزم 

ة للحرارة لاستخراج الحرارة والحفاظ على درجة الحرارة البطاريات المولد

ضمن الحد المسموح به. يتم اعتماد أنواع مختلفة من الغازات والزيوت 

التقليدية والزيوت الحرارية والسوائل النانوية والمعادن السائلة كمبردات. في 

ى لكل فئة من سائل التبريد ، يتم اختيار خمسة أنواع من السوائل للحصول ع

( ، وتوليد الحرارة Reأدنى درجة حرارة قصوى. يعتبر رقم رينولدز للتدفق )
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(genQ( ونسبة التوصيل ، )Cr هي المعلمات التي تم أخذها في الاعتبار لكل )

مائع لتحليل توزيع درجة الحرارة في حزمة البطارية ودرجة الحرارة 

 Nusseltرقم علاوة على ذلك ، يشير تحليل متوسط  القصوى بالتفصيل.

)avg(Nu  إلى أن إزالة الحرارة من حزمة البطارية المبردة عن طريق السائل

المتدفق يتم إجراؤها مع الأخذ في الاعتبار حالة نقل الحرارة المقترنة في 

 0.0208للمبردات في النطاق من  Prالعبوة وواجهة المبرد. يتفاوت معدل 

لكل فئة من فئات المبرد للحد  Crمبرداً( ، ويتم استخدام  25) 511.5إلى 

تزيد لزيادة  الأعلى والأدنى الخاص بها. وجد أن درجة الحرارة القصوى

genQ  وتنخفض لزيادةRe  وCr كما وجد أن الزيوت الحرارية والسوائل .

النانوية والمعادن السائلة توفر درجة حرارة قصوى في نفس النطاق من 

ة ت لها نفس التأثير تقريبًا عند قيم مختلف. في المقابل ، الغازا0.54إلى  0.62

 avgNuليس لهما دور في تحسين  genQو  Cr. كشف التحليل أن Crو  Reمن 

علاوة على ذلك ، وجد  اختلافًا كبيرًا في كل خطوة. Reو  Prبينما تختلف 

. genQو  Crبشكل مستمر بغض النظر عن أي  Reيزداد مع  avgNuأن 

 avgNu، وجد أن  Reو  Prالتي تحتوي على زيادة في بينما ، بالنسبة للزيوت 

بشكل ملحوظ. كما وجد أن الموائع النانوية تكون أكثر فعالية في ينخفض 

تحسين نقل الحرارة من حزمة البطارية عند تبريدها عن طريق تدفق 

 المبردات النانوية فوقها.
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CHAPTER ONE 

INTRODUCTION 
 

 

1.1 BATTERY THERMAL MANAGEMENT SYSTEM (BTMS) 

 

The use of Li-ion batteries facilitates power for transmission in electric vehicles. But 

they are susceptible to heat generation during charging and discharging (An et al., 

2017)(Yun et al., 2016). The batteries operating under high-temperature and low-

temperature environments require enhanced electrochemical stability to prevent 

overheating. A BTM system with battery packs must be mounted to improve 

temperature uniformity and ensure that the battery works within the optimal temperature 

range (Hannan et al., 2017). 

 

BTMS is classified in a wide range of parameters. The operating principle or the 

coolant phase and whether or not there is a direct interaction between the coolant and 

the batteries. The operation is actively controlled by a control system or passively 

without a power-assisted control system. The BTMS can also be classified based on the 

coolant phase. The most widely used and suggested coolants in the literature are gas, 

liquid, and phase change material (Lazrak et al., 2018). 

 

Air-based cooling systems are the most commonly used cooling systems in 

everyday life, be it for automotive applications, device cooling, or residential 

applications (Choi et al., 2012; Choi & Kang, 2014; Fan et al., 2013; Fathabadi, 2014; 

Park, 2013b).  Air BCSs use cold air flow between the batteries inside the battery pack 

to assimilate the produced heat and transfer it away from the batteries. For air BCSs 

(battery cooling systems), the air flow may be either due to the vehicle's movement, 

which is alluded to as natural air-driven BCS, or air is forced between the batteries 

through a power-assisted system. 

 

The majority of the airflow BTMS proposed for EVs (electric vehicles) are 

forced convection air cooling systems. These systems have a high heat transfer 

coefficient, low price, simple design, and easy maintenance. The energy consumption 

during the operation of these devices is low due to lower air viscosity. The air-based 
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BTMSs proposed in the literature are suggested primarily for battery packs subjected to 

moderate refrigeration loads. 

 

The battery pack's layout structure, such as the spacing between batteries, array 

configuration, airflow rate, geometries of inlet and outlet flow ducts, and so on, has a 

significant impact on BTM system efficiency (Fan et al., 2013; Marambio et al., 2016; 

Tong et al., 2016; Wang et al., 2014; Yang et al., 2015). Irregular spacing dramatically 

affects the temperature distribution in the battery cells (Fan et al., 2013). Battery array 

configuration includes two typical cell arrangements, staggered and aligned. The 

staggered arrangement of battery cells gives lower maximum temperature in the battery 

cells than aligned (Tong et al., 2016). Transverse gaps and longitudinal gaps should also 

be considered for different battery arrangements (Yang et al., 2015). Air flow rate is 

another crucial parameter that directly affects the efficiency of an air BTMS (Choi & 

Kang, 2014; Giuliano et al., 2012; Li et al., 2013; Saw et al., 2016; Wang et al., 2015; 

Xun et al., 2013). When the air flow rate decreases, the maximum temperature of the 

battery and maximum temperature difference within the battery cells increases. 

Although the rise in air flow rate would undoubtedly boost the cooling potential for air 

cooling systems, it also raises the cost. Therefore, consideration should be given to the 

trade-offs among these two parameters (Tong et al., 2016). 

 

The geometry of Inlet and outlet flow channels plays a significant role in 

maintaining uniformity in the flow rates across the channels. That, in turn, substantially 

affects the battery cell temperature and battery module pressure drop (Sun & Dixon, 

2014). Two types of air ducts- standard channel and jet cooling channel are reported in 

the literature. The Jet air cooling significantly reduces the maximum temperature in the 

battery cells and increases the temperature uniformity within the battery cells. The 

inclusion of aluminum porous metal foam in an air-cooled BTMS with flow channels 

also improves the thermal performance of the battery (Mohammadian & Mousavi, 

2015). 

 

To date, liquid-based cooling systems have become the most commonly used 

and popular BTMS, with some of the key producers of EV and HEV (hybrid electric 

vehicles) using liquid cooling systems to keep the batteries within the safe limit. Rimac  

Automobili in Croatia produced the first high-performance EVs, which introduced the 
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liquid-based cooling system to keep the temperature of the batteries at optimal operating 

conditions. The air-based cooling system appears to be inadequate to keep the battery 

temperature within the allowable limit at higher ambient temperature. It is more 

apparent for the high discharge rate of a large battery pack. 

 

Liquid-based BCSs are power-assisted devices that use liquid-phase coolants 

(Richard, 1999). The liquid coolant passes between the batteries and absorbs some or 

all of the battery's heat. Liquid-based systems allow auxiliary devices to recycle the  

liquid coolant by extracting the absorbed heat from the battery pack, unlike air-based 

BCSs. Liquid cooling, which uses convection or boiling mode to transfer the heat, 

effectively reduces the temperature and prevents overheating of batteries than air 

cooling due to the higher specific heat of liquids. Although it has some disadvantages, 

as stated in (Pesaran 2001)(Chen et al., 2016), liquid cooling is more efficient than air 

cooling. 

 

The liquid cooling system can be classified into two types as direct-contact and 

indirect-contact type, depending on whether the working fluid touches the battery 

directly or not. The most commonly used working fluid for direct-contact type can be 

dielectric, such as mineral oils (Karimi & Li, 2013; Nelson et al., 2002), electronic 

cooling liquid (Gils et al., 2014; Hirano et al., 2014), and so on, to prevent short-circuit 

if the coolant touches the battery directly. The indirect-contact type uses a cold plate or 

heat sink, jacket, and tubes (pipes) to isolate the battery and the working fluid. Battery-

generated heat is conducted from the battery cells into the cooling plate and convected 

away by the coolant. The selection range for the coolant is broad due to no restriction 

on the insulation criteria. However, the seal is critical to prevent liquid leakage because 

the insulation of the working fluid is not taken into account. Further, the working fluid 

chosen should have low maintenance problems to prevent the shift of the liquid-solid 

phase under lower ambient temperature, affecting the cooling system and the battery 

modules due to volume expansion. 

 

Cooling plate (indirect type) has attracted much attention of researchers in 

BTMS due to smaller thickness, compact structure, and good heat transfer impacts 

(Giuliano et al., 2012; Huo et al., 2015; Nieto et al., 2014; Panchal et al., 2016a, 2016c, 

2016b; Qian et al., 2016; Smith et al., 2014; Tong et al., 2015). Generally, the cold plate 
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arrangement involves sandwiching batteries within the cooling plates or positioning the 

cooling plates on the bottom or side surface of the battery. The average increase in 

temperature and non-uniformity of temperature decreases with the number of batteries 

between the cooling plates (Tong et al., 2015). While the increase in the volume of the 

fluid or increase in thickness of the cooling plate decreases the average temperature 

considerably and increases battery cell uniformity, it also causes an increase in the 

pumping power. BTMS system design should comprehensively consider 

electrochemical and thermal-hydraulic parameters. In order to optimize the different 

parameters, a multi-objective optimization algorithm can be proposed to achieve 

optimal decisions and acceptable compromises among these parameters. A simple U-

flow is the best compromise between thermal efficiency, power consumption, and 

vehicle integration (Smith et al., 2016). 

 

The cooling plate's operating characteristics are determined in part by the 

channel's geometric structure: its direction, width, length, etc. It is known that heat 

transfer by convection decreases along the axial direction of a traditional straight 

channel due to the development of a hydrodynamic boundary layer resulting in a 

substantial temperature gradient on the battery surface. Hence to boost efficiency, 

traditional straight channels are replaced by oblique mini channels. In oblique mini 

channels, re-initialization of boundary layers takes place, which considerably improves 

the temperature uniformity of the battery system. 

 

Tubes (pipes) have recently emerged as a valuable constituent of liquid cooling 

systems (Lan et al., 2016; Rao et al., 2016). U-shape pipe, along with an optimum 

combination of velocity and other parameters, significantly reduces the temperature 

uniformity in the channels. 

 

The various cooling specifications for the BTMS system are also determined by 

the shape and atmosphere of the batteries. In the cylindrical battery, due to the cambered 

exterior surface, it is not ideal for cooling the battery using a flat cooling plate. The 

cooling plate structure should be altered and optimized to increase the contact surface 

between the battery and cooling plate and enhance the cooling effect. The direction of 

flow, number of channels, and inlet size, and flow rate all affect the BTMS performance. 


