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Electric vehicle technology is gaining global attention as a sustainable alternative to fossil 

fuels, rapidly replacing internal combustion engine vehicles. However, managing the thermal 

performance of lithium-ion batteries - the optimal energy storage system for electric vehicles 

remains a significant challenge. This study focuses on developing an effective cooling system 

to manage the thermal challenges of a cylindrical lithium-ion battery pack operating under a 

high discharge rate of 6 C, generating volumetric heat transfer of 3340135 W m3⁄  of 

20Ahm−2  arranged in parallel and operating at a temperature of 298 K. The thermal 

performance of the cooling system was analyzed under varying Reynolds numbers by 

evaluating different configurations of channels mounted on a rectangular frame. The study 

explored the potential of heat transfer enhancement using circular, elliptical, and rectangular 

solid pin fins, as well as aluminum foam inserts with varying porosities. The effects of insert 

location, spacing, and three insert arrangements within the fluid domain were also investigated. 

Numerical simulations were conducted using ANSYS® Fluent 20R1 to solve the governing 

equations of heat transfer and fluid dynamics under different flow orientations. Results show 

that the cooling system achieved the highest heat transfer rate density when three channels were 

mounted on the rectangular frame, irrespective of the insert configuration. The insert placed 

closest to the inlet yielded the best thermal performance. Although low- and medium-porosity 

aluminum foam inserts enhanced heat transfer, their use was discouraged due to the high 

pumping power requirements. Among the three-insert arrangements, a spacing of 2.0 mm 

provided optimal thermal performance. Counterflow configurations consistently outperformed 

parallel flow arrangements. Notably, a single insert positioned at one-eighth of the channel 

length from the inlet (L/8) outperformed systems with three inserts, regardless of spacing 

arrangements. At the peak performance of the system with a circular, elliptical, and rectangular 

aluminum foam of 0.9 porosity insert, 46.1%, 36.2%, and 39.40% of improved enhancement 
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factors were achieved respectively, by the cooling system compared with solid pin fin 

counterparts. Overall, a cooling system with a circular solid pin fin insert positioned at L/8 

demonstrated superior performance, exceeding elliptical and rectangular inserts by 10.6% and 

4.2%, respectively. The optimization of this system using constructal theory, achieved a 

thermal performance enhancement of over 390% at a Bejan number of  7 × 108 compared to 

its unoptimized counterpart. Generally, the findings from this study show that for a battery 

cooling system, the number of mounted channels, flow orientation, insert’s (solid pin fin or 

aluminum foam) location, and its number in the fluid domain have a significant effect on the 

dissipation of the heat from the battery pack. The influence of types, shapes, and porosities of 

the aluminum foam insert on the overall thermal performance enhancement of the cooling 

system was demonstrated. Overall, this study provides useful knowledge for enhanced design 

and effective electric vehicle battery pack heat dissipation of the cooling system. 

 

Keywords: Electric vehicle batteries, heat transfer rate density, heat transfer enhancement, 

solid pin fin, aluminum foam, porosity. 
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system with a centrally located circular solid pin fin (CSPF) in the channel(s). The color 
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Figure 5.4. Cost of pumping power (Pp) vs Reynolds number (Re) of the cooling system 
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represent the cooling system of different numbers of channel(s) with a CSPF insert mounted 
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Figure 5.5. Dimensionless heat transfer rate density vs. number of channels mounted on the 
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fin (CSPF) Inserts. Colored markers represent different Reynolds numbers (Re): Re = 128.38 

(black), Re = 513.52 (red), Re = 1027.04 (green), Re = 1540.56 (blue), and Re = 2054.08. 79 
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located at L/2 (NC3CF and NC3PF), L/4 (NCJCF and NCJPF), and L/8 (NCMCF and NCMPF), in 
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Figure 5.7. Dimensionless thermal resistance (Rth) vs. Reynolds number (Re) of cooling 
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markers illustrate counterflow (CF) and parallel flow (PF) cooling systems with varying 

locations of a single CSPF and spacing arrangements of multiple CSPFs in the channels. 84 
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color makers represent the temperatures of each battery cell in a pack. 87 
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𝑁𝐶3𝜀 = 0.5𝑃𝐹) as well as 0.9 porosity (𝑁𝐶3𝜀 = 0.9𝐶𝐹 and 𝑁𝐶3𝜀 = 0.9𝑃𝐹) 93 
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0.5𝐶𝐹 and 𝑁𝐶3𝜀 = 0.5𝑃𝐹) as well as 0.9 porosity (𝑁𝐶3𝜀 = 0.9𝐶𝐹 and 𝑁𝐶3𝜀 = 0.9𝑃𝐹). 94 

Figure 5.17. Thermal performance enhancement factor (TPEF) vs Reynolds number (Re) of 

the cooling system with circular aluminum foam of varying porosities insert. The color 

markers illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped with a 

single aluminum foam of 0.1 porosity (𝑁𝐶3𝜀 = 0.1𝐶𝐹 and 𝑁𝐶3𝜀 = 0.1𝑃𝐹), 0.5 porosity 
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Figure 5.18. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system with a single circular aluminum foam of 0.9 (CAFε=0.9) porosity insert. The colored 
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2

s⁄  
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𝐿/4   Quarter of the length of the channel towards the inlet. 

𝐿/8   Half of a quarter of the length of the channel towards the inlet. 

𝑁   Cooling system without insert 

𝑁𝐶   Cooling system with circular insert. 

𝑁𝐸   Cooling system with elliptical insert. 
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CHAPTER ONE 

CHAPTER ONE 

INTRODUCTION 

1.1 BACKGROUND INFORMATION 

The concern about greenhouse gas emissions and the depletion of natural resources has 

propelled automotive researchers and engineers to develop electric vehicles to replace the 

gasoline type. Anthropogenic greenhouse gas emissions are thought to affect the climate and 

marine environment [1] strongly. Meanwhile, the global energy crisis and rising greenhouse 

gas emissions are largely caused by internal combustion engines. For instance, 60.5% and 62% 

of the world’s petroleum was reportedly consumed by gasoline vehicles in 2006 and 2020 

which resulted in a significant amount of CO2 emissions [2]. According to the World Health 

Organization (WHO), 4.2 million people die each year from conditions directly related to air 

pollution, and at least 91% of the world's population is exposed to poor air quality [3].  

An improvement in air quality recorded during the COVID-19 pandemic was linked to a sharp 

decline in fossil fuel demands due to the drop in transportation using gasoline vehicles, 

especially in highly populated cities [4]. As a result of this development, using internal 

combustion engine cars might likely be outlawed locally and internationally within the next 

decades, as proposed by many nations [5]. For instance, Denmark introduces tax rates of 180% 

on vehicles with internal combustion [6].  

Also, the Norwegian government waived electric vehicle registration and value-added tax, 

while China formulated a policy that encourages scientific research and production of electric 

vehicles [2]. A motion prohibiting the sale of internal combustion engine vehicles by 2025 was 

recently passed by the lower house of the Dutch parliament [7]. These efforts by the 

governments of nations are directed towards the gradual replacement of internal combustion 

engines with electric vehicles, as it is generally accepted that these steps significantly minimize 

air pollution. Hence, the development of electric vehicles with the hope of little or no damage 

to the ecosystem.  However, the effective operation of the electric vehicle largely depends on 

the batteries as its power source.  

Among various batteries, lithium-ion battery (Figure 1.1) is considered the most preferred for 

electric vehicle operation due to certain advantages such as high energy density, high voltage, 

low self-discharge, and ease of maintenance [8]. However, the wide acceptance and large 

production of lithium-ion batteries are restricted due to excessive heat generated during 



 

6 

 

CHAPTER ONE 

charging or discharging working conditions [9].  Accelerated power degradation, capacity 

reduction, and thermal runaway are major consequences of heat generated in the lithium-ion 

battery [10-12].  Therefore, developing the cooling system for thermal management of lithium-

ion batteries becomes inevitable.  

  

Figure 0.1. Lithium-ion battery, Chassis (a) cover (b) Cellule (c) Module (d) Battery pack (e). 

[13] 

Rao, et al., [14] reported heat pipe [15-17], phase change material (PCM) [18-20], air [21-23], 

and liquid [24-26] cooling as the four major techniques for managing the temperature 

challenges of the lithium-ion batteries, and that two or more techniques could be integrated for 

the enhancement of the heat transfer process [10]. Among all, liquid cooling was reported by 

[27] to be more effective for temperature control of lithium-ion batteries, particularly when 

dealing with larger battery packs operating at a very high discharge rate. According to [28, 29], 

the cooling system principle of operation is based on transferring heat without transferring fluid 

that carries the heat. In most cases, the cooling system’s effectiveness is related to its hydraulic 

diameter because the heat transfer coefficient increases with the reduction of hydraulic 

diameter, as reported by [30]. A developed system with a smaller hydraulic diameter, known 

as micro/mini-channel was proved by [31] to have a better thermal performance in removing 

heat than a conventional heat exchanger with a larger hydraulic diameter (Dh > 3 mm).  
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Proposing micro/mini-channel as the best alternative cooling system in replacement of 

traditional heat exchangers, their work demonstrated the removal of 790 W/cm2 heat flux 

experimentally by a micro/mini-channel heat sink. Thakre et al.[32] claimed 50% heat transfer 

coefficient improvement of micro/mini-channel over the conventional heat exchanger. 

According to [33], Manufacturing and operating costs reduction with ease of pressure control, 

and high energy efficiency have given micro/mini-channel special consideration as suitable 

cooling technologies. Therefore, the application of minichannel for thermal control of electric 

vehicle batteries will be an interesting adventure. A number of studies dedicated to the thermal 

management of lithium-ion batteries with minichannel have been reported both numerically 

[33-35] and experimentally [36].  

The heat transfer enhancement between the minichannel internal structure and the working 

fluid can potentially to improve the cooling system's thermal performance.  An improved heat 

transfer due to better fluid mixing in the flow channel equipped with an insert has been 

observed to yield better thermal performance enhancement of the cooling device [37-41]. The 

thermal analysis of the different shapes of solid pin fin or aluminum foam insert on thermal 

performance enhancement of the minichannel cooling system specifically designed for battery 

thermal runaway prevention, was documented by several studies [42-44].  In addition, 

researchers investigated the influence of increased numbers, and arrangements of pin fins or 

aluminum foam in the fluid domain on the thermal performance of cooling systems [41, 45, 

46]. The friction factor effect on the enhanced heat transfer in the flow channel remains 

significant in evaluating the overall thermal performance of a minichannel cooling system 

equipped with an insert. Guo et al. [45] employed the thermal performance enhancement factor 

to present a battery thermal management system with a tolerable working fluid friction factor.  

To achieve the optimal performance of the battery thermal management system, significant 

research [41, 47-52] has been carried out on cooling system optimization through the 

application of the constructal law and design. The laws hold a better flow architecture, resulting 

in minimum global flow resistance and the best equilibrium of all the internal flow resistance 

of the cooling configuration. Therefore, cooling system optimization should be considered to 

realize optimal performance. 

Computational fluid dynamics (CFD) is an entrenched design tool used in engineering. It has 

become the standard technique for configuration development and analysis in many fields. The 

tool provides the possibility of multiparameter optimization within a short time and is 
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recognized as a cost-effective method that can supplement the shortcomings of field and 

laboratory investigations.     

1.2 Motivation for the study 

Higher energy efficiency and zero emission benefits have attracted the invention of electric 

vehicles, thereby replacing conventional gasoline vehicles. However, the increasing reports of 

fire and explosion of electric vehicles due to poor thermal management of lithium-ion batteries 

[53-55] as optimum power storage for this electrifying vehicle calls for more research attention. 

Hence, the motivation for this present research work. This work involves the development of 

a lithium-ion battery pack coupled with a minichannel cooling system equipped with the solid 

pin fins or aluminum foam insert(s). With the application of constructal theory and design, the 

optimized cooling system for maintaining the battery pack in an allowable temperature range 

of  25℃ − 42℃  and temperature variation of less than 5℃ inside the pack will be presented. 

1.3 Aim of the research 

This research aims to develop a compact and effective minichannel cooling system for 

the thermal management of a lithium-ion battery pack in an electric vehicle operating at a very 

high discharge rate. Different types of cooling systems will be modeled to enhance the 

performance of the developed system. The optimized system will be obtained with the 

application of constructal theory and design. 

1.4 Objectives of the study 

The objectives of this study are to:  

i) Develop and validate a model for predicting the thermal performance of a cooling 

system coupled with an electric vehicle battery pack operating under a steady state 

condition. 

ii) Investigate the effect of the number of channels (with or without insert) mounted on 

a rectangular frame on the cooling system's thermal performance.  

iii) Investigate the heat transfer enhancement potential of varying the location of a single 

circular, elliptical, and rectangular solid pin fin or aluminium foam of varying porosities 

inserted in the channels on the thermal performance of the developed cooling system. 
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iv) Compare the enhancement potential of a single with multiple (three) insert(s) of varying 

spacing arrangement from the best point of insert (circular, elliptical, and rectangular 

solid pin fin or aluminium foam) location in the channels towards the inlet on cooling 

system performance. 

v) Compare the enhancement potential of different configurations (circular, elliptical, and 

rectangular) of solid pin fins with aluminum foam on the cooling system performance. 

vi) Optimize the cooling system for best performance using constructal theory and design 

approach. 

1.5 Scope of the research 

In this study, the thermal performance of the cooling system for thermal management of electric 

vehicle battery pack is developed using CFD code with forced convective heat transfer, steady, 

laminar, and incompressible fluid flow. The battery pack of five similar 26650 cylindrical 

lithium-ion batteries with each of 20𝐴ℎ𝑚−2 capacity operating at a high discharged rate of 6C 

(Columbus) is coupled with a cooling system of a rectangular frame mounted with 

minichannel(s). With volumetric heat transfer of 3340135 W/m3 equivalent to the total heat 

generated by the battery pack, various velocity boundary conditions are employed for the 

simulation process. The enhancement of the cooling system performance was numerically 

analyzed based on the number of channels (with or without insert) mounted on the rectangular 

frame, varying location of single, and spacing arrangements of multiple (three) insert(s) in the 

fluid domain. The solid pin fin and aluminum foam of low (0.1), medium (0.5), and high (0.9) 

porosities of the same base and height were employed as inserts in this study. The thermal 

performance of the developed cooling systems is evaluated with the maximum rectangular 

frame wall temperature, dimensionless thermal resistance, dimensionless heat transfer rate 

density, and thermal performance enhancement factor. Throughout this study, water with 

constant and temperature-dependent properties assumptions is considered as the working fluid 

to present all simulation results in steady-state working conditions of the battery pack model. 

With the application of fixed channel length and volume, the optimization of the cooling system 

with the highest value of thermal performance enhancement factor indicating superior 

performance in dissipating heat from the battery pack, is presented for the optimization process 

using the constructal theory and design approach. 
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1.6 Research Methodology 

The aims and objectives of this research work were actualized with the adoption of numerical 

analysis. Using commercial computational fluid dynamics (Ansys® 2020) Fluent comprises 

goal-driven optimization algorithms, the numerical approach which entails modeling and 

discretization of the computational domain, conjugate heat transfer problem solving by 

employing appropriate governing equations, and result processing as well as searching for 

optimal design variables with global objective in view were effectively accomplished. 

1.7 Material selection 

With a view to the development of an engineering system characterized by a high level of 

durability, optimal performance, and effective cost implication, careful selection of materials 

becomes inevitable. For this study, aluminum is considered a suitable material because of its 

excellent corrosion resistance, easy manufacturing, low density, high thermal conductivity, and 

specific heat transfer in reference to other materials such as diamond, copper, silicon e.t.c. 

However, according to manufacturer specifications, the cathode and anode of the 26650 

cylindrical lithium-ion battery considered for this work are designed with Lithium-ion 

phosphate and graphite, respectively. 

1.8 The novelty of the study 

According to [56, 57], the placement of an insert in the flow channel reduces the thermal 

boundary layer leading to an improved heat transfer coefficient. However, the thermal 

boundary layer thickness increases with the length of flow channels [45] indicating that the 

thermal boundary layer grows with the location. This suggests that the re-initialization of the 

thermal boundary layer for enhanced heat transfer in the channel is sensitive to the location of 

an insert in the channel. Available open literature shows no research attention to the search for 

the finest location of an insert in the channel for improved system performance. The novelty 

of this work is in simulating the flow and heat transfer characteristics of several insert locations 

in order to identify the point that gives the appropriate best performance for significant 

improvement in battery cooling system performance. 
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1.9 Thesis Organization 

This thesis is organized into ten chapters each with different sections and subsections 

for ease of reading and referencing. Each chapter provides a detailed description of the 

analysis carried out in this study. 

• Chapter 1 provides the background information and motivation for the study, 

the research objectives, and the methodology employed to carry out the study. 

• Chapter 2 provides a detailed review of relevant publications on electric vehicle 

batteries, heat generation, and cooling techniques of  lithium-ion batteries. It 

also presents a relevant discussion based on the open literature on the liquid 

cooling system performance enhancement, constructal theory and design 

approach, and cooling system optimization techniques.  

• Chapter 3 briefly reviews the fundamental principle governing heat generation 

in cylindrical lithium-ion batteries. It also presents the numerical modeling used 

in this study. The discussion on mass, momentum, and energy conservation 

equations governing the transport of mass and heat as well as porous media 

mathematical formulations, is well-detailed in this chapter. The chapter also 

explained the equations governing the optimization algorithm. 

• Chapter 4 presents the numerical model for the cylindrical lithium-ion battery 

pack cooling system with mounted channels on a rectangular frame. The chapter 

demonstrates the behavior of the system design with the number of channels 

without an insert mounted on the rectangular frame, under the influence of 

different flow orientations. 

• Chapters 5, 6, and 7 respectively, provide the enhancement potential of a 

circular, elliptical, and rectangular sold pin fin and aluminum foam of varying 

porosities inserted into the performance of the cooling system designed in 

Chapter 4. Different locations of the insert effects on the system performance 

were detailed and compared with the varying spacing arrangements of three 

inserts. Finally, the enhancement potential of the aluminum foam inserts was 

compared with that of the solid pin fin  
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• Chapter 8 presents the comparative analysis of the different shapes of the solid 

pin fin insert on the system performance enhancement. 

• Chapter 9 presents the optimization of the cooling system with the highest 

thermal performance from Chapter 8. 

• Chapter 10 presents the general findings from this study and gives 

recommendations for future work.  
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Electric vehicle batteries 

The importance of crude oil in driving the economy of any nation is so significant [58]. 

However, its harmful effects on the environment and humanity paved the way for the 

innovation of electric vehicles as an alternative to gasoline and diesel (a constituent of crude 

oil) vehicles. Improved energy efficiency, performance, and environmental friendliness are 

some of the notable advantages of electric vehicles listed by Tamaldin et al.[59]. Tesla Model 

S, BMW i3, Smart Electric Vehicle Drive, Nisan Leaf. BYD and Kia Soul EV are a few among 

other commercial electric vehicles present in the market today [55]. These zero-emission 

vehicles depend mainly on stored electricity in a battery pack to power an electric motor that 

turns the wheels. The operational characteristics of power batteries to meet vehicle necessities 

are a concern to both battery manufacturers and users.  Lithium-ion batteries, which were first 

introduced to the market in 1991 by Sony Corporation and are composed of electrolyte, carbon-

based anode, lithium compound-based cathode, and separator as their major components 

(Figure 2.1) have received general applications in developing zero-emission transportation and 

are the leading candidates for hybrid and electric vehicles [60].   

 

                 Figure 0.1. Lithium-ion battery composition  [61] 
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As shown in Figures 2.2. the lithium-ion battery is manufactured in three shapes: prismatic, 

pouch, and cylindrical.  

• Lithium-ion prismatic cells are comprise of large sheets of anodes, cathodes, and 

separators that are sandwiched, rolled up, and compressed into a cubic shape to fit 

within a metallic or hard-plastic housing.  

• Pouch cells employed a sealed piece of flexible foil rather than a solid enclosure as their 

cell container. This is a more simplistic method of packaging that results in flexible 

cells that may easily fit the available area for a particular product. 

• A cylindrical cell comprises cathodes, separators, and anodes in the form of sheets that 

are sandwiched, wound up, and crammed into a container with a cylinder shape. Due 

to this battery’s rounded design, the internal pressure from side reactions is distributed 

practically evenly across the cell’s perimeter. This enables the cell to sustain greater 

internal pressure without deforming. 

The anode and cathode materials are usually coated with copper foil and aluminium foil, 

respectively. Serving as the current collectors, aluminum and copper can complement the 

extension of the life span of lithium-ion batteries [60, 62]. High energy density, lightweight, 

low self-discharge rate, high cycle life span, and ability to store higher electrical energy in a 

bit of space are specific lithium-ion battery advantages itemized by [53] for its popularity as a 

preferred primary energy source for electric vehicles. Categorized as a rechargeable type of 

battery, the lithium-ion battery works on the principle of intercalation or deintercalation of 

lithium ions into the structure of the electrode materials. The oxidation state of lithium changes 

from 0 to +1 as it oxidizes from Li to Li+ in the lithium graphite anode during the discharge 

operation as reflected in the Equation. (2.1).  Following Equation (2.2), the lithium ion is 

integrated into lithium cobalt oxide as it migrates to the cathode through the electrolyte medium 

in which the cobalt oxidation state reduces from +4 to +3. The battery cell is recharged when 

the lithium-ion migrates back to the cathode [63] 

𝐶6𝐿𝑖 → 6𝐶(𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒) + 𝐿𝑖+𝑒−                                                                              (2.1) 

𝐿𝑖1−𝑥𝐶𝑜𝑂2(𝑠) + 𝑥𝐿𝑖+ + 𝑥𝑒− → 𝐿𝑖 𝐶𝑜𝑂2(𝑠)                                                           (2.2) 

The migration of the lithium ions from one electrode to another during battery operation 

generates extensive heat in the battery cell. The hotter the cell, the shorter the life span of the  
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Figures 0.2.  Different configurations of Lithium-ion cells [64] 

 

battery module [10]. The depletion of running lithium ions and active materials in conjunction 

with an increase in the internal resistance of lithium-ion batteries was traced by [65] to elevate 

the operating temperature. Meanwhile, [66] documented significant differences in kinetic and 

thermodynamic properties impact the rate of heat generated by different lithium-ion battery 

components. The internal capacity of the battery cell was said to deteriorate by 30% and 70% 

when operating at 25℃ and 55℃ respectively after 800 cycles of operation [67].  According 

to [68], the state of charge (SOC) and state of health (SOH) of lithium-ion battery cells will be 

greatly retarded with overheating and non-uniform temperature differences resulting in 

premature cell failure and thermal runaway. At a discharge rate of 1-C, an increase of 5℃ −

20℃  of temperature was recorded by [69] for a single lithium-ion polymer cell with a 

temperature increment higher at low SOC. In a battery operating temperature range of 30℃ −

40℃ [70] reported approximately 2 months deterioration of lithium-ion battery life span for 

every degree of temperature increment, and suggested the maintenance of temperature gradient 

in both battery level and module level below 5℃  

However, battery working conditions below the temperature of  −10℃ will hasten the rate of 

cell capability and aging deterioration [71, 72]. Liu et al. [10] fixed the optimum working 

temperature of lithium-ion cells within the range of 20℃ and 40℃ for effective performance, 

durability, and longevity of the battery of electric vehicles. 
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2.1.1 Heat generation process in a lithium-ion battery 

Itemising the three factors influencing heat generation in lithium-ion batteries, [73] reported 

the larger impact of the C rate to increase the generation of heat than other factors such as 

temperature and state of charge (SOH).  According to [74] thermal runaway and premature cell 

failure are direct consequences of uncontrolled exothermic reactions in the battery cell. The 

safety enhancement of this energy storage facility can be better achieved when there is an 

adequate understanding of internal thermal behavior as well as the source of heat generation in 

the battery. Different electrochemical methods, such as voltage temperature coefficient, 

galvanostatic intermittent titration technique (GITT), and hybrid pulse power characteristics, 

have been employed by various researchers [74-76] to calculate the contribution of different 

heat sources to the total heat generated by lithium-ion batteries. 

According to Basu et al. [62], The following have been identified as the three primary sources 

of the total heat generated by the lithium-ion battery during working operation: (i) reversible 

heat generation, (ii) Irreversible heat generation, and (iii) ohmic heat generation. 

(i)  Reversible heat generation.:  This type of heat generation is susceptible to cell entropy 

changes. Charge transfer in the electrolyte and electrode reactions is the main cause of the 

entropy change in an electrochemical cell. More than 50% of the total heat generated by a 

lithium-ion battery at a discharge rate of 1.0 C was reported to have contributed by reversible 

heat generation as thermodynamically analyzed by [77] which depicts the significant effect of 

reversible heat generation on total heat dissipated by a cell of  lithium-ion battery at a low 

discharge rate and high temperature [73, 78]. However, this generated amount of reversible 

heat was of the same proportion at the cathode and anode [62]. The influence of the local heat 

effects inherent in electrodes on reversible heat generated by the battery cell of a lithium-ion 

battery was reported by [79]. Using an electrochemical thermodynamic measurement system, 

[75]  documented a higher value of reversible heat generation for 𝐿𝑖𝐶𝑜𝑂2 base electrode when 

compare to 𝐿𝑖𝑁𝑖𝑥𝐶𝑜𝑦𝑀𝑛𝑧𝑂2 and   𝐿𝑖𝐹𝑒𝑃𝑂4,base electrodes, while lithium titanate was 

observed with the lower change of entropy in comparison with graphite base anodes using this 

same electrochemical method.  

(ii) Irreversible heat generation.: Characterized as an exothermic reaction, irreversible heat 

generation is connected to the overpotential needed to drive the reaction at a finite rate. This 

type of heat generation rises with discharge rate and temperature. For instance, with an increase 
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in discharge rate from 0.25A to 5A, an increase of irreversible potential from 0.034V to 0.369V 

was reported by [80] and significant value of irreversible heat generation was documented with 

the temperature varied between 15℃ 𝑎𝑛𝑑 55℃ . During the intercalation of Lithium in the 

graphite anode, a spike of exothermic heat effect was experimentally observed by [81]  which 

suggests the contribution of irreversible heat generation to total heat generation is more 

significant during the intercalation process [82]. 

(iii) Ohmic heat generation.; Ohmic heat generation is a function of resistance offered to 

the electronic and ionic transport in the solid and liquid phases, respectively. This was further 

simplified by [83]  as the authors analyzed the three main components of ohmic heat generation 

as (i); heat due to the transformation of lithium-ion in the electrolyte, (ii); heat due to 

intercalation or deintercalation chemical process of lithium-ion into solid particles, and (iii); 

heat originated from aluminum and copper current collectors.  In the presence of high current, 

this type of heat generation strongly influence on the discharge capacity of the lithium-ion  

battery as a consequence of voltage drop [73]. Ohmic heat generation at the cathode was 

experimentally observed with significant contribution to total heat generated by lithium-ion 

battery at a high discharge rate but at a lower discharge rate an isothermal operation with other 

sources of heat generation was reported [62] 

Proper understanding of the heat generation mechanism in a lithium-ion battery is essential for  

developing its cooling system. Hence, the focus of this research. 

2.1.2 Thermophysical properties of cylindrical Lithium-ion battery 

According to [84], Commercial lithium-ion batteries often have electrodes that are made of a 

combination of electrochemically active materials, carbon black conductive agents, and 

polymer adhesives, which are coated on metal foil collectors. While the anode-active material 

is  composed of carbonaceous materials in which intercalation and deintercalation of Lithium-

ion take place, the cathode-active material was reported [85] to be classified into four major 

categories: lithium manganese oxide (LiMn2O4), lithium nickel manganese cobalt oxide 

(LiNiMnCoO2 or NMC), lithium cobalt oxide (LiCoO2), and lithium iron phosphate (LiFePO4 

or LFP). The thermal properties and stability of the active materials are among the most 

important factors that affect battery performance, as they limit the operating temperature range 

of the battery in response to heat generation [86]. Additionally, the lithium-ion batteries’ ability 

to perform effectively during charge and discharge operations depends on the ionic and 

electronic conductivity of this active material, which is temperature-dependent. Low thermal 
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conductivity of the separator has been indicated as one of the major hindrances to effective 

heat transfer in the lithium-ion battery [87]. Yang et al. [88] achieved a five times enhancement 

of lithium-ion battery separator when the authors developed a nano/micro-𝐴𝑙2𝑂3 PVdF-HFP-

based composite separator of high thermal conductivity. Their study expressed the influence 

of nano 𝐴𝑙2𝑂3 on the improvement of composite thermal conductivity. 

However, the physical construction of a cylindrical lithium-ion battery (Figure 2.3) necessitates 

the need for adequate knowledge of its anisotropic thermal energy transport in the battery cell 

electrodes. It is expedient to note that improving limiting components of a lithium-ion battery 

can easily be achieved with effective knowledge of the battery cell thermal conductivity.  In 

their combined experimental and CFD simulation analysis, [89] respectively documented 

4.32 W mK⁄  and 11.5 W m/K⁄  as a measured radial and axial thermal conductivity for 

cylindrical Tesla NCA ternary lithium battery  Using a calorimeter, [90] experimentally 

measured and documented heat capacity of certain batteries including lithium-ion battery. 

Their work reported the influence of the battery pack design model on cell temperature 

distribution.  Meanwhile, 18odelling the battery cell using effective thermal conductivity and 

heat capacity is more appropriate due to the distributed nature of heat generation within a Li-

ion cell [85]. This was experimentally demonstrated by [91] where the authors employed xenon 

flash technology (XFT) and steady-state measurements to analyze the Sony US- 18650  

lithium-ion battery and its componens’ thermal properties with and without electrolyte. Their 

study reported the rise of specific heat capacity and thermal conductivity with an increase in 

open circuit voltage. Identifying certain flaws such as; inadequate presentation of whole cells’ 

thermal conductivity, cumbersomeness, and high cost of analysis related to the use of the XFT 

method, [85] employed cell axial thermal response in an adiabatic geometry as a new method 

to determine rapid measurement of axial and radial thermal conductivity as well as heat 

capacity of cylindrical lithium-ion battery cells. The authors documented the simplicity and 

effectiveness of this method as an advantage over the XFT method for the accurate 

measurement of heat capacity and anisotropic thermal conductivity of 26650 and 18650 

cylindrical lithium-ion battery cells simultaneously in a single experiment. The pipe method in 

conjunction with nichrome and type K thermocouples was adopted by [92] to measure lithium-

ion battery radial thermal conductivity effectively. Investigating the accuracy of this method, 

25% of the uncertainties resulted in the study by [93], and a more precise value of radial 

thermal conductivity of cylindrical lithium-ion battery was documented when the authors 

combined differential scanning calorimetry (DSC) and laser flash method (LFA) in addition to 
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the pipe method. The need for an automated process of sensor positioning and heating wire for 

accurate temperature measurement was stressed by their study as a means of averting possible 

uncertainties related to the pipe method. 

Either at cell or module level, the basic thermal properties information related to the heat 

capacity and thermal conductivity of lithium-ion batteries is critical to the development of a 

reliable and effective battery cooling system. 

 

Figure 0.3.  Cylindrical Lithium-ion battery components. [94] 

2.2 Battery Cooling Techniques 

For the safety, durability, and efficient operation of batteries of electric vehicles, the 

development of a battery cooling system to mitigate the excessive heat generated by this energy 

storage device becomes very crucial. Researchers have conducted several studies in pursuit of 

the best cooling technology to address the rising temperature challenges in the battery during 

working operation. Generally, numbers of cells are combined to give a large battery 

pack/module in either parallel or series arrangement [10]. The cell’s thermal and electrical 

conditions in the module should be excellently guided to ensure adequate battery safety and 

desirable operation [55]. Thus, the decay of hotter cells corresponds to the malfunctioning of 
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the pack or module [10]. Charge acceptance, round-trip efficiency, system electrochemical 

operation, life and lifecycle cost, power and energy capability reliability are certain battery 

aspects capable of being affected by unchecked temperature rise in lithium-ion battery [69]. 

In 2019 and 2018 respectively, a fire accident in Tesla Model S in Pittsburgh and flames 

bursting out from the Porsche Panamera E-Hybrid while connected to a household charging 

plug-in in Thailand were blamed on poor thermal management of lithium-ion batteries [55]. 

Hence, an effective cooling system for the electric vehicle batteries is needed. Benabdelaziz et 

al. [13] numerically studied the impact of different external cooling solutions on the internal 

temperature of the battery pack. 

However, with the knowledge of heat transfer media, thermal management for Lithium-ion 

batteries can be categorized into (i) Heat pipe cooling system, (ii) Phase change material (PCM) 

cooling system, (iii) Air cooling system and (iv) water cooling system [14]. However, two or 

more techniques could be integrated for the enhancement of the heat transfer process [10]. 

i)  Heat pipe cooling system for lithium-ion batteries of electric vehicles:  Heat pipe as one of 

the favorite devices for transferring heat between two solid interfaces is characterized by very 

high effective thermal conductivity which makes it popular for the thermal management of 

battery of electric vehicles [17]    Made up of a closed tube, the heat pipe comprises of an 

adiabatic, evaporator, and condenser section, section as a major component is shown in Figure 

2.4. At constant temperature, the capacity of the heat  pipe to homogeneously maintain the 

surface of an evaporator was reported by [95]. 

 

                Figure 0.4.  Heat pipe designed [96] 
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Based on the cooling strategies adopted in the cooling ends, heat pipes can be combined with 

an air-cooled and water-cooled system [17]. Flexible configuration, compact structure, easy 

maintenance, bidirectional characteristics, and long life time are expected advantages 

associated with heat pipes[10, 17]. The capacity of a heat pipe inserted into the cooling system 

to adequately manage the thermal behavior of lithium-ion batteries of electric vehicles was 

numerically and experimentally demonstrated by  [15] when the cooling effectiveness of forced 

and natural convection with and without a heat pipe in the battery module was investigated. 

Rao et al. [16] achieved less than 50℃  peak temperature of a lithium-ion battery operating 

with a heat generation rate below 50𝑊 and successfully lowered the maximum temperature 

gradient to 5℃ with a 30𝑊reduction of heat generation rate when using a thermostat water 

bath as a water-cooled heat pipes battery thermal management system. Meanwhile, an 

experimental investigation of the cooling and heating capacity of ultra-thin micro heat pipe for 

thermal management of a lithium-ion battery pack in the electric vehicle was conducted by 

[10]. 

 The optimal working temperature of the lithium-ion battery was fixed between 20℃ and 40℃. 

While authenticating the superiority of wet cooling integrated heat pipe as a cooling system, 

the effect of the internal structure of the heat pipe on the thermal performance of the battery 

thermal management system was experimentally reported by [17] to be more significant than 

the angular impact of ultra-thin heat pipes. However, [97] documented the angular effect of 

oscillating heat pipe (OHP) on its operation as a cooling system for the battery of electric 

vehicles. The best angle for the excellent operation of the OHP was fixed between 1° − 5° by 

the authors when they experimentally investigated the effectiveness of the OHP battery thermal 

management system. Although, the heat pipe was found by [98] to be 90 times better than 

copper bars of the same size in terms of thermal conductivity, and the possibility of attaining a 

uniform temperature profile along the evaporator section of the heat pipe was also reported by 

[99] which suggests its capacity to secure uniform battery temperature when it is applied as a 

battery cooling system, yet its application for commercial electric vehicle battery thermal 

management system comes with challenges of cost and gravity [55] 

ii)     Phase change material cooling system for Lithium-ion battery:  Working on the principle 

of heat absorption during phase change, phase change materials (PCMs) can retain and release 

thermal energy in large amounts at a certain temperature. The latent heat stored during the 

solid-phase transition stage by phase change material is utilized to passively control the 
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extensive heat generated in the batteries. According to [18], reduction in thermal inertia, 

effective heat transfer coefficient over a small temperature gradient, and thermal energy are 

notable advantages of using latent heat instead of sensible heat by PCMs 

Meanwhile, the capacity of (PCMs) to excellently dissipate generated heat from the batteries 

is somehow limited because of their low thermal conductivity [100] as larger thermal 

conductivity yields faster dissipation of heat generated by the battery [101]. Mills et al. [18] 

reported 20-30 times, that the composite matrix’s thermal conductivity was higher than that of 

pure PCM. While suggesting the adoption of PCM composite for thermal management of 

lithium-ion batteries, the authors showed that thermal conductivity augmentation for PCM is 

best obtained when a graphite matrix is saturated with paraffin. The possibility of improving 

PCM thermal conductivity was also demonstrated, when [19] integrated graphene into the 

paraffin wax. Their work documented critical improvement of lithium-ion battery module 

performance when latent heat storage, sensible heat, and enhanced thermal conductivity of a 

PCM were employed to manage the thermal behavior of a battery pack. It is worth noting that, 

the latent heat contribution to the total heat storage in a PCM is a majorly larger contribution 

when compared with the sensible heat content [20]. The fin structure intercalation approach 

was the focus of [102] to improve the thermal conductivity of PCM and 2℃ as well 6.4℃ of 

battery temperature reduction was numerically achieved at 2C and 3C, respectively. Earlier, 

the influence of varied fin inclination angles from 0° − 180° on the duration of the melting 

process in PCM was researched by [20] and a direct relationship of melting time with fin 

inclination angle was established. The authors demonstrated the increase in the natural 

convection flows and the number of vortices in the liquid PCM as the reason for this effect. 

However, [103]  noted that the suitability of phase change materials to manage the thermal 

effect of lithium-ion batteries was hinged on the constant transition temperature. Their 

experimental investigation shows the PCMs’ effectiveness in sustaining battery temperature 

below the allowable maximum temperature. The effect of latent heat on PCM with natural 

convection was observed with insignificant temperature reduction as well as low-temperature 

uniformity of the battery when the numerical investigation of the latent heat effect was 

conducted by [101] on the cooling effect of PCM as a battery thermal management system. 

Naturally, the PCM cooling system is known for temperature homogeneity during phase 

change transition and this effect can be enhanced with an increase in air convenction [102]. 

The capacity of combined PCM and liquid cooling to avert thermal runaway of a lithium-ion 

battery was studied by [104], and the authors documented effective performance with a high 
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level of safety for the battery pack. A large surface area for much airflow was actualized when 

the commonly blocked–shaped module of a phase change material was replaced with 

serpentine plates for battery thermal management [105], and their work reported the attainment 

of a much lower peak temperature of the battery module. Thus, an outperformance of combined 

phase change with fluid cooling against sole phase change materials for thermal management 

of the battery was established [104, 105]. Despite the number of developments documented 

above, weak structural strength, leakages, acting as an insulator after the melting process, 

overweight, high cost of maintenance, and lower thermal conductivity are known challenges 

limiting the application of PCM as a thermal management system for the lithium-ion battery 

of electric vehicles [20, 55, 102, 104]. 

 iii) Air-cooled system for Lithium-ion batteries of electric vehicles:  As another attractive 

battery cooling technology, the air cooling system is characterized by certain advantages such 

as simple structure, ease of integration, lightweight, low cost of maintenance, and no leakage 

threat [22]. The abundant availability of air as a medium of heat transfer projected this type of 

cooling system the cheapest, which consequently translates to lower prices for electric vehicles 

[10, 22, 27, 44]. According to [55], commercial electric vehicles such as the Toyota Prius Prime 

and Nissan eNV-200 employed this cooling technology to effectively control the temperature 

rise in their battery pack. Adopting air as a cooling medium [106] minimized the peak 

temperature in the battery pack to 1.1℃  with tapper flow ducts of air-cooled battery thermal 

management, and a very low-pressure drop was documented with this developed cooling 

technology. Their work demonstrated improvement in the heat conduction of air-cooled battery 

thermal management with the replacement of an aluminum cooling plate by a copper cooling 

plate. The effectiveness of a designed air-cooling system on the thermal performance of aligned 

and staggered array battery packs was investigated by [107] based on the transverse and 

longitudinal spacing of lithium-ion battery cells. While reporting the direct impact of transverse 

interval on the temperature rise of the battery and increase of inlet duct for cooling air on 

improvement of battery temperature uniformity, the direct and indirect relationship between 

peak temperature rise, and the longitudinal interval were respectively reported by the authors 

for staggered and aligned battery arrays. According to [108], an effective cooling process for a 

5 × 5 cubic structure is best attained with an air flow of 1m/s when the battery cell inter-

spacing is fixed at 1mm. The influence of air jet cooling was demonstrated when [21]  

developed a two-dimensional air flow thermal management technology to augment the 

dissipation of heat accumulated in the middle cell of a battery pack. Meanwhile, the essence of 
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battery pack structure and flow configuration adjustment for actualization of highly effective  

battery  air cooling system with low temperature difference between battery cells has once been 

pointed out by [22].This was demonstrated when [23] developed air-cooled battery thermal 

management with a U-tube type flow duct to successfully enhance its thermal performance 

when the battery module was changed from longitudinal to  horizontally array. 6.5℃ of battery 

pack maximum temperature rise with 1.96℃ peak temperature difference of the battery pack 

was affirmed when the authors numerically employed forced air-cooling technology. The 

widths and convergence/divergence ducts of developed U, Z and I type of air parallel cooling 

battery thermal systems were optimized to effectively minimize battery packs’ temperature 

difference, and excellent results of improved thermal performance of air-cooling technology 

were reported [109]. Numerical optimization was considered by [22] using the LMB model to 

propose effective air-cooled battery thermal management with the number of inlets and inlet 

air temperature of 25℃ yielded 33.1℃ and 14.9℃ respectively as average temperature and 

maximum temperature difference; a cooling configuration was suggested as a standard for a 

battery packing cooling system. Moreover, [46, 110], seeks to enhance the performance of an 

air-cooled battery thermal management by designing and optimizing an embedded flow 

channel with pin fin and aluminum foam. Significant improvement of heat dissipation obtained 

with this development over a straight channel depicts the influence of inserts in the fluid 

domain on the heat transfer coefficient. 

However, low heat dissipation from battery packs by air-cooled battery thermal technology 

because of the low thermal conductivity and heat capacity of air as a working fluid is an 

unavoidable concern to researchers and engineers despite the number of research studies 

dedicated to the thermal performance improvement of this type of cooling technology [21, 22, 

105, 109].. 

iv)  Water-cooled system for Lithium-ion battery of electric vehicles: The choice of water-

cooled technology for Electric vehicle battery thermal management is likely traceable to certain 

advantages such as structure flexibility and compactness as well as higher heat transfer capacity 

than air. The liquid-cooled system, which has been used in vehicles like the Tesla and Chevrolet 

Volt, can specifically satisfy the requirement for better heat dissipation and reduced 

temperature difference of LIB cells [111]. In agreement with the National Renewable Energy 

Laboratory (NREL) of the United States, the excellent performance of liquid-cooled 

technology over other cooling systems was testified to by [112] and its capacity for maximum 

safety for lithium-ion battery is better than PCM and air-cooled systems, as documented by [8]. 



 

25 

 

CHAPTER TWO 

Direct and indirect cooling techniques are generally used in liquid-based cooling systems. 

However, the practicality and improved efficiency of indirect liquid-based cooling systems 

over direct liquid-based cooling systems have been documented [55, 113]. This form of cooling 

technique involves removing the heat produced by an electric vehicle’s battery using a fluid 

(deionized water, water: ethylene glycol, nanofluids, and refrigerant) that is running through a 

metal plate with a certain hydraulic diameter. 

The capacity of double inlet and flow direction on thermal management of lithium-ion batteries 

was reported by[111]. Their work recorded lower energy consumption of the designed indirect 

liquid cooling technology with an increase in the channel’s width, although little or no cell 

temperature reduction was documented.  Reporting the impact of contact resistance on the 

thermal performance of the battery module [27] successfully maintained the developed liquid 

cooling system at a 7K peak temperature rise of the Lithium-ion battery operating at a high 

discharge rate with low flow velocity. Meanwhile, [14] numerically played down the influence 

of flow direction on battery thermal management system effectiveness with the continuous 

increase of mass flow rate. Affirming better performance of the cooling system with an increase 

in channel number, their work documented 13.77℃  as the highest value of battery local 

temperature difference at   2 × 10−5 Kgs−1 of flow rate. Although, [114] earlier documented 

the superiority of the thermal performance of indirect liquid cooling systems over all the 

developed cooling systems, the authors discouraged the usage of lower flow rates with indirect 

liquid cooling systems to actualise effective temperature control of Evs batteries. Considering 

the uniform and non-uniform heat generation model of a cylindrical lithium-ion battery, the 

significant effect of axial convective heat transfer and thermal conductivity of the developed 

indirect liquid cooling system on temperature minimization of the battery cell was analytically 

documented [115]. Zhao et al. [24], numerically lowered the maximum temperature of 

Lithium-ion batteries below 40℃ employing a liquid cooling approach. For their innovative 

indirect liquid cooling system, an actual number of (eight) flow channels with a liquid flow 

rate of 1 × 10−3 Kg s⁄   was taken into consideration. Operating at a discharge rate of 1C, a 

single prismatic lithium-ion battery maximum cell temperature and across the cell temperature 

were numerically maintained by [25] below 27.8℃ and 0.8℃ respectively with the designed 

aluminum tubes liquid cooling system subjected to 0.20L/min of flow rate. Combining a liquid 

cooling configuration with copper material as battery housing [26] attained a reduction of 

battery maximum temperature from 53℃ to 28℃ when water with a temperature of 20℃  was 

adopted as a coolant. The authors claimed the effectiveness of the proposed cooling structure 
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in managing the battery temperature operating up to a discharge rate of 5C.  A transient 

numerical study was conducted by [113] to investigate lithium-ion batteries’ external and 

internal cooling. Running a refrigerant through a rectangular microchannel for battery external 

cooling and an electrolyte as a coolant in a rectangular microchannel with negative and positive 

electrodes for internal battery cooling, the authors attached a considerable influence of internal 

cooling on lowering peak temperature in the battery and enhancement of battery cells 

temperature uniformity to increase the cost of pumping power. External cooling was observed 

on the battery with little or no effect on the maximum temperature and standard deviation of 

the internal temperature field of the battery.   

Wiriyasart et al. [116] sought to improve heat dissipation of heat from the battery surface by 

running nanofluids as a coolant instead of water through a corrugated minichannel. 28.65%  

enhancement of performance over the conventional cooling system was documented. 

Declaring its viability in managing the thermal challenge of electric vehicle batteries, [117] 

adopted liquid metal to demonstrate its capacity to improve the transfer of heat from the battery 

rather than water as a coolant. However, the enhanced thermal conductivity recorded by [116, 

117] was not a without pressure drop surge. 

2.3 Heat transfer in a liquid cooling system 

The compactness of liquid cooling systems for effective and efficient thermal management of 

electric vehicle batteries is a practical concern for researchers. Indirect liquid cooling identified 

as the best cooling technique, involves the transfer of generated heat from the battery to the 

coolant flowing through a component (flow channel) attached to the battery surface [118, 119]. 

The popularity of indirect liquid cooling systems with micro/minichannel flow passages is 

gaining momentum because of their high surface-area and volume ratio advantages. Without 

any wall surface effects, such as electrokinetic or electroosmotic forces, the flow in 

minichannels and microchannels is not anticipated to differ significantly from the continuum 

approximation used in microfluidic applications [120]. Sobhan & Garimella [121] however, 

conclude that channels with the smaller hydraulic diameter perform better thermally than 

conventional heat exchangers. This was first experimentally demonstrated by Tuckerman and 

Pease [31] when their developed  microchannel heat sink  dissipated a high heat flux of 790 

W/cm2 . The authors proposed microchannel as the best alternative cooling system in place of 

traditional heat exchangers like shell and tube heat exchangers. The heat transfer coefficient of 

a specific fluid ℎ𝑓 is conventionally known as a function of the hydraulic diameter of the heat 
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pipe ( 𝐷ℎ) [30]. In line with this theory, [122]  experimentally reported the significant effects 

of geometrical parameters on the convective heat transfer in a single phase forced convention 

mini/microchannel of different diameters ranging from 0.133mm − 0.367mm. Meanwhile, 

[123] reported increased heat transfer coefficient with a decrease in aspect ratio and concluded 

that the combined effect of thermal conductivity and aspect ratio of heat sink results in better 

thermal performance of microchannel. The capacity of mini/microchannels to lower the 

thermal resistance of heat generated device was experimentally and theoretically reported by 

[124].  To minimize thermal resistance, [125] proposed an analytical model solution that lowers 

the maximum heat surface temperature and temperature gradient. This was achieved by 

optimizing the rectangular conduit of the mini/micro heat exchangers’ cross-sectional 

dimension in terms of uniform and non-uniform width as a function of the conduit’s axial 

coordinate. Compared to a model with a uniform cross-section of the conduits, the analytical 

model for a non-uniform conduit was shown to be more successful in lowering the maximum 

surface temperature. 

According to [126], a flow passage with the hydraulic diameter between 3mm to 200μm is 

referred to as minichannel.  An ultra-thin minichannel liquid cooling plate (LCP) was adopted 

by [127] to manage the thermal problem of electric vehicle batteries. An optimized U-turn type 

microchannel cold plate was reported to keep the 50𝑉  battery pack’s maximum temperature 

and temperature non-uniformity below 40℃ 𝑎𝑛𝑑 4℃, respectively [128]. Their study reported 

the best performance of the developed cooling configuration with 1.54mm of hydraulic 

diameter and the indirect relationship between 𝛽 and 𝑅𝑒 was established. The minichannel 

stacked on a rectangular frame of developed indirect cooling configuration was designed by 

[44] to numerically control the temperature challenges of cylindrical lithium-ion batteries of 

electric vehicles. The reduction of frame wall temperature of the designed cooling structure 

with an increase in flow rate was documented in their work. Reporting the significant effect of 

coolant temperature on the peak temperature of the designed cold plates with a serpentine-

channel cooling system to check the temperature rise of the rectangular lithium-ion battery, 

[129] established the inconsequential effect of coolant inlet temperature on pressure and 

temperature standard deviation. The authors gradually attained the decline of standard 

deviation and peak wall temperature of their novel system when they raised the number of 

cooling channels to five. Qian et al. [130] also suggested 5 cooling channels as adequate for 

the effective performance of their novel minichannel cold plate cooling configuration. The 

impact of channel width and flow rate on heat transfer coefficient was documented by their 
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study. Improvement of design1 with another cold plate (design 2) was observed to improve 

temperature uniformity of the battery module, hence proposed by the authors as efficient 

cooling structures for temperature control of the  battery of electric vehicles. 

Furthermore, the effectiveness of minichannel in dissipating huge amounts of heat generated 

by electric vehicle batteries was also demonstrated by [14, 25, 27, 110, 131] and a drastic 

reduction of battery temperature was documented (Figures 2.5). Nevertheless, efforts must be 

geared towards enhancement of heat transfer coefficient of an indirect liquid cooling system 

designed with minichannel 

 

 

(3) (b) 

 

    © 

Figures 0.5.  Examples of minichannel application as an indirect liquid system for dissipation 

of heat generated by battery of electric vehicle: [25] (a), [27] (b), and [43] (c). 
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2.4 Heat transfer enhancement in a liquid cooling system 

The ability of micro/mini channels to effectively dissipate heat from the electronic device/ 

battery of electric vehicles has been established by many researchers, as narrated in section 2.2. 

The enhancement of the cooling process in micro/mini channels will be an added advantage to 

its applications both industrially and domestically. Experimental, analytical, and numerical 

analysis of minichannel heat transfer enhancement methods such as; the introduction of 

working fluid with different thermal conductivity, dimple and grooved structure, surface 

roughness structure, ribs cavities porous media, and pin fin of different geometry inserted in 

the flow channel have been documented by several authors [112]. Disruption of fluid flow in 

the channel for the ultimate transfer of heat from the heat-generating device to the fluid is the 

fundamental goal of the researchers. 

The chaotic mixing theory was applied by [132] to invoke chaotic convection aiming to 

improve the thermal performance of mini/microchannel heat sinks using nanofluids as a 

coolant. Their work concluded that the overall better thermal performance of DRC (double-

sided rib channel) than SRC (single-sided rib channel). However, Nohooji et al.[133], 

numerically reported less or insignificant effect of nanofluid (water/Al2O3) on heat transfer 

enhancement in mini/microchannel when compared with the porosity effect for the same 

purposes. This method was adopted by [117] when the authors introduced liquid metal as a 

coolant instead of water to effectively manage the thermal challenges of the battery of electric 

vehicles. Numerical and mathematical results show that battery stressful operating conditions 

of cell defects, high power drawn as well as higher ambient temperature, can be excellently 

controlled with the application of their novel cooling system. Adding  2%  volume of alumina 

nanofluid to deionized water as a coolant, 1.2℃ and 0.4℃, improvement of maximum 

temperature and temperature difference of lithium-ion battery pack over deionized water was 

actualized [134]. Their study reported 0.19℃  reduction of battery cells’ temperature non-

uniformity with stair-type of channel during battery discharge operation. The designed 

honeycomb-shaped channel cooling system was employed by [135] to investigate the 

effectiveness of 𝐶𝑢𝑂, 𝐴𝑙2𝑂3 and 𝑇𝑖𝑂2 thermal conductivity properties for management of 

thermal challenge of the cylindrical and square battery pack. Their study proposed 𝐶𝑢𝑂 and 

 𝐴𝑙2𝑂3 as the best nanofluids respectively for cylindrical and squared battery modules. 

Meanwhile, the influence of nanofluid as the coolant in the channel with the combination effect 

of phase change material on temperature control of lithium-ion battery was investigated by 
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[136, 137]. Significant improvement in cooling system performance with nanofluid about  

traditional liquid coolant was documented.  

Studies on different modifications of mini/microchannel geometry for cooling of battery pack 

of electric vehicles have been conducted by researchers: stair channel [134], U-turn type 

microchannel cold plate [128], Ultra-thin minichannel liquid cold plate [127], serpentine-

channel liquid cooling plate [111] corrugated minichannel [116]. Their respective studies 

documents the enhancement of the thermal performance of these modified flow minichannels 

against conventional straight channels. The development of the thermal boundary layer with 

improved fluid mixing results from free stream separation at the leading edge of integrated 

micro/minichannel in the presence of insert(s) to provoke flow disruption is said to enhance 

the heat transfer coefficient [138]. With the attachment of the block to the lower plane of a flow 

channel, 60% of heat transfer enhancement was reported [139] using nanofluid as a coolant. 

Recording the growth of Nusselt number with the flow Reynolds number, their work exhibited 

a decline in thermal performance when the number of attached blocks is more than 3. Thermal 

characteristics of different heights of dimples on microchannel walls with or without fillets 

were numerically investigated by [140]. Obtaining 20% of improved Nusselt number over 

plain channel with dimples of 1𝑚𝑚 height, the authors reported fillet’s influence to augment 

microchannel’s  thermal behaviour  with insignificant rise of pressure drop. In reference to 

plain microchannel, the combined effect of fillet profile and dimple with 1mm height was 

found by their work to yield 60% higher value of Nusselt number. Tesla valve used by [141] 

to enhance stability of supercritical 𝐶𝑂2 based natural circulation loop and considered as a 

mini/micro heat exchanger by [142, 143] for controlling flow and heat transfer was employed 

by [38] to develop a minichannel cold plate for mitigating the thermal challenges of pouch-

type batteries. Adequate flow mixing  with their novel cooling system was found to facilitate 

improved cooling effectiveness of the electric vehicle battery. Although, the enhancement 

results from mixing mechanism and flow bifurcation were not without pressure drop 

challenges. Guo et al [144] employed the staggered arrangement of pin in the fluid domain of 

minichannel to improve the thermal performance of Lithium-ion battery pack. Using their 

developed model, the multi-physics behaviours in various working cycles of the BTMS with 

the X and Y direction mini-channel cold plate were simulated. A drastic drop of peak 

temperature and maximum temperature gradient in 1000 Cycles of battery thermal 

management was actualised with an embedded circular pin fin in the Y direction of minichanel. 

Also, considering the influence of varying diameter of pin fin arranged in both X and Y 
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directions in the computational domain of a battery cooling system of electric vehicles, [145]  

obtained a battery peak temperature reduction of 1.04℃ to about parallel minichannel when 

the authors optimized the designed cooling structure with non-uniform pin fin. Their study 

earlier reported, lowered the value of temperature, weight and pressure drop when the pin fins’ 

diameter was increased along the Y direction. An opposite effect was observed with pin fin in 

the  X direction. Meanwhile, a staggered arrangement of number of pin fins with different 

heights increasing linearly along the width of a flow channel was also designed by [110] to 

control the temperature challenges of Lithium-ion battery. In reference to case 1(cooling 

configuration without insert) all integrated cooling configurations with pin fin were 

documented with better performance, greater than case 1. According to the authors, the 

arrangements of pin fins in case 3, were found to be the most suitable among all the cases 

considered for thermal management of the battery of electric vehicles.  

The31icrochanntal study conducted by [146] showed the capacity of porous stainless steel 

inserted in a minichannel to remove 6 MW m2⁄   of heat flux from a mini-device. Considering 

the effectiveness of porous stainless steel over aluminium foam as a porous medium with no 

limitation of pressure drop, the authors reported  55𝐾 of the temperature difference between 

the wall and the bulk water. The above claim was further numerically substantiated when [147]  

reported improvement of convective heat transfer coefficient of a porous media microchannel 

with a decrease in porosity and pumping power. On the other hand, the effect of fins thickness 

as a porous medium on the thermal performance of parallel plate channels was numerically 

investigated by [148] and the thermal conductivity ratio and inertial coefficient influence on 

Nusselt number in the porous domain was reported. Marafie & Vafai, [149]   also adopted an 

analytical method to provide a solution to the problem of full porous media in a heat tube.  They 

reported enhanced heat transfer but with a high cost of pressure drop. This challenge was also 

considered by Hung et al. [147], when they numerically investigated the thermal performance 

of different configuration designs of porous medium inserted into a microchannel. In their 

study, porous media with fewer obstacle and a lower friction factor were observed with 

improved convective and conductive heat transfer. However, high Reynolds number gives rise 

to Nusselt number with a large obstacle in a porous media configuration. Improvement in wall 

temperature effectiveness control, and convective heat transfer was reported with a lesser 

obstacle porous configuration. 

To address the basic temperature gradient and thermal inconsistencies linked to a plain channel 

for cooling pouch-type Li-ion batteries, [55] designed and incorporated a multi-stage Tesla 
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valve cold plate with forward and reverse flow arrangement. The authors numerically enhanced 

the integrated flow configuration’s thermal performance significantly, better than the plain 

flow channel to serve as a lithium-ion battery cooling system. The influence of both pin fin and 

aluminium foam inserted in the fluid domain of minichannel for the improvement of heat 

transfer coefficient was investigated by [44]. An increase in porosity level was reported to 

depreciate the performance of their novel cooling system when the aluminium foam was 

inserted in the cooling channel. The combined effect of aluminium foam and solid pin fin in an 

airflow channel for enhancement of cooling performance was also reported by [42] Affirming 

their capacity (pin fin and aluminium foam) to reduce battery temperature when used 

individually, their combination was found to drastically improve battery cells’ temperature 

uniformity. However, this battery cell temperature uniformity was tied to the pore density of 

aluminium foam [150]. Investigating the aluminium foam porosity and pores density effects 

on the thermal performance of cooling system designed for temperature control of electric 

vehicle batteries, [7] suggested the replacement of cold plate with an aluminium foam heat sink 

as the authors reported the best thermal performance as well as lowest flow resistance of their 

novel cooling configuration with 10 Pores Per Inch (PPI) aluminium foam at 0.918 of porosity.  

It is an unchallenging fact, that the insertion of another configuration in the fluid domain of the 

flow channel for enhancement of the heat transfer coefficient always comes with a penalty of 

higher cost of pumping power [7, 44, 55, 110]. The development of integrated cooling 

structures with either pin fin or aluminium foam as a porous medium for a lithium-ion battery 

of electric vehicles with a higher capacity of heat transfer coefficient and a lower value of 

pumping power still needs to be researched. 

2.5 Constructal design and cooling systems 

The search for more innovative and fundamentally new approaches to heat transfer engineering 

and science has been propelled by the need to cool heat-generating devices more effectively. 

Constructal Law, used to explain the universal phenomenon of the generation and evolution of 

technology design (configuration, shape, structure, pattern, rhythm), can be rightfully included 

among the energy efficiency-inspired actions [151]. This law was inspired by the development 

of flows in nature and more generally, by the “invisible hand” of natural phenomena design. 

Constructal law as stated by [152] every flow system grows through time into the flow 

architecture that maximizes flow access given the flow’s restrictions. This law provides a 

ground-breaking technique for comprehending and anticipating the designs that appear in all 

living things as well as inanimate objects and constructed systems [153].  Efficient use of this 
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law guarantees geometry with better flow developments which result in minimum global flow 

resistance and best equilibrium of the entire internal flow resistance. For a finite-size system to 

persist in time (to live), according to Adrian Bejan [154], it must evolve in a way that makes it 

easier to access the imposed (global) currents that pass through it. The theory connects 

engineering and nature. It also draws attention to geometry as an unknown in any shape design, 

with our minds guided in the direction of discovering it.  This law can achieve the optimal 

spacing between two solid components for better thermal performance.  

This approach recently applied by many researchers to provide a solution to the problem of 

conjugate heat transfer challenges for maximum performance is known as the optimization 

technique, which involves specification constraints. The optimization of square and circular 

configurations with a volumetric heat source was analytically and numerically presented by  

[155] using the constructal theory approach.   

  With fixed global volume constraints, the influence of pressure difference on optimized 

hydraulic diameter and channel spacing at fixed porosity was reported by the authors. Their 

study documented optimized square geometry with better performance over the circular 

configuration. Subjected to the restriction of a fixed global solid material volume, the influence 

of flow orientation was further considered on circular geometric cooling structures by [156] to 

present a configuration with minimized maximum temperature. Their numerical analysis 

reported the impact of porosities, heat generation rate, and applied pressure difference, on the 

optimal developed cooling system hydraulic diameter and channel-to-channel spacing.  

Meanwhile, Yilmaz et al. [157] investigated parallel plate, circular, square, and equilateral 

triangle geometries of ducts to determine the optimal shape and dimensions for convective heat 

transfer of laminar flow at constant wall temperatures. The Prandtl number (Pr) and the duct 

shape factors were employed to approximate equations for maximum dimensionless heat flux 

and optimal dimensionless hydraulic diameter. Based on constructal theory,  scale analysis and 

the intersection of the asymptotes approach, were also considered by [48] to undertake a three-

dimensional study of heat sinks and cooling channels with heat flux. Their work demonstrates 

that the degrees of freedom significantly impact on the maximum thermal conductivity and the 

peak temperature. Utilizing a multiscale design approach, [158] also applied this technique to 

microtube heat sinks and heat exchangers to achieve the highest possible heat transfer density. 

This author was able to demonstrate that, interstitial microtubes increased the maximum heat 

transfer rate density for a collection of circular tubes.  
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Similarly, scale analysis and the intersection of the asymptotes method, based on constructal 

theory, were used by [159] to study a three-dimensional optimization of the heat sink and 

cooling channels with heat flux to investigate and predict the design and optimization of the 

geometric configurations of the cooling channels. Using constructal design, [160] optimized 

the placement of discrete heat sources on a wall with a specified forced convection heat 

generation rate to reduce the temperature of the hot spot on the wall. The author reported the 

influence of vast numbers of optimally placed heat sources on extremely complex 

configurations.  

To comprehend the morphology of particle agglomeration and the design of air cleaning 

devices, [161], designed the interior configurations of parallel plate and cylindrical channels 

utilizing constructal theory. Under the imposed global constraints, their work demonstrates 

how constructal theory results in the design of air-cleaning systems that reach the maximum 

performance per unit volume.  For different solid configurations [41] the maximum 

temperature of the optimized cooling system of integrated microchannel embedded with pin 

fins was minimized using constructal design and theory. The influence of the Bejan number on 

parameters such as hydraulic diameter and channel aspect ratio, solid volume fraction, pin fin 

aspect ratio, and minimized maximum temperature was numerically investigated. An inverse 

relationship between the Bejan number and minimized peak temperature was reported.   

The effect of Bejan number and porosity on the minimization of thermal resistance of a 

designed cylindrical cooling system was numerically conducted by [52]. The authors employed 

constructal design and theory to present an optimal inlet and outlet diameter at a specified 

porosity and Bejan number with a minimized friction factor and global thermal resistance. 

Recently, [50] furthered the study of [48] using constructal techniques to predict the optimal 

performance of microchannel heat sink fin geometry. Using open foam software to provide 

solutions to model equations, the significance of an accurate number of solid material additions 

to microchannel for improved thermal performance was highlighted in their study. Using the 

mathematical optimization [162] a lower dimensionless peak temperature was reported for the 

liquid cooling channel of the triangular section over the square section of the integrated heating 

body embedded with triangle and square geometry cooling channels. The influence of the 

increased number of cooling channels on the performance of their developed cooling structures 

was substantiated using constructal theory.  
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The impact of flow orientation on the thermal behavior of two-stacked microchannel heat sink 

was considered by [47]. To attain the best configuration with the lowest thermal resistance, 

pressure drop, and flow velocity, the authors employed constructal theory to present a 

configuration with counterflow orientation as the most suitable for cooling electronic devices 

with high heat generation capacity. The superiority of two-phase flow over one-phase flow 

regime in a rectangular microchannel for dissipation of higher heat-generated electronic 

devices was presented by [163]. Allowing the morphing of flow parameters with geometry, 

their study demonstrated the indirect relationship between Reynolds number and thermal 

resistance.   

Meanwhile, [164] focused on the entropy generation minimization of their developed solar 

collector with a flat plate for raising the water temperature. Fixing the riser tube volume and 

the surface of the plate, their optimization results documented the impact of fluid volume on 

the flat plate optimal length, diameter, and spacing of the riser tube. The capacity of their 

configuration to reduce entropy generation with an increase of fluid volume in the riser tubes 

was also reported. The design of a boiler with optimum overall thermal performance coefficient 

using constructal law was considered by [165], and a boiler designed with 24 tubes was 

presented as the best configuration. With a variation of geometrical parameters of the 

developed boiler configuration, the authors attained a significant reduction of pressure drop 

with optimized configuration. In another development, constructal theory determined an 

optimal diameter for the effective performance of a biomass boiler under a thermal load of 46 

KW by [51].  

Reis and Bejan [166] applied this law to study the diurnal scale of atmospheric circulation and 

a 7K average  temperature gradient between day and night was documented. Constructal Law 

was applied by [167] to the blast furnace’s hot metal yield maximization, and the findings 

suggest that less hot metal enhance the original process by 2.6%. The authors proposed a 

methodology that yields the performance and cost-effectiveness of iron manufacturing in a 

blast furnace process. The performance of balanced two-stream parallel flow heat exchangers 

was also examined in [168] which used constructal law to analyze the configuration and 

implementation of the stream flows as a tree network. The influence of flow orientation on heat 

exchangers designed in a treelike manner was reported.  A CFD analysis of different tube 

configurations to dissipate heat from high heat-generating devices was presented by [169]. A 

greater influence of Reynolds number than the type of cooling flow structure on the plate 
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average temperature was reported. The tubes with a tree-shaped flow were found to have better 

performance using the technology of constructal theory. 

In advance of the cooling of electric vehicle batteries, recently [170] adopted a constructal 

approach to propose a canopy-to-canopy cooling structure for thermal control of lithium-ion 

batteries. Their designed cooling structures demonstrated, excellent thermal performance with 

a minimum flow rate. Substantiating the excellent performance of their geometric 

configuration to sustain cell temperature below its critical temperature, configuration with 5 

branches in parallel was documented with the lowest cost of pumping power and the highest 

value of thermal efficiency. The design of a cooling plate with a double-layer tree-like channel 

for temperature control of lithium-ion batteries with the innovation of construal technology 

was presented by [171]. In reference to the serpentine net channel, under the same flow rate 

and surface area, a tree-like channel’s overperformance for the cooling process.  The optimized 

cold plate was found with the capacity to reduce surface temperature standard deviation, peak 

temperature, and pressure drop by 69.25%, 1.79%, and 79.13% respectively. 

Fan et al [172] enhanced the temperature consistency of a rectangular lithium-ion battery at a 

very low cost of pumping power with an indirect liquid-cooling plate using the constructal 

theory approach. Their designed dendritic flow channel was documented to have a 28% 

pressure drop lower than the serpentine flow channel. An optimized cooling configuration of 

their study demonstrates the capacity to reduce plate surface temperature standard deviation 

from 5.31℃ to 1.96℃  and plate peak temperature from 52.59℃ to 39.3℃.  With this same 

technology, the influence of contact thermal resistance on the thermal performance of a novel 

cooling structure of an electric vehicle battery was pointed out when [173] showed the 

relationship between the cold plate and the contact thermal resistance. Their study reported an 

integrated configuration with the cold plate and vascular flow channels as the best-performing 

cooling system. Although documented with a quality strategy for the dissipation of heat 

generated by lithium-ion batteries, the application of constructal theory to thermal control of 

electric vehicle batteries is less researched. 

2.6 Response surface optimization and cooling system 

First introduced by Georgy and Wilsson in 1951, for optimal response with a sequence of their 

experimental design, Response surface methodology (RSM) is defined as a set of statistical 

and mathematical methods employed for the design, enhancement, and optimization process 

[174]. The most frequent applications of RSM are in specific circumstances when several input 
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factors may impact a given performance measure or process quality characteristic. The 

evolution and development of RSM at different stages since its introduction in the early 1950s 

which was categorized into three parts was surveyed and presented by [175]. Describing the 

principle and different designs of RSM, [176] applied this technique to document various food 

process optimizations. During the optimization process of cutting conditions in the milling of 

the cutting mold, a 10% mold surface roughness improvement was actualized [177] with the 

application of this method.  Quanhong and Caili [178] reported the influence of the liquid-solid 

ratio on the extraction of protein from germinated pumpkin seeds when they employed RSM 

optimization techniques. 

The developed sinusoidal wavy structure of the 37icrochannell was optimized with the 

combination of finite volume method (FVM) and response surface methodology (RSM) [179]. 

An optimum heat transfer coefficient of their novel heat sink was observed when the 

wavelength and amplitude values were fixed at 100 and 40. Similarly, the integration of non-

dominated sorting genetic algorithm-II with response surface methodology to present excellent 

performance of the cooling structure about the accurate concentration of selected nanofluid 

was considered [180]. Channel width and diameter of the cylinder influence on their developed 

heat sink was observed to yield 21% and 18% of enhancement when the nanofluid 

concentration was raised from 0% to 8%. According to [181] the reduction of expensive cost 

analysis techniques formed the basis of employing RSM for the optimization processes of a 

developed heat sink to search for different nanoparticle thermal influences on the performance 

of the microchannel cooling structure. Their study documented the presence  of  Ag-water as a 

nanoparticle with the highest value of Nusselt number, the capacity of increased volume 

fraction of nanoparticle to suppress the coolant and heat sink wall temperature. Based on copper 

oxide mass concentration and varying temperature, [182] relied on RSM to experimentally 

predict the thermal conductivity of 𝐶𝑢𝑂(𝐼𝐼)/water. The suitability of their designed model to 

forecast the thermal conductivity of a specified nanofluid at a specified temperature and mass 

concentration range was reported. Azizi et al. [181] adopted RSM to experimentally show the 

superior effect of Reynolds number over nanoparticle fraction on the heat transfer coefficient 

of  the optimized microchannel heat sink. The application of this technique was also considered 

by [41, 47, 155, 183] for the optimizing their developed cooling models using water as the 

working fluid, and excellent cooling results were reported in their respective studies. 

Recently, several studies have been dedicated to the optimization of electric vehicle lithium-

ion battery cooling systems with the application of response surface methodology. Weight 
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reduction of the battery thermal management system was the focus of  [184] where the authors 

employed the RSM for the optimization process. Their optimized geometry was characterized 

by a reduction of 94.1% and 55.6% of PCM mass and volume, respectively. In the same vein, 

[185]  documented 3.05mm and 1.0 mm as the best PCM thickness and gap with DHPD 

(sodium hydrogen phosphate dodecahydrate) as the best PCM material for their optimized 

thermal management system of electric vehicle battery. The purpose of their study was hinged 

on the mass reduction of supercooling phase change material for maximum performance of 

their developed model using RSM.  Meanwhile, the thermal capacity of different coolants to 

control temperature challenges of electric vehicle batteries was numerically examined by [185] 

using RSM. Reporting the influence of various coolants to generate different maximum 

temperature performances of the battery pack, their study discouraged the usage of oil as a 

working fluid for the thermal management of the battery of electric vehicles. Using air as a 

working fluid [186] numerically lowered the maximum temperature of the battery pack by 2.7K 

when the authors optimized their cooling system with RSM. The combination of RSM and 

NSGA-II algorithm for optimizing the process of the designed thermal system for temperature 

control of electric vehicle Lithium-ion battery was found to yield 93.7% and 9.3 % reduction 

of pressure drop and maximum temperature difference, respectively [187]. With the available 

literature, RSM can effectively aid the attainment of optimum response and optimum 

conditions brought about by various responses of the developed battery cooling system. 

2.7 Conclusions 

Relevant publications related to the need for the development and efficient running of electric 

vehicles in our world today were presented in this chapter. The composition, mode of heat 

generation, thermophysical properties and different cooling techniques of lithium-ion batteries 

as the optimal power source of electric vehicles were substantially discussed. Various 

experimental, analytical, and numerical studies dedicated to the designs and performance 

enhancements of the cooling systems for the thermal management of the batteries of electric 

vehicles were outlined. Among various performance enhancement techniques adopted by 

researchers for battery cooling systems, the insertion of solid pin fins or aluminum foam in the 

fluid domain is paramount. The consideration of thickness, diameter, height, shapes, number, 

and varying arrangement (inline, staggered) effect of the solid pin fin or aluminum foam 

inserted in the channels on the enhancement of cooling devices has been significantly explored 

by researchers. However, available literature shows that the search for the best insert location 

in the flow channel for the realization of maximum performance of the cooling system has not 
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received any research attention. Hence, the novelty of this study. The effect of different shapes 

of the solid pin or aluminum foam inserted at varying locations in the channels on the thermal 

performance enhancement of the cooling system for thermal management of lithium-ion 

batteries is numerically investigated using the computational fluid dynamics code. The 

potential of single and multiple solid pin fins or aluminum foam enhancements in the developed 

cooling system is further compared. In addition, the constructal theory and design approach 

will be applied to present an optimized cooling system of superior thermal performance in 

dissipating heat from the battery pack of electric vehicles. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Preview     

Computational fluid dynamics (CFD) is a group of numerical modeling methods based on 

fundamental principles that can simulate and forecast the behavior of single-phase and 

multiphase fluid flows related to heat and mass transfer processes[188]. Ansys® 2020R1, 

which uses a finite volume approach, was employed as commercial CFD software for 

numerical analysis in this research work. The theoretical framework of the current conceptual 

design with the heat generation mechanism is detailed in this chapter. Furthermore, the steps 

taken in using CFD software to define the cooling system geometry, discretization of the 

computational domain, solution to heat and mass transport governing equations, and 

optimization technique of the cooling system geometry will be adequately detailed in the 

succeeding sections. 

3.2 Fundamental governing equations for the electrochemical description 

of the (dis-) charging operation in a cylindrical lithium-ion battery 

According to [27] specific electrochemical characteristics, such as open circuit potential, 

diffusivity in electrolyte, and electrodes are fundamentally temperature functions. 

Consequently, the heat generation in the Lithium-ion battery largely depends on the ions and 

electron transportation in the electrolytes and the electrochemical process reaction in the 

battery cells. Therefore, to avoid the deterioration of battery cells, a necessary understanding 

of the dynamics of ionic concentrations and electrolyte as well as electrode potentials during 

battery operation conditions becomes inevitable. Equations (3.1-3.8) describe the mathematical 

principles governing the internal operation of the lithium-ion battery cells [27]. 

Lithium-ion concentration in the electrodes (solid phase): Employing Fick’s law of diffusion, 

with the assumption of spherical electrode particles and isotropic diffusion, the ionic 

concentration in a single spherical particle of active material is estimated by: 

𝜕(𝐶𝑠)

𝜕𝑡
=

1

𝑟2

𝜕

𝜕𝑟
(𝐷𝑠𝑟2 𝜕𝐶𝑠

𝜕𝑟
)                                     (3.1) 
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With boundary conditions 

−𝐷𝑠
𝜕𝐶𝑠

𝜕𝑟
|

𝑟=𝑅𝑝

=
𝑖𝑛

𝐹
                        (3.2) 

Utilizing the electrode open circuit potential (OCP) curves, the initial concentration is 

determined by applying a zero-flux condition at the particle’s center (Equation (3.2)) 

Lithium-ion concentration in the electrolyte (liquid phase): Adopting the concentrated 

solution theory, the lithium-ion salt mass conservation in the electrolyte is determined as: 

𝜕(𝜀𝑒𝐶𝑒)

𝜕𝑡
− ∇. (𝐷𝑒

𝑒𝑓𝑓
∇𝐶𝑒) −

1−𝑡+
0

𝐹
𝑎𝑠𝑖𝑛 = 0                          (3.3) 

The solid phase potential in the electrode region: Current conservation in connection with 

improved Ohm’s law for the solid electrode (cathode and anode) phase is given as: 

∇. (𝜎𝑠
𝑒𝑓𝑓

∇∅𝑠) − 𝑎𝑠𝑖𝑛 = 0                            (3.4) 

Having the porous media composition fitted on the electrodes, the effect of porosity is 

calculated via effective electronic conductivity 𝜎𝑠
𝑒𝑓𝑓

. 

However, the boundary conditions for the electrode region were set to zero at the end of the 

anode current collector, and a defined discharge current was fixed at the end of the cathode 

current collector. 

The potential in the liquid (electrolyte) phase: Considering the effect of electronic 

transference, the estimate of lithium-ion salt mass conservation in the electrolyte phase 

(electrode and separator phases) is estimated as: 

∇. (𝑘𝑒
𝑒𝑓𝑓

∇∅𝑒 +
2𝑅𝑔𝑇𝑘𝑒

𝑒𝑓𝑓

𝐹
(𝑡𝑡

0 − 1) (1 +
𝑑𝑙𝑛𝑓±

𝑑𝑙𝑛𝐶𝑒
) ∇𝑙𝑛𝐶𝑒) + 𝑎𝑠𝑖𝑛 = 0                        (3.5) 

The above-analyzed governing equations in connection with the volume-specific rate of 

reaction that satisfied the Butler-Volmer electrochemical kinetic expression were then 

employed to explain the reaction current density of the electrolyte and electrode potentials. 

𝑖𝑛 = 𝑖0 (𝑒𝑥𝑝 (
𝛼𝑎𝐹

𝑅𝑔𝑇
(∅𝑠 − ∅𝑒 − 𝐸𝑒𝑞)) − 𝑒𝑥𝑝 (−

𝛼𝑐𝐹

𝑅𝑔𝑇
(∅𝑠 − ∅𝑒 − 𝐸𝑒𝑞)))                      (3.6) 
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Equation (3.7) indicatates the electrode overpotential, which is defined in terms of liquid and 

solid phases as well as the equilibrium potential. At a discharge rate, this quantity was used to 

calculate the voltage lost to discharge the battery cell. Interestingly, an increase in discharge 

rate leads to an increase in the overpotential quantity. 

∅𝑠 − ∅𝑒 − 𝐸𝑒𝑞                         (3.7) 

Meanwhile, the exchange current density from Butler-Volmer electrochemical kinetic 

expression is determined by: 

𝑖0 = 𝐹(𝐾𝑐)𝛼𝑐(𝐾𝑎)𝛼𝑎 (
𝐶𝑒

𝐶𝑒
𝑟𝑒𝑓)

𝛼𝑎

(𝐶𝑠
𝑚𝑎𝑥 − 𝐶𝑆)𝛼𝑎𝐶𝑠

𝛼𝑐                     (3.8) 

3.2.1 Mechanism of heat generation in a cylindrical lithium-ion battery 

The energy equation for the Lithium-ion batteries is represented by the thermal conduction 

equation, with the conductivity as the mass-weighted average of all the parts. However, the 

heat-generated mechanism in the lithium-ion battery is categorized into three major sources 

expressed below: 

Reversible heat generation: This is the heat generated through the temperature-dependent 

changes in open-circuit voltage. It is determined as follows: 

𝑄𝑟𝑒𝑣 = 𝑎𝑠𝑖𝑛𝑇
𝜕𝐸𝑒𝑞

𝜕𝑇
                                                                                                 (3.9) 

Irreversible heat generation: This type of heat is generated through over-potential or voltage 

loss because of a finite current output rate. It is determined as follows: 

𝑄𝑖𝑟𝑟  =  𝑎𝑠 𝑖𝑛 (∅𝑠 − ∅𝑒 − 𝐸𝑒𝑞)                                                                     (3.10) 

Ohmic heat generation: This type of heat is generated through the electronic transport 

resistance in the solid phase and ionic transport resistance in the liquid (electrolyte) phase. It is 

also calculated as: 

𝑄𝑜ℎ𝑚𝑠 =  −𝑖𝑒 (
𝜕∅𝑒

𝜕𝑥
) – 𝑖𝑠 (

𝜕∅𝑠

𝜕𝑥
)                                                                                  (3.11) 

Where, 

𝑖𝑛 =  𝑖𝑜 (exp (
𝐹 𝛼𝑎

𝑇𝑅𝑔
) (∅𝑠  −  ∅𝑒 – 𝐸𝑒𝑞)  − exp (

𝐹𝛼𝑐

𝑇𝑅𝑔
) (∅𝑠  −  ∅𝑒  − 𝐸𝑒𝑞))          (3.12) 
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and 

𝑖𝑜 =  𝐹(𝐾𝑐)𝛼𝑐  (𝐾𝑎)𝛼𝑎 (
𝐶𝑒

𝐶𝑒
𝑟𝑒𝑓𝑓)

𝛼𝑎

 (𝐶𝑠
𝑚𝑎𝑥  − 𝐶𝑠)𝛼𝑎  𝐶𝑠

𝛼𝑐                                           (3.13) 

The summation of three sources of heat gives the total heat generated by the lithium-ion battery 

cells (Equation. (3.14)) 

𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑟𝑒𝑣  + 𝑄𝑖𝑟𝑟  + 𝑄𝑜ℎ𝑚𝑠                                                                                       (3.14) 

Equations (3.9-3.14) are well-detailed in the published work of [27, 62] 

Equation (3.14) is adopted for the calculation of volumetric heat transfer in the battery pack of 

the electric vehicle being considered in this work, which is estimated to be 340135 W/m3. 

3.2.2 26650 Cylindrical lithium-ion battery thermophysical property 

The 26650 Cylindrical lithium-ion battery cells characterized with (lithium iron phosphate) 

𝐿𝑖𝐹𝑒𝑃𝑂4 active material as a cathode and carbon, (mesocarbon microbead, MCMB) based 

anode, were selected for this study. The selection was based on the attainable higher heat 

capacity of a 26650 cylindrical lithium-ion battery cell [85] and the lowest thermal diffusivity 

of  𝐿𝑖𝐹𝑒𝑃𝑂4 as an active material [189].  

Notably, the heat dissipation rate from the cylindrical lithium-ion battery cell to the external 

environment depends mainly on the heat exchange surface area per unit volume of the cell 

[193]. Because of many interfaces between the electrode and electrolyte layers in the radial 

conduction path that are lacking in the axial direction, the spiral assembly of the cylindrical 

lithium-ion battery is expected to generate a significant anisotropy in thermal conductance 

between the radial and axial directions. Hence, the radial and axial thermal conductivities as 

detailed by  [85] as well as other thermophysical properties of the considered battery cell for 

this research work, are displayed in Table 3.1. 

 

 

 

 

 



 

44 

 

CHAPTER THREE 

Table 0.1 26650 Cylindrical lithium-ion battery thermophysical property specification 

S/N Description Value 

1) Diameter of the battery 26 𝑚𝑚 

2) Height of the battery cell  65 𝑚𝑚  

3) Battery cell mass density 2285 𝐾𝑔𝑚−3 

4) Battery cell specific heat capacity 1605 𝐽𝐾𝑔−1𝐾−1 

5) Battery cell discharge rate 6 C 

6) Battery cell operating 

temperature 

298 K 

7) Battery cell capacity 20 Ahm−2 

8) Radial thermal conductivity 0.14 W. m−1. K−1 

9) Tangential thermal conductivity 0.14 W. m−1. K−1 

10) Axial thermal conductivity 30.4 W. m−1. K−1 

11 Battery cathode active material LiFePO4 (Lithium iron phosphate) 

 

3.3 Numerical modeling procedure 

The approach of using CFD codes for numerical analysis and data structure to examine and 

provide solutions to fluid flow problems involves three critical steps as stated below: 

• Pre-processing: This is the first step before the simulation process, and it involves 

geometry definition, fluid flow description represented with a written set of partial 

differential equations, discretization of the fluid domain into small grids or elements, 

and specifying the initial and boundary conditions to solve the mathematical equations. 

• Solver- execution: This second step involves the prediction of fluid flow behavior by 

developing a mathematical model with the aid of a computer; a process called 
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simulation, which may involve the adoption of finite difference method (FDM), finite 

element method (FEM), finite volume method (FVM) or spectral element method 

(SEM). 

• Post-processing:  At this stage, the obtained simulation results are analyzed. The CFD 

software tools are equipped with versatile data visualization tools for comprehensive 

analysis of the numerical results. 

3.4 Geometry and grid generation 

After the definition of geometry known as the computational domain, a grid generation that 

involves the division of complex geometry into simple elements on which governing equations 

can be solved is conducted. However, for the accuracy of CFD simulation procedures, the 

discretization of the computational domain is actualized by employing Ansys 2020® fluent 

software [190].  The CFD software package also provided solutions to non-linear partial 

differential equations such as mass, momentum, and energy equations for fluid flow and heat 

transfer numerical analysis. 

3.5 Continuity Equations 

Due to its efficient computational advantages, the Eulerian frame of reference is generally 

considered for 45odelling fluid transportation in a control volume [191]. According to [192], 

the general form of the fluid continuity equations representation in the Eulerian frame of 

reference is as stated in Equation (3.15): 

𝐷𝜌

𝐷𝑡
+ 𝜌𝑑𝑖𝑣𝑉                                                                                                                     (3.15) 

Where 𝜌, 𝑉 and 𝑡 respectively, signified fluid density, fluid velocity vector, and time. 

For emphasis on fluid flow with constant density (incompressible flow), Equation (3.15) is 

reduced to: 

 𝑑𝑖𝑣𝑉 = 0                                                                                                                           (3.16) 

3.6 Conservation of Momentum Equations 

The analysis of fluid motion in a control volume is carried out by employing Newton’s second 

law of motion. Derived from Newton’s second law, the conservation of momentum equations 

described the relationship between applied force and acceleration of a particle with mass. 
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Employing the indicial symbol, Navier and Stokes derived the following equations for 

Newtonian viscous fluid: 

 𝜌
𝐷𝑣

𝐷𝑡
= 𝜌𝑔 − ∇𝑃 +

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑣𝑖

𝜕𝑥𝑗
+

𝜕𝑣𝑗

𝜕𝑥𝑖
)] + 𝜕𝑖𝑗𝜆𝑑𝑖𝑣𝑉                                                   (3.17) 

Where, 𝑔, 𝑃, 𝑥, 𝜇, 𝑉, 𝑑𝑖𝑗 and 𝜆 represents vector  acceleration, pressure, special coordinate, 

coefficient of viscosity, velocity component, Kronecker delta, and vexing coefficient 

associated with volume expansion, respectively [192]. 

Adopting Stokes’ hypothesis (𝜆 = −
2

3
𝜇)  with emphasis on incompressible flow, the vexing 

coefficient 𝜆 as well as 𝑑𝑖𝑣 𝑉  vanish (because of the continuity equation) and Equation (3.17) 

then becomes: 

𝜌
𝐷𝑉

𝐷𝑡
= 𝜌𝑔 − ∇𝑃 + 𝜇∇2𝑉                                                                                          (3.18) 

3.7 Conservation of Energy Equations 

According to the first law of thermodynamics through which the conservation of energy 

equation is derived, a change in the energy of the thermodynamic system is brought about by 

the addition of heat and work to the system.  

Neglecting the radiation influence, the energy equation can then be written as: 

𝜌
𝐷ℎ

𝐷𝑡
=

𝐷𝑃

𝐷𝑡
+ 𝑑𝑖𝑣(𝐾∇𝑇) + 𝜙                                                                                        (3.19) 

Where ℎ, 𝐾, 𝑇, and 𝜙 respectively, the signified enthalpy of the fluid, thermal conductivity, 

temperature of the fluid, and dissipation function. Note that  𝜙 is defined as: 

𝜙 = 𝜇 [2 (
𝜕𝑢

𝜕𝑥
)

2

+ 2 (
𝜕𝑣

𝜕𝑦
)

2

+ 2 (
𝜕𝑤

𝜕𝑍
)

2

+ (
𝜕𝑣

𝜕𝑥
+

𝜕𝑢

𝜕𝑦
)

2

+ (
𝜕𝑤

𝜕𝑦
+

𝜕𝑣

𝜕𝑧
)

2

+ (
𝜕𝑢

𝜕𝑧
+

𝜕𝑤

𝜕𝑥
)

2

] 

          +𝜆 (
𝛿𝑢

𝛿𝑥
+

𝜕𝑣

𝜕𝑦
+

𝜕𝑤

𝜕𝑧
)

2

                                                                                   (3.20) 

Also, it should be noted that viscous dissipation becomes insignificant when dealing with 

incompressible fluid flowing at low velocities with constant thermal conductivity. Hence 

Equation (3.19) is simplified to: 

𝜌𝑓𝐶𝑃𝑓(𝑢.̅ ∇𝑇) = 𝐾𝑓∇2𝑇                                                                                    (3.21) 



 

47 

 

CHAPTER THREE 

And energy equation for a solid with a volumetric heat source is given as: 

∇. (𝑘𝑠∇𝑇𝑠) = −𝑞′′′                                                                                          (3.22) 

Where 𝐾𝑠 is the solid thermal conductivity and 𝐾𝑓 is the fluid thermal conductivity. 

The simplified equations are documented in a steady state. 

3.8 Porous media: Mathematical formulations 

3.8.1 Porous media characterization 

A solid structure with channels for fluid flow is the most basic way to describe the concept of 

a porous medium. Due to the increase in surface area to volume ratio and improved flow mixing 

caused by highly complex flow pathways, porous media made up of the solid and liquid phases, 

tend to yield significantly improved heat transfer. In this research work aluminum foam is 

considered a porous media because of its large surface area, lightweight configuration, and 

nature-like morphology of its solid matrix. 

Meanwhile, the following assumptions were considered for the porous region simulation 

process:  

• Heat transfer by natural convection is neglected. 

• Heat transfer by radiation is neglected. 

• Constant thermal conductivities of porous matrix and fluids 

• Solid matrix is isotropic and homogeneous. 

3.8.2 Mass and momentum equations for a porous medium 

The continuity equation for porous media is derived through the application of mass balance 

across a macroscopic control volume as well as the replacement of certain variables with the 

most appropriate qualities to porous media [42, 188]. This is as expressed in Equations (3.23 – 

3.38). 

𝜕𝜌𝑓

𝜕𝑡
+ ∇. (𝜌𝑓𝜈⃗) = 0                                                                                                          (3.23) 

Where 𝜌𝑓 and 𝜈⃗ represents fluid density and velocity vector. 
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A momentum source term is incorporated into the conventional fluid flow equations for 

modeling a porous medium, and the source term is composed of Darcy and inertial loss terms 

as stated in Equations (3.24-3.25) 

𝜕

𝜕𝑡
(𝜌𝑓𝜈⃗) + ∇. (𝜌𝑓𝜈⃗𝜈⃗) = −∇𝑃 + ∇. (𝜏̅) + 𝜌𝑔⃗  + 𝑆                                                             (3.24) 

𝑆 = − (∑𝐷𝜇𝜈⃗ + ∑𝐶
1

2
𝜌|𝜈|𝜈⃗)                                                                                             (3.25) 

Where, 

𝐶 =
2𝐶𝐹𝜀3

√𝐾
                                                                                                                            (3.26) 

𝐷 =
𝜀2

𝐾
                                                                                                                                 (3.27) 

𝜀 =
𝑉𝑣

𝑉𝑡
                                                                                                                                  (3.28) 

Where 𝑃, 𝑆 𝐷, 𝐶, |𝜈|, 𝐾, 𝜀, 𝑉𝑣, and 𝑉𝑡 signified Pressure, source term, viscous resistance, inertial 

resistance, velocity magnitude, permeability, porosity, the volume of void in the porous 

medium, and total volume of the solid matrix, respectively. 

3.8.3 Energy Equations for a Porous Medium 

In this study, the viability of the multi-fluid model for the volume-averaged energy equation is 

considered for both the solid matrix and the liquid phase [193] and for incompressible fluid 

with insignificant viscous dissipation, the energy equations for the fluid phase are given as: 

(𝜌𝑐𝑝)𝑓 (𝑉. ∇𝑇𝑓
𝑓)  = ∇. (𝑘𝑓𝑒∇𝑇𝑓

𝑓) + ℎ𝑠𝑓ɑ𝑠𝑓(𝑇𝑠
𝑠 − 𝑇𝑓

𝑓)       (3.29) 

Where ℎ𝑠𝑓,  ɑ𝑠𝑓, 𝑇𝑠
𝑠, and 𝑇𝑓

𝑓 represents interfacial heat transfer coefficient, interfacial specific 

area, solid phase temperature, and liquid phase temperature, respectively. 

While solid matrix is given by: 

∇. (𝑘𝑠𝑒∇𝑇𝑠
𝑠) − ℎ𝑠𝑓ɑ𝑠𝑓(𝑇𝑠

𝑠 − 𝑇𝑓
𝑓 ) = −𝑞′′′         (3.30) 

And thermal conductivity of the solid matrix and fluid is also given as: 

−𝑘𝑠
𝜕𝑇𝑠

𝜕𝑦
=  (−𝑘𝑓𝑒

𝜕𝑇𝑓
𝑓

𝜕𝑦
− 𝐾𝑠𝑒

𝜕𝑇𝑠
𝑠

𝜕𝑦
)                     (3.31) 
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𝑇𝑠 = 𝑇𝑓
𝑓 = 𝑇𝑠

𝑠             (3.32) 

3.9 Boundary conditions 

After the importation of meshed geometry with the generated grid into the FLUENT [193]; 

then boundary conditions for geometry surfaces and parameters are specified for the 

commencement of the simulation process. Setting boundary conditions is a function of the 

engineering problem at hand. 

3.10 Numerical Method 

Employing the Ansys® 2020 Fluent software package incorporated with the finite volume 

method, the conservation equations (mass, momentum, and energy) and boundary conditions 

were numerically solved. The details of this technique can be found in [190]. The discretization 

of the computational domain into a finite number of discrete elements and control volumes was 

achieved with tetrahedra and pyramid elements. The simulation process was conducted with a 

pressure-based second-order model, and the SIMPLE algorithm was employed for the solution 

of coupled pressure-velocity field equations. When the scaled residual falls below 10-6, it was 

discovered that it corresponds with the predicted convergence of the flow and thermal energy 

equations’ solution. 

3.11 Thermal performance indicator measurement of the designed cooling 

system 

The measurement of the thermal behavior of the considered cooling systems for the removal 

of heat generated by a cylindrical lithium-ion battery pack in this work is actualized through 

certain parameters such as: 

1) Dimensionless thermal resistance: This is the measure of the resistance to the free flow 

of heat from the battery pack imposed on the rectangular frame as volumetric heat 

transfer through the conduction element into the working fluid in the channel. It is 

determined in this work as:  

 Rth =
(Tmax−Tin) Kf

q′′′ LfrDh
                       (3.33) 

2) Convective heat transfer coefficient: This is characterized by the transfer of generated 

heat from the battery between the working fluid and the stacked wall of the flow 

minichannel. The idea is that the higher the convective heat transfer coefficient, the 

better the thermal performance of the designed cooling system. It is determined in this 

work as: 
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ℎ =
𝑞′′′𝐷ℎ

(𝑇𝑚𝑎𝑥−𝑇𝑖𝑛)
                                                                                                                (3.34) 

 

3) Cost of Pumping power: This is required to force the working fluid through the stacked 

flow channel(s). In this work, the cost of pumping power is calculated as: 

𝑃𝑝 = 𝑁𝑉̇(𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡)               (3.35) 

 

4) Dimensionless heat transfer rate density: This parameter was employed to determine 

the total heat transfer rate per channel’s unit volume to actualize the effective 

interaction of the working fluid and cooling structure elements. In this study, heat 

transfer rate density is determined as: 

 

𝑞′′
𝑑

=
𝑞

𝑁𝑉𝑐
                            (3.36) 

Where: 

 𝑞 =  
𝑞′′′𝐿𝑓𝑟𝐷ℎ

𝐾(𝑇𝑚𝑎𝑥−𝑇𝑖𝑛)
               (3.37) 

And 

𝑉𝑐  = 𝐻𝑐𝑊𝑐𝐿              (3.38) 

 

5) Thermal performance enhancement factor: In consideration of total heat transfer and 

coolant flow resistance in the channel, the overall assessment of the designed cooling 

system performance will be calculated as: 

𝑇𝑃𝐹 =
𝑁𝑢 𝑁𝑢𝑜⁄

(𝑓 𝑓𝑜⁄ )
1

3⁄
                                                                                                        (3.39) 

Where: 

  𝑁𝑢 =
ℎ𝐿

𝐾𝑓
                                                                                                                 (3.40)   

And 

𝑓 =
∆𝑃

(𝜌𝜇2 2⁄ )(𝐿 𝐷ℎ⁄ )
                                                                                                       (3.41) 

 

3.12 Optimization techniques 

Ansys DesignXplorer is a design optimization program that runs in the Ansys Workbench 

environment. For the realization of the system performance and designed variable 

relationships, this application uses a goal-driven methodology to combine both conventional 
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and unconventional optimization [194]. Goal-driven optimization employed response surface 

methodology to determine the optimal design candidate. Employed a set of mathematical and 

statistical tools to provide variation of a given performance about the input parameters. Myers 

et al [174] and Khuri et al. [175] narrated this expression with equations in their respective 

published studies.  

Representing 𝑦 as the response variable of interest and 𝑥1, 𝑥2, 𝑥3, … … … 𝑥𝑘 as input variables, 

their operational relationship could be written using two models. Based on the underlying 

principle, an already known operational relationship between the response variable of interest 

and input variables could be represented with a mechanistic model as stated below: 

𝑦 = 𝑔(𝑥1, 𝑥2, 𝑥3 … … … . . 𝑥𝑘) + 𝜀                                                                                   (3.42) 

 Where 𝜀 signified the error of the system. 

However, if the fundamental concept is not fully understood, the unknown function 𝑔 must be 

approximately estimated using the appropriate empirical model and the relationship can be 

represented as. 

𝑦 = 𝑓(𝑥1, 𝑥2, 𝑥3 … … … . . 𝑥𝑘) + 𝜀                                                                                    (3.43) 

While the functional 𝑓 is often a first- or second-order polynomial, the empirical model is 

called a response surface model. 

3.12.1  Response surface methodology and computer experiments 

Computer and simulation models are the foundation on which engineers and scientists develop 

products and processes. As a very effective experimental technique for product or process 

optimization, response surface methodology is integrated into computer simulation 

experiments to evaluate the influence of certain significant factors on the developed system to 

generate a model called a metamodel. The goal of metamodel optimization is to minimize the 

number of samples in computer experiment design and analysis while maintaining a high 

degree of approximation accuracy and enhancing the optimal outcome with each optimization 

iteration. The optimization outcome will be a suitable representation of the real system’s 

optimal conditions if the meta-model accurately captures the characteristics of the real system 

[195]. When there is randomness or uncertainty, stochastic as one of the types of model 

simulation is utilized to estimate possible outcomes. Various outcomes’ probability is 

estimated using stochastic model simulation, which permits random fluctuation in the inputs. 
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Deterministic as another type of model simulation, is the exact opposite of stochastic model 

simulation in that it does not incorporate any uncertainty or unpredictability. Any uncertainty 

in deterministic model simulation is external to the model and does not affect its output.  

After developing the model and defining parameters, a response surface is generated through 

the response surface optimization tool integrated with Ansys 20.0 design explorer. Depending 

on the number of input parameters, a specified number of solutions (design points) are needed 

to create this response surface. The design space is established by providing the lowest and 

highest values to be taken into account for each input variable once the response surface has 

been inserted. For each parameter, a response surface is generated when the design of 

experiments (DOE) space sampling is developed through the design of experiments (DOE) 

response surface system. 

The Goal-Driven Optimization (GDO) approach is employed to identify the design candidates 

from the response surfaces. After setting the objectives in the GDO, the solution to the 

optimization problem is provided. However, the response surface accuracy for each design 

candidate is verified by changing it to a design point. A complete simulation is then run for this 

point to affirm that the output parameters are valid [194]. Compared to the ad hoc trial-and-

error technique, the design of the experiment approach is preferred for the design of 

engineering products 

For simplicity purposes, the deterministic simulation model (optimal space filling) is adopted 

to design the experiment in this study. The non-parametric regression 52odelling algorithm, 

known for its high non-linear performance prediction of outputs in reference to inputs, is then 

employed to generate the response surface. For instance, if X represents the generated input 

sample from the DOE, where X is defined as   

𝑋 = {𝑥1, 𝑥2, 𝑥3, … … … … … . . 𝑥𝑀}                                                                             (3.44) 

𝑥1 is an N-dimensional vector, that defines the input variables, the focus is to estimate an 

equation of the form, 

𝑌 = ∑ (𝐴𝑖 − 𝐴𝑖
∗)𝐾(𝑋𝑖

⃗⃗⃗⃗  𝑋) + 𝑏𝑁
𝑖=1                                  (3.45) 

Where, 𝐾(𝑋𝑖
⃗⃗⃗⃗  𝑋) represents Kernel map and the quantities 𝐴𝑖 and 𝐴𝑖

∗ are Lagrange multipliers. 
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The screening method, a non-iterative direct sampling technique, is utilized for the design 

optimization after the response surface is developed. Characterized by a low discrepancy 

sequence, the screening method employs a quasi-Monte Carlo generator based on the 

Hammersley algorithm. Meanwhile, the Hammersley algorithm applies the radix-R notation of 

an integer to create a set of N Hammersley points. An integer n, for instance, can be expressed 

as a sequence of digits. 

𝑛 = 𝑛1, 𝑛𝑚−1, … … … … … … … 𝑛2, 𝑛1, 𝑛0                                                                       (3.46) 

The integer n can be expressed in radix R- R notation as follows: 

𝑛 = 𝑛0 + 𝑛1𝑅 + 𝑛2𝑅2+. … … … … … … 𝑛𝑚𝑅𝑚                       (3.47) 

Thus, 𝑚 = [log𝑅 𝑛] = [
ln 𝑛

ln 𝑅
]                      (3.48) 

The square brackets indicate the integer of the number in the brackets. 

Equation (3.49) which represents an inverse radix number function, is derived from Equation 

(3.48). This function reverses the order of n’s digits around the decimal point to create a unique 

number on the interval [0, 1]. 

𝜙𝑅(𝑛) =. 𝑛0𝑛1𝑛2 … … … 𝑛𝑚 = 𝑛0𝑅−1 + 𝑛1𝑅−2 +  … … … + 𝑛𝑚𝑅−𝑚−1                   (3.49) 

The Hammersley sequence for K-dimensional points can finally be determined by: 

𝐻𝐾(𝑖) = [
𝑖

𝑁
, 𝜑𝑅1

(𝑖), 𝜑𝑅2
(𝑖), … … … … … 𝜑𝑅𝑘−1

(𝑖)]                          (3.50) 

Note: 𝑖 = 0, … … … . , 𝑁 represents the same points and 𝑅1, 𝑅2, … . . 𝑅𝐾−1 indicates the first 

  𝐾 − 1 prime numbers. 

3.13 Conclusions 

This chapter presents procedures for solving fluid and heat transfer problems using the Ansys® 

2020 R1 computational fluid dynamics software. It also documents the governing equations 

for the heat generation and thermophysical properties of the 26650 cylindrical lithium-ion 

battery cells were also documented. Meanwhile, the mathematical formulation of porous media 

and optimization techniques for the battery cooling system are detailed. 
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CHAPTER FOUR 

DEVELOPMENT OF CYLINDRICAL LITHIUM-ION BATTERY PACK COOLING 

SYSTEM  

4.1 Preview  

 In this chapter, the capacity of the cooling system, comprised of the channel(s) without insert 

mounted on the rectangular frame, to manage the thermal challenges of the cylindrical lithium-

ion battery pack is analyzed and reported. The goal is to actualize a compact cylindrical lithium-

ion battery pack cooling system with the highest thermal performance. The influence of the 

number of channels mounted on the rectangular frame under different flow orientations on 

cooling system thermal performance for Reynolds number ranges from 128.38 to 2054.08 is 

numerically investigated.  Meanwhile, the cooling system performance was evaluated with 

maximum rectangular frame wall temperature, dimensionless thermal resistance, pumping 

power, and heat transfer rate density. 

4.2 Physical and Computational Model 

The study by Basul et al. [27] employed the physical model shown in Figure 4.1a to illustrate 

the application of a minichannel for the dissipation of heat generated by the pack of cylindrical 

lithium-ion batteries of electric vehicles, is considered a reference model for this study. The 

designed liquid cooling system is based on the generated heat by the battery cells into the liquid 

in the channels via the aluminum conducting element. However, the thermal analysis of the 

system performance under a very high discharge rate of 6 C (coulombs) was investigated in 

this study with the application of symmetry conditions to a single battery pack from the 

fundamentally designed unit. Symmetry condition implementation is assumed to minimize the 

cost and simplify the simulation process. 

The computational model of the battery pack comprises five 26650 LiFePO4 cylindrical 

lithium-ion battery cells of similar thermophysical properties operating under a temperature of 

298K coupled with a cooling system of minichannel(s) with dimensions 59.4 mm × 1.7 mm ×

1.9mm and hydraulic diameter  1.29 mm mounted on a rectangular frame is depicted in Figure 

4.1b. Designed with a distance of 28 mm from one battery center to another in a parallel array, 

the 3340135 W/m3  of volumetric heat transfer, equivalent to the total heat generated by the 

cylindrical lithium-ion battery pack is imposed through the conducting element on the 

rectangular frame of dimensions 59.4 mm × 60 mm × 3 mm. The density, axial, and radial 
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thermal conductivities adopted for the considered battery cells in this work are as documented 

by [85] (Table 3.1). In contrast,  the mechanism of global heat generated in the cylindrical 

lithium-ion battery cell is determined using Eqns. (3.9-3.14) as expressed in [62] and 

adequately discussed in Chapter 3 of this report. The simulation process of dissipating heat 

generated by the battery under a steady-state battery operation was commenced by forcing a 

working fluid through the minichannel(s) under a varying Reynolds number. The transfer of 

heat in the channel(s) is considered a conjugate heat transfer problem, and the solution to 

conduction in the solid phase through the conduction element, as well as convection in the 

liquid phase, is analyzed to present an effective compact cooling system for temperature control 

of the battery pack. Water, a homogenous, single-phase, incompressible, and constant 

thermophysical property, was employed as the working fluid for this study. The front, top, and 

bottom surfaces of the minichannel(s) are assumed to be adiabatic (Figure 4.1b). At the same 

time, the thermal radiant and natural convection effects are also considered to be negligible. 

Meanwhile, the components of the cylindrical lithium-ion battery pack coupled with the 

cooling system are represented in Figure 4.1c. 

 

 

       (a) 
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(b) 

 

      (c) 

Figures 0.1. Physical model of the cooling system coupled with a lithium-ion battery pack [27] 

(a), Computational domain of the developed cooling system (b), and Components of 

the developed cooling system  (c) 
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4.3 Ansys code validation and grid refinement test analysis  

4.3.1 Ansys code validation 

The employed geometric configurations for validation purposes (numerical and experimental) 

were reproduced and subjected to grid and mesh generation. The numerical study of [117]  and 

the experimental work of [196] were employed for the validation of the Ansys® 2020 code 

adopted for this work. The comparison results of the present study’s simulation data with the 

available numerical and experimental work are presented below: 

4.3.1.1. Comparison of the present study  with the past work of [117] 

The reproduced cooling system and mesh grid generation are shown in Figure 4.2(a and b). 

Four half battery cells of similar shape and thermophysical properties were attached to a wall 

frame of a plain channel aluminum jacket. A steady state simulation was conducted with the 

adoption of the Finite volume method by the commercial software Fluent. Using water as a 

coolant, the total rate of heat generated by the battery (𝑞̇) is determined with Equation (4.1) 

𝑞̇ = 0.493𝐼2 + 0.2312𝐼𝑇                                                                                                (4.1) 

Where; 𝐼 𝑎𝑛𝑑 𝑇 represents the discharge current and operating temperature of the cell.  

(Note: The battery operating temperature is taken as  50℃ . For each of the cells, the discharge 

current is calculated as the ratio of the discharge rate to the period of battery operation). 

If a single battery cell generates 790.5 W (calculated with Equation (4.1)), then half of the 

battery cell will generate 395.25 W. The total rate of heat generated by 4 half battery cells is 

1581 W. The volumetric heat transfer is determined with Equation (4.2). 

Volumetric heat transfer = 
Total rate of heat genetated by the batteries 

Volume of the flow channel
               (4.2) 

The cooling channel dimensions are taken as  141 mm × 109 mm × 25 mm 

The cooling channel is imposed with calculated volumetric heat transfer as a constant heat 

source. Aside from the channel’s wall attached with four half batteries all other sides of the  
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wall is considered adiabatic. The computation model and mesh grid generation of [117] are 

 

      (a) 

 

 

  

         (b) 

Figure 0.2. Computational fluid domain coupled with battery cells (a), and Mesh grid 

generation (b).     
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Table. 4.1 and Figure 4.3, respectively, displayed the test refinement results and graph of the 

current work in comparison to the numerical work of  [117]. The attainment of less than 5% 

disparities, as shown in Figure 4.3, affirmed the accuracy of the adopted Ansys® 2020 Fluent 

code to predict the thermal performance of the proposed cooling system.  

Table 0.1. Grid refinement test for the numerical study of [117]. 

 

 

 

 

 

 

 

 

Figure 0.3. Module average temperature as a function of water coolant velocity for battery 

thermal management system.  

Number of 

cells 

∆𝑇 (K)   Deviation |
(∆𝑇)𝑖 − (∆𝑇)𝑖−1

(∆𝑇)𝑖
| 

90450 239.0812 ---------------------------- 

78519 239.0935 0.000051 

73376 239.2123 0.000050 

93606 238.9201 0.001222 
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4.3.1.2  Present study comparison with the Experimental past work of [196] 

The reproduced geometric configuration and mesh grid generation of the experimental work of 

[196] are displayed in Figures  4.4(a and b). Under a steady state of operation, 106 cylindrical 

lithium-ion batteries with an orthogonal arrangement on a cold plate of 227mm × 206 mm ×

10 mm dimensions populated with minichannels of dimensions 3 mm × 8 mm (Figure 4.4c) 

are subjected to the cooling process to dissipate the imposed heat from the battery cells on the 

cold plate using water as a working fluid. With 2W of the generated heat rate by a single battery 

cell, the total rate of heat generated by 106 cylindrical lithium batteries, is calculated to be 

212W. Using Equation (4.2), the different rates of heat generated by the total number of 

cylindrical lithium-ion battery cells are employed to determine the imposed volumetric heat 

transfer on the cold plate. 

Volumetric heat transfer(𝑞̇ ) = 
Total rate of heat generated by the battery cells 

Volume of flow cold plate.
                        (4.3) 

For example, (𝑞̇ ) with 4 W of heat generated =
4×106

0.000468755
= 904,523.685 Wm−3 

   

                                                    (a)  
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       (b) 

 

 

        (c) 

Figure 0.4. Computational fluid domain coupled with a numbers of cylindrical lithium-ion 

battery cells (a) Mesh grid generation (b), and  Cold plate populated with minichannels of water 

as a coolant (c) 

At a flow rate of  10L/min, the  Tbmax is calculated as the average temperature of battery cells 

with maximum surface temperature while ∆Tb is determined by the difference of   

Tbmax and Tbmin (Figure 4.5a). Aside from the top surface of the cold plate, all other walls 

are considered adiabatic (Figure 4.5a). 
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Table 4.2 displays the grid refinement test analysis for the experimental work of [196]. The 

comparison of the experimental with the obtained simulation results for Tbmax(℃) was 

represented in Figure 4.5a. A similar comparison for ∆Tb(℃) was displayed in Figure 4.5b. 

The actualization of less than 5% disparities as shown in Figure 4.5(a and b), substantiates the 

viability of the adopted Ansys® 2020 fluent code to predict the thermal performance of the 

proposed cooling system for cylindrical lithium-ion battery in electric vehicles. 

Table 0.2.  Grid refinement test for experimental study of [196] 

 

 

 

 

 

 

 

 

(a)  

Number of cells Number of 

elements 

∆𝑇 (OC) Deviation |
(∆𝑇)𝑖 − (∆𝑇)𝑖−1

(∆𝑇)𝑖
| 

257896 245620 43.4402 ---------------------------- 

270007 255969 43.4645 0.0005593 

251593 263486 43.5300 0.0015069 

255011 243670 44.0152 0.0111463 
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Figures 0.5. Maximum battery temperature (𝑇𝑏𝑚𝑎𝑥) as a function of heat input for a liquid 

cooling system (a) and the Maximum battery temperature difference (∆𝑇𝑏) as a function of 

heat input for a liquid cooling system (b).  

4.3.2 Grid refinement test analysis 

The attainment of an accurate simulation result in this study was based on several grid 

refinement tests conducted for each of the designed cooling systems. However, the same node 

and element sizes were considered for the cooling systems of the same setup subjected to 

different flow orientations. At an inlet velocity of 0.2 m/s (Reynolds number 256.76) and 

volumetric heat transfer of 3340135 W/m3. The grid independence density and maximum 

rectangular frame wall temperature are determined for the cooling systems. Employing the 

scaled residual for tracking purposes of solution convergence, the continuity and momentum 

equations as well as the energy equation, are assumed to converge when it drops below 10−6.  

Table 4.3 displays the geometric dimensions adopted for the cooling systems. In contrast, Table 

4.4 depicts the conducted grid refinement test for N3PF as an example for all grid refinement 

analyses carried out in this section. However, Figure 4.6 shows the mesh grid generation of the 

developed cooling systems mounted with different numbers of channels on the rectangular 

frame.  

Note that the single channel is centrally mounted on the rectangular frame, while 35.9mm, 

20.3 mm, 10.7 mm and 7.375 mm  spacing between the channels was respectively, 

considered for two, three, four, and five channels. 
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Table 0.3. Geometric dimensions for grid refinement test 

Fh (mm) Ft (mm) W (mm) H (mm) L (mm) Hc  (mm) Wc 

60 3 1.7 1.9 59.4 1.4 1.2 

 

Table 0.4. Grid refinement test for N3PF 

 

 

 

 

 

 

                    

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

Figures 0.6.  Mesh grid generation for the cooling system of one (a) two (b) three (c) four (d) 

and five (e) channels mounted on the rectangular frame. 

4.4 Results and Discussions  

With fixed 1.29 mm of the hydraulic diameter of the flow channel regardless of the design and 

3340135 W/m3 of volumetric heat transfer imposed on the rectangular frame of the cooling 

system through the conducting element as total heat generated by the battery pack of an electric 

vehicle, the influence of the number of flow channel on the thermal performance of developed 

cooling structures under different flow orientations were investigated and reported in this 

section. 

Number of 

cells 

Peak frame wall 

temperature (K) 

Deviation|
(∆𝑇)𝑖 − (∆𝑇)𝑖−1

(∆𝑇)𝑖
| 

98020 346.8860 -------------------- 

310782 346.8953 0.00002681 

90539 345.6459 0.00360166 
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4.4.1 Reynolds number effect on cooling system characterization under different flow 

orientations 

4.4.1.1  Maximum rectangular frame wall temperature 

From Figure 4.7, the rectangular frame’s maximum wall temperature (Tmax) decreased as the 

Reynolds number (Re) increased. A gradual reduction in Tmax occurred as the Re increased from 

128.38 to 1027.04, beyond which further increases in the Re had an insignificant effect on the 

Tmax. Additionally, a more pronounced Tmax reduction was observed with an increase in the 

number of channels mounted on the rectangular frame. For instance, at the highest Re (2054.08) 

N5CF reduced Tmax by 1.9%, 5.3%, 12.6%, and 33.6% compared to N4CF, N3CF N2CF, and N1 

respectively. A similar Tmax reduction behavior was noted with parallel flow cooling systems.  

However, counterflow cooling systems provide slightly lower Tmax values than parallel flow 

cooling systems. 

 

Figure 0.7. Maximum rectangular frame wall temperature (Tmax) vs Reynolds number (Re) of 

the cooling system without an insert in the channel(s). The color markers represent the cooling 

system of different numbers of channel(s) mounted on the rectangular frame. 

4.4.1.2  Dimensionless thermal resistance 

Figure 4.8 shows the variation of dimensionless thermal resistance (Rth) with an increase in 

Reynolds number (Re) regardless of the number of channels mounted on the rectangular frame 
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of the cooling system. From the result, the dimensionless Rth decreases with an increase in the 

Re. A gradual drop in the dimensionless Rth was noticed when the Re increased from 123.83 to 

1027.04. However, when the Re exceeded 1027.04, an insignificant dimensionless Rth was 

recorded. An improved dimensionless Rth reduction was realized with increased channels 

mounted on the rectangular frame. However, counterflow cooling systems achieved a slightly 

lower dimensionless Rth than cooling systems with parallel flow cooling systems. 

 

 

 

 

 

 

 

 

 

Figure 0.8. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system without an insert in the channel(s). The color markers represent the cooling system of 

different numbers of channels mounted on the rectangular frame. 

 

4.4.1.3  Cost of pumping power 

Figure 4.9 shows an increase in the cost of pumping power (Pp) with an increase in Reynolds 

number (Re) regardless of the number of channels mounted on the rectangular frame. At a 

lower Re below 641.9, a gradual increase of Pp was realized and above this point, a further 

increase in Re yields a substantial upward trend of Pp. However, an increased Pp was observed 

with the increase in the number of channels mounted on the rectangular frame [197].  For 

instance, 80%, 60%, 40%, and 21% of increased PP were respectively realized with N5CF 

compared to N1, N2CF, N3CF, and N4CF at Re 641.9. Thus, the lesser the channel number, the 
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lesser the Pp, and vice versa. Furthermore, counterflow cooling systems were recorded with 

slightly higher values of Pp than parallel flow cooling systems. This result is consistent with 

the published work of Ariyo and Bello-Ochende [47].  

 

Figure 0.9. Cost of pumping power (Pp) vs Reynolds number (Re) of the cooling system 

without an insert in the channel(s). The color markers represent the cooling system of different 

numbers of channels mounted on the rectangular frame. 

4.4.2 Effect of channel number on dimensionless heat transfer rate density for the 

cooling systems with no insert in the channel 

Figure 4.10 illustrates the behavior of the cooling system to the dimensionless heat transfer rate 

density influenced by the varying number of channels mounted on the rectangular frame. A 

higher dimensionless heat transfer rate density value implies an improved thermal performance 

of the cooling system (Equations (3.36-3.38)). Regardless of the flow orientation or the number 

of channels, an increase in Reynolds number (Re) leads to an increase in the dimensionless heat 

transfer rate density. Parallel flow cooling systems (Figure 4.10a), demonstrated a slightly 

lower dimensionless heat transfer rate density compared to the counterflow cooling systems 

(Figure 4.10b). Notably, the highest dimensionless heat transfer rate density was achieved 

when the three (3) channels were mounted on the rectangular frame of the cooling system. For 

the counterflow cooling system as an example, 2.5%, 2.3%, 0.67%, and 2.4% of increased 

dimensionless heat transfer rate density at Re 2054.08 were realized when 3 channels were 
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mounted on the rectangular frame compared to 1,2.4, and 5 channels, respectively (Figure 

4.10b). A similar pattern was demonstrated by parallel flow cooling systems (Figure 4.10a). 

Thus, adequate interaction of the working fluid and solid elements of the cooling systems is 

suspected to be more pronounced when three channels are mounted on the rectangular frame 

[198, 199].  

 

                     (a) 

 

                                          (b) 

Figure 0.10. Dimensionless heat transfer rate density vs. Number of channels mounted on the 

rectangular frame in parallel (a) and counterflow (b) cooling systems without an insert. Colored 

markers represent different Reynolds numbers (Re): Re = 256.76 (black), Re = 641.9 (red), Re 

= 770.28 (green), Re = 1155.42 (blue), and Re = 1925.7 (cyan) 

4.4.3 Temperature uniformity of the battery cells in the pack  

According to [5, 13], maintaining good temperature uniformity among battery cells in a pack 

extends the lifespan of lithium-ion battery packs. Therefore, it is essential to study the impact 

of the cooling system on the temperature uniformity of cylindrical lithium-ion cells within the 

battery pack. Lower temperature uniformity values indicate better cooling system performance. 

As an example of different cooling system designs, Figure  4.11(a-c) illustrate the effect of the 

Reynolds number on the temperature uniformity of battery cells in a pack. Within the range of 

Reynolds numbers used in this study, the designed cooling systems achieved a temperature 

variation of less than 2℃ between battery cells, indicating their ability to maintain uniform 
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temperatures [13]. In particular, the N3CF design (Figure 4.11b) showed slightly better 

temperature uniformity than the N3PF design (Figure 4.11a), demonstrating the influence of 

different flow orientations on heat dissipation. In contrast, the NI design (Figure 4.11a) 

exhibited higher temperature uniformity values than N3PF and N3CF (Figures  4.11a and b), 

highlighting the improved cooling performance of the additional channels mounted on the 

rectangular frame. 

 

                     (a) 

 

                                          (b) 

  

 

                                                     (c) 
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Figure 0.11. Battery cells temperature uniformity vs Reynolds number for cooling systems of 

three channels with the parallel flow (a) and counterflow (b) arrangement as well as a single 

channel (c). The color makers represent the temperatures of each battery cell in a pack 

4.4.4 Temperature contours 

Figures  4.12 (a-c) displays temperature contours with an illustration of the temperature 

distributions of the cooling systems designed for the thermal management of cylindrical 

lithium-ion batteries of an electric vehicle imposed with a volumetric heat source of 

3340135 𝑊 𝑚3⁄  Reynolds number 1412.18. Compared to Figure 4.12b, the highest 

temperature profile is observed in Figures  4.12 (a) shows the improved cooling 70ddition70ce 

by the70dditionnal channels mounted on the rectangular frame. However, a slight drop in 

temperature profile was observed in Figure 4.12c (counterflow cooling system) compared to 

Figure 4.12b (Parallel flow cooling system), reflecting the influence of flow orientation on 

the dissipation of heat from the battery pack. 

              

                                              (a)    
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                                                                                        (b) 

         

                                                                              © 

 Figure 0.12.  Temperature contour for the cooling system of two channels with parallel flow 

arrangement (a), three channels with parallel flow (b), and counterflow (c) arrangements at 

Reynolds number 1412.18 in plain X=25 mm. 

4.5 Conclusions 

In this chapter, the designs of the cooling systems coupled with a pack of five cylindrical 

lithium-ion batteries were considered. The details of the grid refinement test and code 
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validation were adequately reported. The effects of the number of channels and the flow 

orientation on the thermal performance of the designed cooling system for effective dissipation 

of heat from the battery pack were numerically evaluated for Re values between 128.38 and 

2054.08. Key findings include: 

Counterflow versus. Parallel Flow Systems: Counterflow cooling systems demonstrated a 

slight advantage in reducing maximum wall temperature and thermal resistance compared to 

parallel flow systems. 

Number of mounted channels: (a) An additional number of channels mounted on the 

rectangular frame yields a better improvement in the system performance (b) Pumping power 

increases with additional channels mounted on the rectangular frame (c) Highest thermal 

performance of the cooling system is achieved with three channels mounted on the rectangular 

frame. 

Hence, the counterflow cooling system of the three channels mounted on the rectangular frame 

is recommended as the best for controlling the temperature of an electric vehicle’s battery pack. 
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CHAPTER FIVE 

ENHANCEMENT OF CYLINDRICAL LITHIUM-ION BATTERY PACK OF 

ELECTRIC VEHICLE COOLING SYSTEM WITH CIRCULAR SOLID PIN FIN / 

ALUMINIUM FOAM OF VARYING POROSITIES INSERT(S) 

5.1 Preview  

 This chapter presents the enhancement potential analyses of the circular solid pin fin or 

aluminum foam of various porosities inserted in the channels of the designed cooling system 

from Chapter 4. The cooling system’s performance with the centrally located insert in the 

channels will be compared with the results previously obtained in Chapter 4. The varying 

locations’ effect of a single insert on the system performance was later considered and 

compared with varying spacing arrangements of three inserts in the channels. However, the 

system performance will be evaluated with maximum rectangular frame wall temperature, 

thermal resistance, heat transfer rate density, and performance enhancement factor parameters. 

The discr’tization, mesh grid generation, and simulation process of the cooling systems were 

conducted with the Ansys® 2020 Fluent software package. 

5.2 Physical and Computational Model 

Figures  5.1(a-d), shows the cross-section of the computational domain for the cooling system 

inserted with single or three circular solid pin fins/aluminum foam. With fixed dimensions of 

the cooling system as stated in Chapter 4, varying locations of a single circular solid pin 

fin/aluminum foam insert in the fluid domain are first considered. The 1.5 mm, 2.0 mm, and 

2.5 mm spacing arrangements of three circular solid pin fin/aluminum foam inserts in the fluid 

domain of the cooling system were later considered. The circular solid pin fin/aluminum foam 

used in this work is of dimension 1.1 m × 0.6 mm while the considered porosities for the 

aluminum foam are low (0.1), medium 0.5, and high (0.9)  
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Figures 0.1. Cooling system cross-section with single (a), 1.5 mm (b), 2.0 mm (c), and 2.5 mm 

(d) spacing arrangements of three circular solid pin fins insert(s) in the channel. 

5.2.1  Grid refinement test analysis 

The exact number of nodes and element sizes was considered for the cooling system with solid 

pin fin/aluminum foam (irrespective of porosity) inserted at the same point in the flow 

channel(s) for accurate comparative analysis.  A similar consideration was given to the cooling 

system of three inserts with the same spacing arrangements in the channels.  Tables 5.1 and 5.2 

respectively depicts the conducted grid refinement test for counterflow cooling systems of three 

channels inserted with a single circular solid pin fin centrally located in the channels (NC3CF) 

and counterflow cooling system with three inserts of circular aluminum foam arranged with 

(d).  Same size of circular solid pin 

fins or aluminum foam with a spacing 

of 2.5 mm in the channel 

(c). Same size of circular solid pin 

fins or aluminum foam with a spacing 

of 2 mm in the channel 

(a). Cooling system cross-section with 

a circular solid pin fin or aluminum 

foam insert in the channel 

(b).  Same size of circular solid pin fins 

or aluminum foam with a spacing of 1.5 

mm in the channel 
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2.0 mm spacing (𝑁𝐶2.0𝑀𝐶𝐹)  as an example for all grid refinement analyses carried out in this 

chapter. 

Table 0.1. Grid refinement test for NC3CF 

  

 

 

 

 

  

Table 0.2. Grid refinement test for 𝑁𝐶2.0𝑀𝐶𝐹 

    

 

 

 

 

 

5.3 Results and Discussion          

5.3.1 Case 1: Enhancement of the cooling system's thermal performance with the 

insertion of circular solid pin fin(s) in the channel(s) under different flow 

orientations 

5.3.1.1 Reynolds number effect on the cooling system characterization with centrally 

located (L/2) circular solid pin fin (CSPF) under different flow orientations 

 

5.3.1.1.1  Maximum rectangular frame wall temperature 

Figure 5.2 shows the decrease in the maximum wall temperature (Tmax) of the rectangular frame 

with an increase in Reynolds number (Re) for the cooling systems equipped with the circular 

Number 

of  cells 

Peak frame wall temperature 

(K) 

Deviation|
(∆𝑇)𝑖 – (∆𝑇)𝑖−1

(∆𝑇)𝑖
| 

223784 307.9172 -------------------- 

335968 307.9120 0.000163 

414523 309.7204 0.000473 

Number 

of cells 

Peak frame wall 

temperature (K) 

Deviation |
(∆𝑇)𝑖 – (∆𝑇)𝑖−1

(∆𝑇)𝑖
| 

224809 307.6347 -------------------- 

337025 307.6359 0.0000039 

415581 306.7261 0.0029574 
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solid pin fin (CSPF) insert. A substantial reduction in the Tmax was observed when the Re 

increased from 123.83 to 1238.3. However, beyond this point, the effect of  increases in Re on 

Tmax becomes insignificant. At the highest Re (2054.08) considered in this study, NC5CF reduces 

the Tmax by 0.054%, 0.20%, 0.86%, and 2.9% compared to the NC4CF, NC3CF, NC2CF, and N1, 

respectively. Thus, an improved Tmax reduction is obtained with additional channels of centrally 

located CSPF inserts mounted on the rectangular frame of the cooling systems. Within the 

range of Re values  in this study, cooling systems with a counterflow arrangement exhibited 

slightly lower Tmax values than those with a parallel flow configuration. Moreover, a significant 

reduction in Tmax was achieved in cooling systems with CSPF insert (Figure 5.2) compared to 

those without insert (Figure 4.7), demonstrating the enhanced thermal performance provided 

by the use of an insert. 

 

Figure 0.2. Maximum rectangular frame wall temperature (Tmax) vs Reynolds number (Re) of 

the cooling system with a centrally located circular solid pin fin (CSPF) in the channel(s). The 

color markers represent the cooling system of different numbers of channel(s) with a CSPF 

insert mounted on the rectangular frame. 

 

5.3.1.1.2  Dimensionless thermal resistance 
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From Figure 5.3, an increase in Reynolds number (Re) reduces the dimensionless thermal 

resistance (Rth). A drastic reduction of the dimensionless Rth was observed when the Re 

increased from 128.38 to 1283.8. At Re higher than 1283.8, an insignificant decrease of the 

dimensionless Rth was noticed. The figure shows that the rate of dimensionless Rth reduction 

grows with an additional channel mounted on the rectangular frame. However, counterflow 

cooling systems achieved a slightly dimensionless Rth lower than parallel flow cooling systems. 

The dimensionless Rth decreases significantly when CSPF is inserted into the cooling systems' 

channels, as seen by a comparison of Figures  4.8 and 5.3  indicate how the inclusion of an 

insert in the fluid domain augments the thermal performance of the cooling system. 

    

Figure 0.3. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system with a centrally located circular solid pin fin (CSPF) in the channel(s). The color 

markers represent the cooling system of different numbers of channel(s) with a CSPF insert 

mounted on the rectangular frame. 

5.3.1.1.3  Cost of pumping power 

Figure 5.4 illustrates the cost of pumping power (Pp) versus Reynolds number (Re). When the 

Re increased from 128.38 to 641.9, a gradual increase in the Pp was recorded with all cooling 

systems, and above this point, a further increase in Re yields a significant hike in the Pp value. 
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A direct relationship between the number of channels mounted on the rectangular frame of the 

cooling systems and Pp was realized. In addition, counterflow cooling systems achieve a 

slightly higher value of Pp than those with Parallel flow design. However, the effect of the 

CSPF in the channel(s) to outrageously raise the cost of the pumping power is recorded in this 

work as the cooling systems of channel(s) with CSPF insert (Figure 5.4) give a higher Pp value 

compared to those without an insert (Figure 4.9). 

   

Figure 0.4. Cost of pumping power (Pp) vs Reynolds number (Re) of the cooling system with 

a centrally located circular solid pin fin (CSPF) in the channel(s). The color markers represent 

the cooling system of different numbers of channel(s) with a CSPF insert mounted on the 

rectangular frame. 

5.3.1.2  Effect of channel number on the dimensionless heat transfer rate density for the 

cooling system with centrally located (L/2) circular solid pin fin (CSPF)  

 

Figures  5.5 represent the relationship between the dimensionless heat transfer rate density and 

the number of channels with a centrally located circular solid pin fin (CSPF) insert, mounted 

on the rectangular frame of the cooling systems. An increase in the dimensionless heat transfer 

rate density indicates an improved system thermal performance (Equations (3,36-3.38)). The 

graph shows that the dimensionless heat transfer rate density increases with the Reynolds 

number (Re) regardless of the flow orientation and number of channels. Parralel flow cooling 

systems (Figure 5.5a) exhibit slightly lower dimensionless heat transfer rate density than 
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counterflow cooling systems. (Figure 5.5b). The highest dimensionless heat transfer rate 

density was achieved with three channels containing CSPF insert. In the parallel flow system, 

with three (3) channels at Re 2054.08, dimensionless heat transfer rate density increased by 

19.7%, 13.3%, 10.0%, and 21.1% compared to 1, 2, 4, and 5 channels, respectively at Re 

2054.08 (Figure 4.10a). This suggests that the best interaction between the working fluid and 

heat transfer surfaces occurs with three channels [198, 199].  At Re 2054.08 the parallel flow 

system with three channels and CSPF insert (Figure 5.5a) demonstrated a 93.51% increase in 

heat transfer rate density compared to systems without insert (Figure 4.10a). A similar 

enhancement of 93.82% was observed in counterflow systems, highlighting the significant role 

of CSPF inserts in improving the thermal performance of the cooling systems. 

   

                        
                                       (a) 

 

 
                                          (b) 

Figure 0.5. Dimensionless heat transfer rate density vs. number of channels mounted on the 

rectangular frame in Parallel (a) and Counterflow (b) Cooling systems with circular solid pin 

fin (CSPF) Inserts. Colored markers represent different Reynolds numbers (Re): Re = 128.38 

(black), Re = 513.52 (red), Re = 1027.04 (green), Re = 1540.56 (blue), and Re = 2054.08.  

5.3.1.3  Effect of varying locations of a single circular solid pin fin (CSPF) insert in the 

channel(s) on the cooling system’s performance 
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The previous section demonstrates that the cooling system with three channels and a centrally 

located CSPF (L/2) yields the highest dimensionless heat transfer rate density, indicating 

superior thermal performance for dissipating heat from the battery pack. This section further 

analyzes the effect of varying the location of the CSPF inserts within the channels of this 

cooling system to assess how different placements may influence thermal performance and 

heat dissipation efficiency. This analysis explores whether alternative CSPF placements can 

further enhance cooling system performance beyond the best configuration identified earlier. 

Figure 5.6 reflects the relationship between the dimensionless thermal resistance (Rth) and the 

Reynolds number (Re) of cooling systems with varying locations (L/2, L/4, and L/8) of a single 

CSPF in the channel. Regardless of the CSPF location within the channels, the dimensionless 

Rth consistently decreased with  an increasing (Re). A notable reduction in dimensionless Rth 

was observed as Re increased from 128.38 to 1283.8; beyond this point, further increases in Re 

had an insignificant effect on dimensionless Rth reduction. Across the range of Re values used 

in this study, cooling systems with a counterflow arrangement exhibited slightly lower 

dimensionless Rth values than those with a parallel flow configuration. Specifically, at Re 

898.66, the system with CSPF located at L/8 (NCMPF) reduced dimensionless Rth by 10.2% and 

24.8% compared to when it was located at L/4 (NCJPF) and L/2 (NC3PF), respectively. A similar 

trend was observed in counterflow cooling systems, suggesting that the closer the CSPF is to 

the inlet, the better the cooling system's thermal performance. 
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Figure 0.6. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system with a single circular solid pin fin (CSPF) insert. The colored markers illustrate 

counterflow (CF) and parallel flow (PF) cooling systems equipped with a single CSPF located 

at L/2 (NC3CF and NC3PF), L/4 (NCJCF and NCJPF), and L/8 (NCMCF and NCMPF), in the channels  

5.3.1.4 Comparison of a single and varying spacing arrangement of three circular solid pin 

fin (CSPF) insert(s) in the channel(s) on the cooling system's performance 

  

The realization of the optimum thermal performance of a designed cooling system with at most 

3-pin fins in the channel was earlier reported by [208] with no emphasis on the search for the 

best insert location in the channels. Therefore, in this study, CSPF was increased to three in the 

channels of NCMPF and NCMCF to compare the influence of multiple (three) inserts with a single 

insert located at the best point (L/8) in the channels. With the varying spacing (1.5mm, 2.0mm, 

and 2.5mm) of in-line arrangements, the multiple CSPFs of the exact dimensions are arranged 

in the channels from L/8 towards the inlet.  

The dimensionless (Rth) reduction with the growth in the Reynolds number (Re) is presented in 

Figure 5.7 regardless of the number and spacing arrangements of CSPF in the cooling system’s 

channels. A substantial dimensionless Rth reduction was noticed when the Re increased from 
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128.38 to 1283.8, and beyond this, an insignificant effect of Re on dimensionless Rth reduction 

was realized. At a Re, 770.28, NC1.5MPF reduced the dimensionless Rth by 1.3% and 1.8% 

compared to NC2.0MPF and NC2.5MPF, respectively, which implies that the minimization of 

space between CSPF benefits the dissipation of heat from the battery pack. Counterflow 

cooling systems were also observed to exhibit a similar reduction of dimensionless Rth. 

However, cooling systems with a single CSPF in the channels consistently exhibited the lowest 

dimensionless Rth values compared to those with channels of multiple multiple (three) CSPF 

inserts, regardless of the spacing arrangements and flow orientations. Thus, NCMCF reduced 

dimensionless Rth by 16.9%, 16.1%, and 14.8% compared to NC2.5MCF, NC2.0MCF, and 

NC1.5MCF, respectively, at Re 770.28. Meanwhile, the counterflow cooling systems achieve 

slightly lower dimensionless Rth values than those with the parallel flow cooling system, 

regardless of the number and spacing arrangements of the CSPF in the channel. 

 

Figure 0.7. Dimensionless thermal resistance (Rth) vs. Reynolds number (Re) of cooling system 

with circular solid pin fin (CSPF) insert(s). The color markers illustrate counterflow (CF) and 

parallel flow (PF) cooling systems equipped with a single CSPF (NCMCF and NCMPF), and 

1.5mm (NC1.5MCF and NC1.5PF), 2.0mm (NC2.0MCF and NC2.0MPF), as well as 2.5mm 

(NC2.5MCF and NC2.5MPF) spacing arrangements of three CSPFs in the channels.  
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5.3.1.5 Normalized friction factor effect between the varying location of a single and 

spacing arrangement of three circular solid pin fin (CSPF) 

 

Figure 5.8a shows the normalized friction factor (NFF) of the cooling systems with varying 

locations of a single CSPF. At the same time,  the same analysis was indicated in Figure 5.8b 

for the cooling systems with three CSPF inserts of varying spacing arrangements in the 

channels. With single or multiple CSPF insert(s), an increase in NFF was recorded with an 

increase in Reynolds number (Re). Across the range of Re applied in this work, counterflow 

cooling systems increased the values of NFF than parallel flow cooling systems. The 

realization of NFF values higher than 3, as shown in Figures 5.8a and 5.8b, implies the 

tendency of CSPF in the fluid domain to raise the working fluid friction more than 3 times 

compared to the cooling systems with no insert [40]. For counterflow cooling systems, the 

placement of a single CSPF at L/8 (NCMCF) made it possible to lower NFF by 0.014% compared 

to L/4 (NCJCF) and by 0.067% to L/2 (NC3CF) at a specified Re 898.66 (Figure 5.8b). The 

parallel flow cooling system demonstrates a similar pattern of NFF reduction with an insert 

located at L/8 compared to L/4 and L/2 (Figure 5.8a). Meanwhile, an increase in NFF values 

was documented with the decrease in the space between the CSPF in the channels of the cooling 

systems equipped with multiple (three) inserts as indicated in Figure 5.8b [200]. For instance, 

at Re 2054.08, NC1.5MPF raised the NFF values by 0.12% and 0.35% compared to NC2.0MPF 

and NC2.5MPF, respectively. A similar scenario of increased NFF values was observed with 

NC1.5MCF over NC2.0MCF and NC2.5MCF.  However, regardless of the spacing arrangement 

of multiple CSPFs and the locations of a single CSPF(s) in the channel, a higher value of NFF 

was obtained with cooling systems equipped with three CSPFs (Figure 5.8b) compared to one 

(Figure 5.8a) CSPF insert(s), demonstrating the effect of fluid domain complexity on the 

pressure drop and consequently NFF. 
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                                            (a) 

 

 
                                                (b) 

Figures 0.8. Normalized friction factor (NFF) vs. Reynolds number (Re) of the cooling system 

with a single (a) and three (b) circular solid pin fin (CSPF) insert(s). The color markers illustrate 

counterflow (CF) and parallel flow (PF) cooling systems with varying locations of a single 

CSPF and spacing arrangements of multiple CSPFs in the channels. 

5.3.1.6 Comparison of thermal performance enhancement factor effect between the 

varying location of a single and varying spacing arrangement of three circular solid 

pin fin (CSPF)  

 

Figure 5 .9 shows the variation of the thermal performance enhancement factor (TPEF) with 

Reynolds number (Re) for comparison between single and multiple CSPF insert(s) effects on 

the overall thermal performance of the cooling system. It can be noted from Figure 5.9 that 

TPEF increases with an increase in varying Re. Noticeably, the curve shows TPEF values 

greater than 1, suggesting that implementing CSPF(s) improved heat transfer at a reasonable 

increase in the friction factor [45]. Within the range of applied Re in this work, counterflow 

cooling systems were recorded with slightly higher TPEF values than the parallel flow cooling 

systems, regardless of the number and spacing arrangements of CSPF in the channels. 

Specifically, at Re 2054.08, NC2.0MPF is 4.3% better than NC1.5MPF and 5.4% better than 

NC2.5MPF. In counterflow cooling systems, a similar improvement of system performance was 

realized by NC2.0MCF over NC1.5MCF and NC2.5MCF.  This shows that the frictional factor 
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effect is more tolerable to the augmentation of heat transfer in the channel of 2.0 mm than in 

1.5 mm and 2.5 mm spacing arrangements. However, compared to the cooling system with 

three CSPF inserts regardless of the spacing arrangements, the cooling system with a single 

CSPF insert gives the highest value of TPEF. For instance, NCMCF improves TPEF by 7.81%, 

4.24%, and 8.3% compared to NC1.5MCF, NC2.0MCF, and NC2.5MPF, respectively, at Re 

2054.08. This implies that a single CSPF located at L/8 in the channels can enhance the overall 

thermal performance of the cooling system with more than three CSPFs. 

 

Figure 0.9. Thermal performance enhancement factor (TPEF) vs. Reynolds number (Re) of 

cooling system with circular solid pin fin (CSPF) insert(s). The color markers illustrate 

counterflow (CF) and parallel flow (PF) cooling systems equipped with a single CSPF (NCMCF 

and NCMPF), and 1.5mm (NC1.5MCF and NC1.5PF), 2.0mm (NC2.0MCF and NC2.0MPF) as well 

as 2.5mm (NC2.5MCF and NC2.5MPF) spacing arrangements of three CSPFs in the channels. 

5.3.1.7  Temperature uniformity of the battery cells in the pack  

 

This section disscuses the effect of the cooling system on the temperature uniformity of battery 

cells in the pack. As shown in Figures  5.10(a-c), increasing the Reynolds number improves 
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the battery cells’ temperature uniformity regardless of the cooling system design. However, a 

temperature variation of less than 2℃ between cells was maintained within the applied Re 

number range, demonstrating the cooling system’s ability to preserve temperature 

uniformity[13]. Lower temperature uniformity values indicate better cooling system 

performance. Figures 5.10(a) and (b) show that inserting a CSPF (circular solid pin fin) into 

the cooling system channels further lowers the temperature uniformity values compared to 

systems without inserts (Figures 4.11a and 4.11b). The coalescence of the curve is observed 

with Figures  5.10(a) and (b) compared to Figure 4.11(a) and (b) suggesting that insertion of 

the CSPF in the system channels can enhance the temperature uniformity of battery cells in the 

pack.   Additionally, counterflow cooling systems (Figure 5.10b) provide slightly better 

temperature uniformity than the parallel flow system battery (Figure 5.10a), highlighting the 

influence of flow orientation on cooling system performance. Further improvement in 

temperature uniformity was observed when the CSPF was placed at L/8 (Figure 5.10c) rather 

than at L/2 (Figure 5.10b), indicating that the positioning of the CSPF also affects cooling 

system efficiency 

 

                                     (a) 

 

                                             (b) 
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Figure 0.10. Battery cells temperature uniformity vs Reynolds number for cooling systems of 

three channels containing a single circular solid pin fin (CSPF) insert located at L/2 (parallel 

flow (a) and counterflow (b) arrangement) as well as L/8 (counterflow arrangement (c). The 

color makers represent the temperatures of each battery cell in a pack. 

5.3.2 Case 2: Enhancement of the cooling system's performance by inserting  insertion 

of circular aluminum foam(s) of varying porosities in the channel(s) under 

different flow orientations 

5.3.2.1 Reynolds number effect on the cooling system characterization  with centrally 

located (L/2) circular aluminum foam of 0.1 porosity under different flow 

orientations 

 

5.3.2.1.1 Maximum rectangular frame wall temperature 

Figure 5.11 reports the relationship between the maximum wall temperature (Tmax) of the 

rectangular frame and the Reynolds number (Re) for the cooling systems with circular 

aluminum foam of 0.1 porosity (𝐶𝐴𝐹𝜀 = 0.1) insert. An increase in Re reduces the Tmax. 

Meanwhile, significant Tmax reduction was realized with an increase in Re from 128.38 to 

1283.8. When the Re increased beyond 1283.8, an insignificant Tmax reduction was 

documented. At Re 2054.08, 𝑁𝐶5𝜀=0.1𝐶𝐹  respectively minimized Tmax by 0.065%, 0.19%, 

0.89%, and 2.9% compared to 𝑁𝐶4𝜀=0.1𝐶𝐹, 𝑁𝐶3𝜀=0.1𝐶𝐹, 𝑁𝐶2𝜀=0.1𝐶𝐹 and 𝑁𝐶1𝜀=0.1. Thus, 
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additional channels mounted on the rectangular frame provide a more pronounced Tmax 

reduction. In addition, counterflow cooling systems were recorded with slightly lower Tmax 

reduction than the parallel flow cooling systems. A significant reduction in Tmax was 

demonstrated by the cooling systems of channel(s) with 𝐶𝐴𝐹𝜀 = 0.1 insert (Figure 5.11) when 

compared with cooling systems of channels without insert (Figure 4.7), indicating the improved 

thermal performance provided by the insert. 

 

 

Figure 0.11. Maximum rectangular frame wall temperature (Tmax) vs Reynolds number (Re) 

of the cooling system with a centrally located circular aluminum foam of 0.1 porosity (𝐶𝐴𝐹𝜀 =

0.1) insert in the channel(s). The color markers represent the cooling system of different 

numbers of channel(s) with a 𝐶𝐴𝐹𝜀 = 0.1  insert mounted on the rectangular frame. 

5.3.2.1.2 Dimensionless thermal resistance 

Figure 5.12 shows a dimensionless thermal resistance (Rth) reduction with an increase in 

Reynolds number (Re). Between Re 128.38 and 1283.8, a drastic drop in dimensionless Rth was 

realized regardless of the number of channels mounted on the rectangular frame, and above 

this, a negligible effect of Re on dimensionless Rth reduction was recorded. As indicated in the 

figure, the dimensionless Rth reduction improved with additional channels mounted on the 
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rectangular frame. Moreover, counterflow cooling systems achieved a slightly lower 

dimensionless Rth than parallel flow cooling systems. However, a significant reduction in 

dimensionless Rth was obtained in cooling systems with CAFε=0.1 insert (Figure 5.12) than 

those without insert (Figure 4.8), which implies the improved thermal performance achieved 

by applying  the insert. 

 

Figure 0.12. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system with a centrally located circular aluminum foam of 0.1 porosity (𝐶𝐴𝐹𝜀 = 0.1)  insert 

in the channel(s). The color markers represent the cooling system of different numbers of 

channel(s) with a 𝐶𝐴𝐹𝜀 = 0.1  insert mounted on the rectangular frame. 

5.3.2.1.3 Cost of pumping power 

Figure 5.13 shows an increase in the cost of pumping power (Pp) with an increase in Reynolds 

number (Re), regardless of the cooling system design. A slight rise in Pp was recorded when 

the Re increased from 283.83 to 641.9. However, a significant increase in Pp was recorded 

when Re increased beyond 898.66. As observed in this study, Pp increases with the number of 

channels mounted on the rectangular frame [197]. Meanwhile, counterflow cooling systems 

slightly incurred higher Pp values than parallel flow cooling systems. This was in agreement 

with the published work of [47]. The obtained results with cooling systems of channels with 
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the insertion of CAFε=0.1 (Figure 5.13) demonstrate an outrageous increase in the Pp 

compared to cooling systems of channels without the insert (Figure 4.9) demonstrating the 

penalty of higher pressure drop incurred by the application of CAFε=0.1 insert. 

 

Figure 0.13. Cost of pumping power (Pp) vs Reynolds number (Re) of the cooling system with 

a centrally located circular aluminum foam of 0.1 porosity (𝐶𝐴𝐹𝜀 = 0.1)  insert in the 

channel(s).  The color markers represent the cooling system of different numbers of channel(s) 

with a 𝐶𝐴𝐹𝜀 = 0.1  insert mounted on the rectangular frame. 

5.3.2.2 Effect of channel number on dimensionless heat transfer rate density for the 

cooling systems with centrally located (L/2) circular aluminum foam of 0.1 porosity 

(CAFε=0.1) in the channel  

 

Figures 5.14 reports the relationship between the dimensionless heat transfer rate density and 

the number of channels, with centrally located circular aluminum foam of 0.1 porosity 

(CAFε=0.1) inserts, mounted on the rectangular frame of a cooling system. An increased 

dimensionless heat transfer rate density indicates an improved system thermal performance 

(Equations (3.36-3.38)). Regardless of the flow orientations or number of channels, the figure 

shows that the dimensionless heat transfer rate increases with the Reynolds number (Re). 

Remarkably, the highest dimensionless heat transfer rate density was realized with three 

channels of CAFε=0.1 insert mounted on the rectangular frame. For instance, the counterflow 
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systems of three (3) channels achieved 27.7%, 17.5%, 15.1%, and 23.9% of increased 

dimensionless heat transfer rate density compared to 1, 2, 4, and 5 channels at Re 2054.08 

(Figure 5.14b). This implies that three channels provide the best possible interaction between 

the working fluid and heat transfer surfaces. Meanwhile, a significant increase in the 

dimensionless heat transfer rate density of 93.94% (parallel flow) and 94.1% (counterflow) 

was obtained when CAFε=0.1 was inserted in the cooling systems of three channels mounted 

on the rectangular frame (Figures  5.18(a) and (b)) compared to the same configuration of no 

insert (Figures  4.10(a and (b)). The results demonstrate the cooling systems' thermal 

performance enhancement provided by the applications of CAFε=0.1. However, regardless of 

the cooling system design, the parallel flow cooling system (Figure 5.14a) shows a slightly 

lower dimensionless heat transfer rate density than the counterflow cooling systems (Figure 

5.14b). 

   

                            

                                         (a) 

 

 

                                        (b) 

Figure 0.14. Dimensionless heat transfer rate density vs. number of channels mounted on the 

rectangular frame in Parallel (a) and Counterflow (b) Cooling systems with circular aluminum 

foam of 0.1 porosity (CAFε=0.1) Inserts. Colored markers represent different Reynolds 
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numbers (Re): Re = 128.38 (black), Re = 513.52 (red), Re = 1027.04 (green), Re = 1540.56 

(blue), and Re = 2054.08 

 

5.3.2.3 Effects of the varying porosities of centrally located (L/2) circular aluminum foam 

in the channels on the thermal performance enhancement of the cooling system  

 

According to the above results, it can be concluded that the highest thermal performance is 

achieved when three channels with circular aluminum foam of (low) 0.1 porosity insert 

(CAFε=0.1) are mounted on the rectangular frame of the cooling system. Further analysis to 

investigate the effect of varying porosities of circular aluminum foam of (medium) 0.5 porosity 

insert (CAFε=0.5) and circular aluminum foam of (high) 0.9 porosity insert (CAFε=0.9) on the 

performance of this cooling system is carried out in this section. 

5.3.2.3.1 Dimensionless thermal resistance 

As shown in Figure 5.15, an increase in Reynolds number (Re) leads to a decrease in the 

dimensionless thermal resistance (Rth), regardless of the porosity of the circular aluminum foam 

insert. A significant reduction in dimensionless Rth was observed when Re increased from 

128.38 to 1283.8, with minimal impact on dimensionless Rth beyond this point.  Specifically, 

at Re 1155.42, the cooling system with low porosity circular aluminum foam ( 𝑁𝐶3𝜀=0.1𝐶𝐹 ) 

reduced dimensionless Rth values by 4.8% and 21.4% compared to the  medium  (𝑁𝐶3𝜀=0.5𝐶𝐹)  

and high (𝑁𝐶3𝜀=0.9𝐶𝐹) porosity inserts, respectively. This indicates that lower porosity circular 

aluminum foam inserts enhance the cooling system's ability to dissipate heat generated by the 

battery pack in an electric vehicle [201]. A similar reduction in dimensionless Rth was observed 

in the cooling system with the counterflow arrangement.  However, regardless of the porosity 

of the circular aluminum foam insert, systems with a counterflow arrangement consistently 

achieved slightly lower dimensionless Rth values than those with a parallel flow arrangement. 
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Figure 0.15. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system with circular aluminum foam of varying porosities insert. The color markers illustrate 

counterflow (CF) and parallel flow (PF) cooling systems equipped with a single aluminum 

foam of 0.1 porosity (𝑁𝐶3𝜀=0.1𝐶𝐹 and 𝑁𝐶3𝜀=0.1𝑃𝐹), 0.5 porosity (𝑁𝐶3𝜀=0.5𝐶𝐹 and 𝑁𝐶3𝜀=0.5𝑃𝐹) 

as well as 0.9 porosity (𝑁𝐶3𝜀=0.9𝐶𝐹 and 𝑁𝐶3𝜀=0.9𝑃𝐹) 

5.3.2.3.2 Cost of pumping power 

Figure 5.16 compares the cost of pumping power (Pp) for cooling systems inserted with 

different porosities of circular aluminum foam. An increase in Pp was recorded with an 

increase in Reynolds number (Re), regardless of the porosity of the circular aluminum foam. 

However, an outrageous upward trend of Pp was observed when the cooling system was 

inserted with CAFε=0.1(𝑁𝐶3𝜀=0.1𝐶𝐹)  compared to CAFε=0.5 (𝑁𝐶3𝜀=0.5𝐶𝐹) and CAFε=0.9 

(𝑁𝐶3𝜀=0.9𝐶𝐹). A similar pattern was observed with parallel flow cooling systems. Meanwhile, 

the lowest PP values occurred when CAFε=0.9 was inserted into the channels of the cooling 

systems. This shows that the resistance to the fluid flow (pressure drop) rises with the decrease 

in porosity [44]. Moreover, parallel flow cooling systems have slightly lower Pp values than 

counterflow cooling systems. 
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Figure 0.16. Cost of pumping power (Pp) vs Reynolds number (Re) of the cooling system with 

circular aluminum foam of varying porosities insert. The color markers illustrate counterflow 

(CF) and parallel flow (PF) cooling systems equipped with a single aluminum foam of 0.1 

porosity (𝑁𝐶3𝜀=0.1𝐶𝐹 𝑎𝑛𝑑 𝑁𝐶3𝜀=0.1𝑃𝐹), 0.5 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (𝑁𝐶3𝜀=0.5𝐶𝐹 and 𝑁𝐶3𝜀=0.5𝑃𝐹) as well as 

0.9 porosity (𝑁𝐶3𝜀=0.9𝐶𝐹 and 𝑁𝐶3𝜀=0.9𝑃𝐹). 

5.3.2.3.3 Thermal performance enhancement factor 

From Figure 5.17, an increase in the thermal performance enhancement factor (TPEF) with an 

increase in Reynolds number (Re), regardless of the porosity of circular aluminum foams, was 

illustrated. Meanwhile, a direct relationship between the porosity and TPEF was realized.  For 

instance, 𝑁𝐶3𝜀=0.9𝑃𝐹  respectively offer an increment of 82.7% and 93.1% TPEF over 

𝑁𝐶3𝜀=0.5𝑃𝐹 and 𝑁𝐶3𝜀=0.9𝑃𝐹  precisely at Re 1155.42. This result suggests that the pressure drop 

influence is more tolerable to the augmentation of heat transfer in the channel inserted with 

circular aluminum foam of high (CAFε=0.9) than medium (CAFε=0.5) and low (CAFε=0.1) 

porosity. This was further substantiated by the cooling system of CAFε=0.5 and CAFε=0.1 

insert demonstrating TPEF values less than 1 as indicated in the figure. Hence, the 

implementation of CAFε=0.5 and CAFε=0.1 for enhancing the cooling system thermal 

performance should be discouraged. In addition, the figure shows a slight increase in TPEF by 

the counterflow cooling systems over the parallel flow cooling systems regardless of the 
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porosity of circular aluminum foam, highlighting the influence of flow orientation on the 

system performance. 

 

Figure 0.17. Thermal performance enhancement factor (TPEF) vs Reynolds number (Re) of 

the cooling system with circular aluminum foam of varying porosities insert. The color markers 

illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped with a single 

aluminum foam of 0.1 porosity (𝑁𝐶3𝜀=0.1𝐶𝐹 and 𝑁𝐶3𝜀=0.1𝑃𝐹), 0.5 porosity (𝑁𝐶3𝜀=0.5𝐶𝐹 and 

𝑁𝐶3𝜀=0.5𝑃𝐹) as well as 0.9 porosity (𝑁𝐶3𝜀=0.9𝐶𝐹 and 𝑁𝐶3𝜀=0.9𝑃𝐹) 

 

5.3.2.4 Effect of varying locations of a single circular aluminum foam of 0.9 porosity 

(CAFε=0.9) inserted in the channel(s) of the cooling system 

 

The preceding section illustrates that a cooling system with three channels and a centrally 

located CAFε=0.9 (at L/2) gives the highest dimensionless heat transfer rate density, 

demonstrating superior thermal performance for dissipating heat from the battery pack. This 

section further analyses the effect of alternative locations of CAFε=0.9 within the cooling 

system’s channels was further analyzed in this section to determine how different locations 

may influence thermal performance and heat dissipation effectiveness. This analysis explores 
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whether CAFε=0.9 alternative placements can further enhance cooling system performance 

beyond the best configuration identified earlier.  

Figure 5.18 demonstrates the reduction of dimensionless thermal resistance (Rth) with an 

increase in Reynolds number (Re) regardless of the point of placement of circular aluminum 

foam of 0.9 porosity (CAFε=0.9) in the cooling system’s channels. A substantial decrease in 

dimensionless Rth was realized when the Re increased from 128.38 to 1283.8, and greater than 

this, a negligible effect of Re on dimensionless Rth was obtained. Meanwhile, a slight 

overperformance of counterflow cooling systems compared to the parallel flow cooling 

systems was observed regardless of the point of placement of CAFε=0.9 in the channels. The 

result shows that the cooling system with CAFε=0.9 located at L/8 (𝑁𝐶𝑀𝜀=0.9𝐶𝐹) further 

minimized the dimensionless Rth by 9.04% and 14.03% respectively at Re 1412.18 compared 

to the cooling system with CAFε=0.9 located at L/4  (𝑁𝐶𝐽𝜀=0.9𝐶𝐹) and cooling system with 

CAFε=0.9 located at L/2  (𝑁𝐶3𝜀=0.9𝐶𝐹). A similar performance was recorded with parallel flow 

cooling systems. Thus, the highest performance of the cooling systems is obtained with the 

placement of CAFε=0.9 at L/8 in the cooling system’s channels. 

 

Figure 0.18. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system with a single circular aluminum foam of 0.9 (CAFε=0.9) porosity insert. The colored 

markers illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped with a 
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single CAFε=0.9 located at L/2 (𝑁𝐶3𝜀=0.9𝐶𝐹 and 𝑁𝐶3𝜀=0.9𝑃𝐹), (𝑁𝐶𝐽𝜀=0.9𝐶𝐹 and 𝑁𝐶𝐽𝜀=0.9𝑃𝐹), and 

L/8 (𝑁𝐶𝑀𝜀=0.9𝐶𝐹 and 𝑁𝐶𝑀𝜀=0.9𝑃𝐹). 

 

5.3.2.5  Comparison of a single and varying spacing arrangement of three circular 

aluminum foam of high porosity (CAFε=0.9)  

 

The CAFε=0.9 was increased to three from the best location of insert towards the inlet (L/8), 

to compare the influence of a single with multiple inserts in the channel(s) on the cooling 

systems' thermal performance enhancement. It is worth noting that [208] has earlier reported 

the precision of three-pin fin inserts for the optimal performance of the cooling configuration 

with no emphasis on the search for the best insert location in the channels. Hence, the reason 

for adopting three CAFε=0.9 of varying in-line spacing arrangements (1.5 mm, 2.0 mm, and 

2.5 mm) for comparison with a single CAFε=0.9. 

Figure. 5.19, illustrates dimensionless thermal resistance (Rth) reduction with an increase in 

Reynolds number (Re) regardless of the number of CAFε=0.9 in the channels of the cooling 

systems. A significant reduction in dimensionless Rth was obtained when the Re increased from 

128.38 to 1283.8. At a Re higher than 1283.8, an insignificant reduction in dimensionless Rth 

was documented. Counterflow cooling systems demonstrate slightly lower dimensionless Rth 

than parallel flow cooling systems. At Re 898.66, 𝑁𝐶1.5𝑀𝜀=0.9𝑃𝐹 achieves the dimensionless 

Rth of 5.4% and 9.2% lower than 𝑁𝐶2.0𝑀𝜀=0.9𝑃𝐹 and 𝑁𝐶2.5𝑀𝜀=0.9𝑃𝐹 which implies that a 

shorter distance between the CAFε=0.9 improves the cooling capacity of the cooling systems 

better than a larger distance between the CAFε=0.9. Nevertheless, regardless of the spacing 

arrangements, a single CAFε=0.9 in the channels shows better cooling system enhancement 

than multiple (three) CAFε=0.9. For instance, 𝑁𝐶𝑀𝜀=0.9𝐶𝐹 reduced the dimensionless Rth by 

30.7%, 26.2%,, and 18.6% respectively compared to the 𝑁𝐶2.5𝑀𝜀=0.9𝑃𝐹, 𝑁𝐶2.0𝑀𝜀=0.9𝑃𝐹, and 

𝑁𝐶1.5𝑀𝜀=0.9𝑃𝐹 precisely at Re 2054.08. A similar pattern of the dimensionless Rth reduction 

was observed with counterflow cooling systems. 
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Figure 0.19. Dimensionless thermal resistance (Rth) vs. Reynolds number (Re) of the cooling 

system with circular aluminum foam of 0.9 (CAFε=0.9) porosity insert(s).  The color markers 

illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped with a single 

CAFε=0.9 (𝑁𝐶𝑀𝜀=0.9𝐶𝐹 and 𝑁𝐶𝑀𝜀=0.9𝑃𝐹), and 1.5 mm (𝑁𝐶1.5𝑀𝜀=0.9𝐶𝐹 and 𝑁𝐶1.5𝑀𝜀=0.9𝑃𝐹), 

2.0 mm (𝑁𝐶2.0𝑀𝜀=0.9𝐶𝐹 and 𝑁𝐶2.0𝑀𝜀=0.9𝑃𝐹), and 2.5 mm (𝑁𝐶2.5𝑀𝜀=0.9𝐶𝐹 and 

𝑁𝐶2.5𝑀𝜀=0.9𝑃𝐹) spacing arrangements of three CAFε=0.9  in the channels.  

5.3.2.6 Normalized friction factor effect between the varying location of a single and 

spacing arrangement of three circular aluminum foam of 0.9 porosity (CAFε=0.9)  

 

The direct relationship between the normalized friction factor (NFF) and the Reynolds number 

(Re) for the cooling system is illustrated in Figures  5.20. The influence of varying locations of 

CAFε=0.9 on the normalized friction factor was indicated in Figure 5.20a., while Figure 5.20b 

expressed the effect of different spacing of CAFε=0.9. As shown in Figures  5.20 (a) and (b) 

counterflow cooling systems provide higher values of NFF than parallel flow cooling systems 

regardless of the system design. It can be observed that both cases exhibited NFF greater than 

2.5, indicating that the presence of CAFε=0.9 in the fluid domain can raise the working fluid 

friction more than 2.5 times compared to the cooling systems of channels with no insert. A 

similar observation was reported by Mohit and Gupta [40]. For counterflow cooling systems, 
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the placement of a single CAFε=0.9 at L/8 (𝑁𝐶𝑀𝜀=0.9𝐶𝐹)    made it possible to reduce the NFF 

by 2.4% compared to L/4 (𝑁𝐶𝐽𝜀=0.9𝐶𝐹)    and by 4.5% to L/2  (𝑁𝐶3𝜀=0.9𝐶𝐹)  at Re 898.66 

(Figure 5.20a). The parallel flow cooling system exhibited a similar effect. Regardless of the 

flow orientation, 1.5mm and 2.5mm of CAFε=0.9 spacing arrangements, respectively, 

demonstrate the highest and lowest NFF values as indicated in Figure 5.20b. For instance, 

𝑁𝐶2.5𝑀𝜀=0.9𝐶𝐹 reduces the NFF values by 8.14%  and 13.2% compared to 𝑁𝐶2.0𝑀𝜀=0.9𝐶𝐹 and 

𝑁𝐶1.5𝑀𝜀=0.𝐶𝑃𝐹 respectively at Re 2054.08. Parallel flow cooling systems exhibited a similar 

pattern. Thus, a cooling system with the shortest spacing arrangement between the CAFε=0.9 

offers the highest NFF values and vice versa [200]. However, it was observed that the cooling 

system equipped with three CAFε=0.9, regardless of spacing arrangements, has the larger NFF 

which shows that the more the complexity of the fluid domain the more the normalized friction 

values. 

 
                                     (a) 

 
                                             (b) 

Figure 0.20. Normalized friction factor (NFF) vs. Reynolds number (Re) of the cooling system 

with a single (a) and three (b) circular aluminum foam of 0.9 (CAFε=0.9) porosity insert(s).  

The color markers illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped 

with varying locations of a single and spacing arrangement of multiple CAFε=0.9 in the 

channels. 
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5.3.2.7 Comparison of thermal performance enhancement factor effect between the 

varying location of a single and the varying spacing arrangement of three circular 

aluminum foam of 0.9 porosity (CAFε=0.9) 

 

As shown in Figure 5.21, an increase in Reynolds number (Re) increases the thermal 

performance enhancement factor (TPEF) regardless of the cooling system design. The figure 

shows a significant increase in TPEF when the Re increased from 128.38 to 898.66. However, 

a negligible increase in TPEF was noticed when the Re further increased beyond 898.66. 

Regardless of the number or spacing arrangements of the CAFε=0.9 in the channels, 

counterflow cooling systems yield higher values of TPEF than parallel flow cooling systems. 

The graph demonstrates TPEF values greater than 1, implying that implementation of 

CAFε=0.9 in the fluid domain can augment heat transfer with a tolerably increased friction 

factor [45]. At Re 898.66, the system with 2.0 mm spacing arrangement (𝑁𝐶2.0𝑀𝜀=0.9𝐶𝐹) 

achieves 0.97% and 3.94% improved thermal performance than the system with a 1.5 mm 

spacing arrangement (𝑁𝐶1.5𝑀𝜀=0.9𝐶𝐹) and system with a 2.5 mm spacing arrangement 

(𝑁𝐶2.5𝑀𝜀=0.9𝐶𝐹) respectively. This implies that the frictional factor effect is more tolerable to 

the enhancement of heat transfer in the channel of 2.0 mm than in 1.5 mm and 2.5 mm spacing 

arrangements. However, the cooling system with a single CAFε=0.9 gave the maximum value 

of TPEF  compared to the cooling system with multiple (three) CAFε=0.9 inserts, regardless 

of the spacing arrangements. Thus, 𝑁𝐶𝑀𝜀=0.9𝐶𝐹 improves TPEF by 2.32%, 1.70%, and 6.07% 

compared to 𝑁𝐶1.5𝑀𝜀=0.9𝐶𝐹, 𝑁𝐶2.0𝑀𝜀=0.9𝐶𝐹 and 𝑁𝐶2.5𝑀𝜀=0.9𝐶𝐹 respectively at Re 2054.08. 

This shows that a single CAFε=0.9 located at L/8 in the channels can augment the overall 

thermal performance of the cooling system better than three CAFε=0.9 inserts. Therefore, 

considering the enhancement of the cooling system with the circular aluminum foam insert for 

the thermal management of the cylindrical lithium-ion battery 𝑁𝐶𝑀𝜀=0.9𝐶𝐹 seems to be the most 

promising. 
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Figure 0.21. Thermal performance enhancement factor (TPEF) vs. Reynolds number (Re) of 

the cooling system with circular aluminum foam of 0.9 (CAFε=0.9) porosity insert(s). The 

color markers illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped with 

a single CAFε=0.9 (𝑁𝐶𝑀𝜀=0.9𝐶𝐹 and 𝑁𝐶𝑀𝜀=0.9𝑃𝐹), and 1.5 mm (𝑁𝐶1.5𝑀𝜀=0.9𝐶𝐹 and 

𝑁𝐶1.5𝑀𝜀=0.9𝑃𝐹), 2.0 mm (𝑁𝐶2.0𝑀𝜀=0.9𝐶𝐹 and 𝑁𝐶2.0𝑀𝜀=0.9𝑃𝐹), and 2.5 mm (𝑁𝐶2.5𝑀𝜀=0.9𝐶𝐹 

and 𝑁𝐶2.5𝑀𝜀=0.9𝑃𝐹) spacing arrangements of three CAFε=0.9 in the channels. 

5.3.2.8  Temperature uniformity of the battery cells in the pack 

 

Figures 5.22(a-d) displayed an inverse relationship between the temperature uniformity of the 

battery cells in a pack and the Reynolds number. The results show a variation of less than 2℃ 

of temperature from one battery cell to the other in the pack, reflecting the system’s potential 

to manage the battery cells’ temperature uniformity challenges [13]. A lower value of the 

battery cells’ temperature uniformity shows an improved cooling system performance. The 

significance of circular aluminum foam in the fluid domain to improve system performance is 

noted as the system with low  (𝑁𝐶3𝜀=0.1𝑃𝐹) and high  (𝑁𝐶3𝜀=0.9𝐶𝐹) porosities insert (Figures  

5.22 a and b) reflects lower values of battery cells’ temperature uniformity as well as 

coalescence of graph compared to N3PF and N3CF (Figures  4.11a and b). In addition, a cooling 

system with counterflow arrangements (Figure 5.22b) gives the best result in minimizing the 



 

102 

 

CHAPTER FIVE 

battery cells’ temperature uniformity compared to those with parallel flow arrangements 

(Figure 5.22a). However, Figure 5.22c with higher values of battery cells’ temperature 

compared to Figure2.22b indicates the influence of porosity on the system’s capacity to 

dissipate heat from the battery pack. Further enhancement in temperature uniformity was 

observed when the CAFε=0.9 was located at L/8 (Figure 5.22d) rather than at L/2 (Figure 

5.11c), indicating that the location of the CAFε=0.9 also influenced the cooling system 

performance. 

 
                                      (a) 

 
                                             (b) 
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                                      © 

 

                                             (d) 

Figure 0.22. Battery cells temperature uniformity vs Reynolds number for the cooling system 

of three channels containing single circular aluminum foam of 0.1(CAFε=0.1) and 0.9 

(CAFε=0.9) porosities: Parallel (a) and counterflow (b) system with centrally located 

CAFε=0.1, as well as counterflow system with CAFε=0.9 inserted at the center (c) and L/8 (d). 

The color makers represent the temperatures of each battery cell in a pack. 

5.3.3 Case 3: Comparison of the enhancement capacity of the circular solid pin fin with 

aluminum foam inserted in the channel(s) of the cooling system 

 

5.3.3.1 Effect of Reynolds number on the thermal performance in the cooling system using 

circular solid pin fin and circular aluminum foam insert  

 

This section analyzes the impact of Reynolds number (Re) on the maximum rectangular frame 

wall temperature, cost of pumping power, and the thermal performance enhancement factor for 

the two counterflow cooling systems: with the circular solid pin fin insert located at L/8 

(NCMCF) in Case 1 and the circular aluminum foam insert with 0.9 porosity located at L/8 

(𝑁𝐶𝑀𝜀=0.9𝐶𝐹) in Case 2. These systems are the most promising configurations for effective 

battery pack thermal management. 
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5.3.3.1.1 Maximum rectangular frame wall temperature 

As seen in Figure 5.23, both the cooling systems (NCMCF and  𝑁𝐶𝑀𝜀=0.9𝐶𝐹) exhibit a decrease 

in maximum wall temperature (Tmax) with increasing Reynolds number (Re). A notable 

reduction in Tmax is observed when Re rises from 128.38 to 1283.8, beyond which further 

increases in Re yield minimal effects on Tmax. Specifically, the NCMCF system achieves a 0.15% 

Tmax reduction at the lowest Re of 128.38 and a 0.47% reduction at the highest Re of 2054.08, 

compared to 𝑁𝐶𝑀𝜀=0.9𝐶𝐹. This suggests that the CSPF insert more effectively dissipates heat 

from the electric vehicle battery pack than the aluminum foam insert (CAFε=0.9), especially 

at higher Reynolds numbers. 

 

Figure 0.23. Maximum rectangular frame wall temperature (Tmax) vs. Reynolds number (Re) 

for cooling systems with circular solid pin fin (CSPF) and aluminum foam of 0.9 porosity 

(CAFε=0.9) inserts. The graph shows Tmax as a function of Re, comparing CSPF (black marker) 

and CAFε=0.9 (red marker) inserts located at L/8 in the channels of the cooling systems. 

 

5.3.3.1.2  Dimensionless thermal resistance 
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Reduction in dimensionless thermal resistance (Rth) with an increase in Reynolds number (Re) 

is observed in both cooling systems (NCMCF and  𝑁𝐶𝑀𝜀=0.9𝐶𝐹) as shown in Figure 5.24. A 

significant reduction in dimensionless Rth was realized when the Re changed from 128.38 to 

1283.8 and above this, an insignificant effect of Re on the dimensionless Rth was observed. 

However, the cooling system with CSPF (NCMCF) achieved a consistently improved cooling 

capacity by decreasing the dimensionless Rth than the one with CAFε=0.9 insert (𝑁𝐶𝑀𝜀=0.9𝐶𝐹). 

Thus, the application of CSPF enhanced the cooling system performance than CAFε=0.9. 

 

Figure 0.24. Dimensionless thermal resistance (Rth) vs. Reynolds number (Re) for cooling 

systems with circular solid pin fin (CSPF) and aluminum foam of 0.9 porosity (CAFε=0.9) 

inserts. The black and red colored markers represents CSPF and CAFε=0.9 inserts located at 

L/8 in the channels of the cooling systems. 

5.3.3.1.3  Cost of pumping power  

Figure 5.25. shows that CSPF and CAFε=0.9 effect on the cooling system cost of pumping 

power (Pp) as a function of Reynolds number (Re). An upward trend of Pp was recorded with 

an increase in Re. A significant increase in Pp was noticed when Re exceeded 770.28. However, 

NCMCF possesses a slight increase in Pp than 𝑁𝐶𝑀𝜀=0.9𝐶𝐹 when the Re number increased from 

128.38 to 513.52 and beyond this point, a further increase in Re was recorded with an 
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outrageous increase Pp by 𝑁𝐶𝑀𝜀=0.9𝐶𝐹 than NCMCF. In general, 𝑁𝐶𝑀𝜀=0.9𝐶𝐹 shows a 65.7% 

increase in Pp compared to NCMCF at the highest Re (2058.04) considered in this work. 

 

Figure 0.25. Cost of pumping power (Pp) vs. Reynolds number (Re) for cooling systems with 

circular solid pin fin (CSPF) and aluminum foam of 0.9 porosity (CAFε=0.9) inserts. The black 

and red colored markers represent CSPF and CAFε=0.9 inserts located at L/8 in the channels 

of the cooling systems. 

5.5.3.1.4  Thermal Performance Enhancement Factor  

As shown in Figure 5.26, the thermal performance enhancement factor (TPEF) increases with 

Re for both cooling systems, regardless of the insert type. This study demonstrates that both 

𝑁𝐶𝑀𝜀=0.9𝐶𝐹 and NCMCF yield a TPEF greater than 1, indicating enhanced thermal performance 

in the cooling system when using either CSPF or CAFε=0.9 inserts, albeit with some increase 

in friction factor. For Re between 128.38 and 385.14, 𝑁𝐶𝑀𝜀=0.9𝐶𝐹 exhibits a higher TPEF than 

NCMCF. However, as Re exceeds 385.14, NCMCF achieves a substantially higher TPEF 

compared to 𝑁𝐶𝑀𝜀=0.9𝐶𝐹 . It appears that the CAFε=0.9 insert causes more significant  pressure 

drop and friction factor impact on performance than the CSPF insert, particularly at higher Re. 

Notably, 𝑁𝐶𝑀𝜀=0.9𝐶𝐹 reaches its peak TPEF at Re 1540.56, while NCMCF achieves a similar 

effect at Re 2054.08, with a 46.1% and 49.3% increase in TPEF over 𝑁𝐶𝑀𝜀=0.9𝐶𝐹 at Re values 
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of 1540.56 and 2054.08, respectively. This result indicates that CSPF insert outperforms 

CAFε=0.9 in thermal enhancement. 

 

Figure 0.26. Thermal performance enhancement factor (TPEF) vs. Reynolds number (Re) for 

cooling systems with circular solid pin fin (CSPF) and aluminum foam of 0.9 porosity 

(CAFε=0.9) inserts. The black and red colored markers represents CSPF and CAFε=0.9 inserts 

located at L/8 in the channels of the cooling systems.  

5.3.3.2 Temperature contours 

 

Figure. 5.27 (a and b) shows the temperature contours of the systems with either an insert of 

circular solid pin fin (CSPF) or aluminum foam of 0.9 porosity (CAFε=0.9) located at L/8 

towards the inlet. The contours are plotted at X plane 25mm and inlet velocity 1.1m/s 

(Reynolds number 1412.18). Notably, the system with CSPF (NCMCF) achieved a lower 

temperature distribution than that of the CAFε=0.9 (𝑁𝐶𝑀𝜀=0.9𝐶𝐹). Thus, CSPF insert is more 

profitable than CAFε=0.9 for heat dissipation generated by the battery pack. 
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Figure 0.27. Temperature contour for counterflow cooling system of three channels with CSPF 

(a), and CAFε=0.9 (b) insert. 

5.4 Conclusions  

This chapter investigates the thermal enhancement potential of a cooling system designed for 

cylindrical lithium-ion batteries using circular solid pin fins or circular aluminum foam inserts 

with varying porosities. The effects of the number of channels, the placement of inserts, and 

Re on thermal performance was evaluated numerically for Re values between 128.38 and 

2054.08. Key findings include: 

1) Number of mounted channels: (a) Maximum dimensionless heat transfer rate density 

was observed in systems with three channels of centrally located circular solid pin fin 

(CSPF) or aluminum foam of 0.1 porosity (CAFε=0.1) inserts on the rectangular frame. 
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(b) At the highest applied Reynolds number, the parallel flow and counterflow systems 

of the three channels with CSPF respectively achieved 93.51% and 93.82% higher 

dimensionless heat transfer rate density in comparison to their counterparts with no 

insert. A similar pattern of the dimensionless heat transfer rate density increases of 

93.94% and 94.1% were obtained with parallel flow and counterflow systems of the 

three channels with 𝐶𝐴𝐹𝜀 = 0.1 inserts. 

2) Best insert location: The best performance was achieved when the inserts (either CSPF 

or aluminum foam) were positioned at L/8 towards the leading edge of the channels. 

3) Impact of Porosity: High porosity (0.9) circular aluminum foam inserts showed 

acceptable performance, while lower porosities (0.1 and 0.5) resulted in high pumping 

power and friction factor, limiting their applicability. 

4) Single versus Multiple Inserts: A single insert positioned at L/8 towards the leading 

edge enhanced cooling performance more effectively than multiple inserts, regardless 

of spacing. 

5) Counterflow versus Parallel Flow Systems: Counterflow cooling systems are slightly 

more beneficial in reducing the maximum wall temperature and thermal resistance than 

parallel flow systems. 

The superior thermal performance enhancement factor (TPEF) of the NCMCF system compared 

to 𝑁𝐶𝑀𝜀=0.9𝐶𝐹 suggests that the CSPF insert is the optimal choice for effective temperature 

control of cylindrical lithium-ion battery packs in electric vehicles. Consequently, NCMCF is 

recommended as the most suitable cooling system configuration for enhanced thermal 

management in electric vehicle applications. 
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CHAPTER SIX 

ENHANCEMENT OF CYLINDRICAL LITHIUM-ION BATTERY 

PACK OF ELECTRIC VEHICLE COOLING SYSTEM WITH 

ELLIPTICAL SOLID PIN FIN / ALUMINIUM FOAM OF DIFFERENT 

POROSITIES INSERT(S) 

6.1 Preview  

This chapter analyzes the enhancement potential of the elliptical solid pin fin or aluminum 

foam of varying porosities inserted in the channels of the designed cooling systems from 

Chapter 4. With the centrally located insert in the channels, the cooling system performance 

will be compared with the previously obtained results in Chapter 4. The varying locations' 

effect of a single insert on the system performance was later considered and compared with 

varying spacing arrangements of three inserts in the channels. Meanwhile, the system 

performance will be evaluated with maximum rectangular frame wall temperature, thermal 

resistance, convective heat transfer coefficient, heat transfer rate density, and thermal 

performance enhancement factor. The discretization, mesh grid generation, and simulation 

process of the cooling systems were conducted with the Ansys® 2020 Fluent software package. 

6.2 Physical and Computational Model 

Figures. 6.1(a-d), indicates the cross-section of the computational domain of the cooling system 

inserted with a single or multiple (three) elliptical solid pin fins/aluminum foam. With fixed 

dimensions of the cooling system as stated in Chapter 4, varying locations of a single elliptical 

solid pin fin/aluminum foam insert in the fluid domain are first considered. The 1.5 mm, 2.0 

mm, and 2.5 mm spacing arrangements of multiple (three) elliptical solid pin fins/aluminum 

foam in the cooling system’s fluid domain were later compared with the single insert at the 

finest location in the channels. The elliptical solid pin fin/aluminum foam used in this work is 

of dimension 1.1 mm × 0.6 mm × 0.18 mm while the considered porosities for the aluminum 

foam are low (0.1), medium 0.5, and high (0.9)  
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Figures 0.1. Cooling system cross-section with single (a), 1.5 mm (b), 2.0 mm (c), and 2.5 mm 

(d) spacing arrangements of three elliptical solid pin fins insert(s) in the channel. 

6.2.1  Grid refinement test analysis 

For accurate comparative analysis, the same number of nodes and element sizes were 

considered for the cooling system with solid pin fin/aluminum foam (irrespective of porosity) 

inserted at the same point in the flow channel(s).  A similar consideration was given to the 

cooling system with multiple (three) inserts with the same spacing arrangements in the 

channels.  

 Tables 6.1 and 6.2 respectively depict the conducted grid refinement test for counterflow 

cooling systems of three channels inserted with a single elliptical solid pin fin located at the 

(b). Same size of elliptical solid pin fins or 

aluminum foam with a spacing of 1.5mm in 

the channel 

(a). Cooling system cross-section with 

elliptical solid pin fin or aluminum 

foam insert in the channel 

(d). Same size of elliptical solid pin fins or 

aluminum foam with a spacing of 2.5mm 

in the channel 

(c). Same size of elliptical solid pin 

fins or aluminum foam with a spacing 

of 2 mm in the channel 
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center of the flow channels (NE3CF) and counterflow cooling system with three multiple (three) 

inserts of circular aluminum foam arranged with 2.0 mm spacing (𝑁𝐸2.0𝑀𝐶𝐹)  as an example 

for all grid refinement analyses in this chapter. 

Table 0.1.  Grid refinement test for NE3CF   

 

 

 

 

 

 

Table 0.2. Grid refinement test for 𝑁𝐸2.0𝑀𝐶𝐹   

 

 

 

 

 

 

6.3 Results and Discussions          

6.3.1 Case 1: Enhancement of the cooling system's thermal performance by inserting 

elliptical solid pin fin(s) in the channel(s) under different flow orientations 

6.3.1.1 Reynolds number effect on the cooling system characterization with centrally 

located (L/2) elliptical solid pin fin (ESPF) under different low orientations  

 

6.3.1.1.1  Maximum rectangular frame wall temperature 

 As seen in Figure 6.2, an increase in Reynolds number (Re) increases the maximum wall 

temperature (Tmax) for the rectangular frame regardless of the cooling system design. A 

Number of 

cells 

Peak frame wall 

temperature (K) 

Deviation |
(∆𝑇)𝑖 – (∆𝑇)𝑖−1

(∆𝑇)𝑖
| 

151397 308. 0008 -------------------- 

182729 308.0379 0.00009708 

165627 307.7055 0.0010790 

Number of 

cells 

Peak frame wall 

temperature (K) 

Deviation |
(∆𝑇)𝑖 – (∆𝑇)𝑖−1

(∆𝑇)𝑖
| 

164397 307. 7215 -------------------- 

190729 307.7135 0.000025997 

179627 306.9055 0.002625819 
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significant drop in Tmax occurred as Re increased from 128.38 to 1283.8. However, beyond this 

point, a further increase in Re had an insignificant effect on Tmax. Further improvement of the 

cooling system was realized with additional channels mounted on the rectangular frame. Thus, 

NE5CF reduced Tmax by 0.049%, 0.17%, 0.99%, and 3.11% respectively compared to NE4CF, 

NE3CF, NE2CF, and NE1 at Re 2054.08. Parallel flow cooling systems show a similar pattern. 

However, counterflow cooling systems slightly reduced the Tmax values than parallel flow 

cooling systems within the range of applied Re in this study.  A substantial reduction in Tmax 

was recorded with cooling systems of the channel(s) inserted with ESPF (Figure 6.2) compared 

to those without insert (Figure 4.7), reflecting the enhanced thermal performance provided by 

the implementation of an insert. 

 

Figure 0.2. Maximum rectangular frame wall temperature (Tmax) vs Reynolds number (Re) of 

the cooling system with a centrally located elliptical solid pin fin (ESPF) in the channel(s). The 

color markers represent the cooling system of different numbers of channel(s) with an ESPF 

insert mounted on the rectangular frame. 

6.3.1.1.2  Dimensionless thermal resistance 

An increase in Reynolds number (Re) leads to a decrease in dimensionless thermal resistance 

(Rth) of the cooling systems equipped with elliptical solid pin fin (ESPF) as reported in Figure 
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6.3. With an increase in Re from 128.38 to 1283.8, a significant reduction in dimensionless Rth 

was obtained. Beyond this point, the insignificant influence of Re on dimensionless Rth 

reduction was recorded. An improved dimensionless Rth reduction is achieved by mounting 

more channels on the rectangular frame. For instance, NE5CF and NE1 possess the lowest and 

highest dimensionless Rth within the range of Re considered in this study. A similar pattern of 

this behavior was observed with the parallel flow cooling systems. The dimensionless Rth 

values were slightly lower with counterflow cooling systems than with parallel flow cooling 

systems. Furthermore, Figure 6.3 shows that cooling systems with an ESPF insert had a 

significantly lower dimensionless Rth than cooling systems without inserts (Figure 4.8), 

indicating that using an insert improves thermal performance. 

 

Figure 0.3. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system with a centrally located elliptical solid pin fin (ESPF) in the channel(s). The color 

markers represent the cooling system of different numbers of channel(s) with an ESPF insert 

mounted on the rectangular frame. 

6.3.1.1.3  Cost of pumping power  
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The relationship between the cost of pumping power (Pp) and the Reynolds number (Re) for 

the cooling system of channel(s) with elliptical solid pin fin (ESPF) insert is illustrated in 

Figure 6.4. An increase in Re increases the values of Pp. Meanwhile, a gradual increase in Pp 

was obtained when the Re increased from 128.38 to 641.9, and beyond this, a substantial 

increase in Pp was observed. A direct relationship between the Pp and the number of channels 

mounted on the rectangular frame was realized. For instance, 80%, 60%, 40%, and 20% of 

increased Pp were  realized with NE5CF compared to NE1, NE2CF, NE3CF, and NE4CF at Re 641.9.  

This result was in agreement with the published work of [197].  The cooling systems with a 

counterflow design possess slightly higher Pp values than those with a parallel flow 

arrangement [47]. The cooling systems of the channel(s) with ESPF (Figure 6.4) were found 

to have a higher Pp value than the cooling systems of the channels without ESPF (Figure 4.9). 

Thus, the insertion of ESPF in the flow channels comes with the penalty of higher pressure 

drop and consequently higher Pp values. 

 

Figure 0.4. The cost of pumping power (Pp) vs Reynolds number (Re) of the cooling system 

with a centrally located elliptical solid pin fin (ESPF) in the channel(s). The color markers 

represent the cooling system of different numbers of channel(s) with an ESPF insert mounted 

on the rectangular frame. 

6.3.1.2 Effect of channel number on the dimensionless heat transfer rate density for the 

cooling system with centrally located (L/2) elliptical solid pin fin (ESPF) in the 

channel(s) 

 



 

116 

 

CHAPTER SIX 

The relationship between the dimensionless heat transfer rate density and the number of 

channels with an elliptical solid pin fin (ESPF) insert located at the center (L/2), mounted on 

the rectangular frame of the cooling systems, is shown in Figure 6.5. The expression of 

increased dimensionless heat transfer rate density shows an improved performance of the 

system (Equations (3.36-3.38)). Regardless of the number of channels mounted on the 

rectangular frame, the increasing dimensionless heat transfer rate density was recorded with an 

increase in Reynolds number (Re). A slightly lower thermal performance was obtained with 

the parallel flow cooling systems (Figure 6.5a) compared to the counterflow cooling systems 

(Figure 6.5b). The increased dimensionless heat transfer rate density of 22.36%, 15.73%, 

29.17%, and 25.27% were achieved with three channels containing ESPF inserts compared to 

1, 2, 4, and 5 channels at Re 2054.08 under the parallel flow orientation (Figure 4.10a) suggests 

that effective interaction between the working fluid and heat transfer surfaces is more 

pronounced with three channels [198, 199]. Also, at the highest Re considered in this work, the 

counterflow system of three channels with ESPF insert (Figure6.5b) achieves a 92.5% 

dimensionless heat transfer rate density increment compared to the cooling system of the same 

design with no insert (Figure 4.10a). Similarly, 92.21% of augmentation was realized with the 

parallel flow cooling systems. This scenario depicts the tendency of ESPF to restore thermal 

boundary layer development for the enhancement of heat transfer in the channels and, 

consequently, to improve cooling system performance. 
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                                            (a)                                                                    

                                  

       

                                         (b)                                                            

Figures 0.5. Dimensionless heat transfer rate density vs. number of channels mounted on the 

rectangular frame in Parallel (a) and Counterflow (b) Cooling systems with elliptical solid pin 

fin (ESPF) Inserts. Colored markers represent different Reynolds numbers (Re): Re = 128.38 

(black), Re = 513.52 (red), Re = 1027.04 (green), Re = 1540.56 (blue), and Re = 2054.08. 

6.3.1.3 Effect of varying locations of a single elliptical solid pin fin (ESPF) inserted in the 

channel(s) of the cooling systems 

 

From the previous section, the cooling system with three channels and centrally located ESPF 

(at L/2) was concluded to have the highest strength for dissipation of heat from the battery pack 

as it offers the highest dimensionless heat transfer rate density. Therefore, the effect of the 

varying locations of ESPF within the channels of this cooling system is further considered to 

evaluate the likely impacts of various placements on heat dissipation effectiveness and thermal 

performance. This analysis explores whether alternative ESPF placements can further augment 

cooling system performance beyond the best configuration identified earlier. 

The reduction of the dimensionless thermal resistance (Rth) with an increased Reynolds number 

(Re), regardless of the ESPF location in the cooling systems’ channels, is reported in Figure 
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6.6. A significant reduction in dimensionless Rth was obtained when the Re increased from 

128.38 to 1283.8. An insignificant reduction in the dimensionless Rth was obtained when Re 

rises above 1283.8. Within the range of applied Re, counterflow cooling systems reduce the 

dimensionless Rth slightly than parallel flow cooling systems. Specifically, at Re 898.66 NE3PF 

shows a significant improvement of 7.67% and 9.9% dimensionless Rth reduction compared to 

the NEJPF and NEMPF respectively. Counterflow cooling systems demonstrated a similar pattern 

of dimensionless Rth reduction Thus, the highest cooling capacity is achieved when the ESPF 

is located at L/8 towards the leading edge of the cooling system’s channels. 

 

Figure 0.6. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system with a single elliptical solid pin fin (ESPF) insert. The colored markers illustrate 

counterflow (CF) and parallel flow (PF) cooling systems equipped with a single ESPF located 

at L/2 (NE3CF and NE3PF), L/4 (NEJCF and NEJPF), and L/8 (NEMCF and NEMPF), in the channels. 

6.3.1.4 Comparison of a single and varying spacing arrangement of three elliptical solid 

pin fin (ESPF) insert(s) in the channel(s) on the cooling system’s performance 

 

With no emphasis on finding the best insert location in the channel, earlier researchers [208] 

reported the realization of optimal performance of the cooling configuration with at most three-
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pin fin inserts.  Three ESPF were therefore, arranged from the best point of insert location (L/8) 

towards the inlet to compare the effect of a single with multiple insert(s) in the channels on the 

thermal performance enhancement of the cooling systems. The 1.5 mm, 2.0 mm, and 2.5 mm  

in-line spacing arrangements for the three ESPFs were considered for this analysis. 

Figure 6.7 revealed the dimensionless thermal resistance (Rth) as the Reynolds number (Re) 

increased, regardless of the number and spacing arrangements of the elliptical solid pin fin 

(ESPF) in the cooling system's channels. A considerable dimensionless Rth reduction was 

noticed when the Re increased from 128.38 to 1283.8 with negligible effect on dimensionless 

Rth beyond this point. Compared to NE2.0MPF and NE2.5MPF, NE1.5MPF improved the 

dimensionless Rth reduction by 9.5% and 12.4% at Re 770.28. Counterflow cooling systems 

were also observed to exhibit similar behavior in dimensionless Rth reduction. This shows less 

space between ESPFs in the cooling system channels is better for the battery pack's heat 

dissipation. However, cooling systems with a single ESPF show the highest improvement of 

dimensionless Rth reduction compared to those with multiple (three) ESPFs regardless of the 

spacing arrangements. Thus, NEMCF reduced the dimensionless Rth by 29%, 25.6%, and 15.1% 

compared to NE2.5MCF, NE2.0MCF, and NE1.5MCF at the Re 770.28. However, the systems 

with counterflow arrangements provide slightly lower dimensionless Rth values compared to 

those with parallel flow arrangements. 
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Figure 0.7. Dimensionless thermal resistance (Rth) vs. Reynolds number (Re) of cooling system 

with elliptical solid pin fin (ESPF) insert(s). The color markers illustrate counterflow (CF) and 

parallel flow (PF) cooling systems equipped with a single CSPF (NEMCF and NEMPF), and 

1.5mm (NE1.5MCF and NE1.5MPF), 2.0mm (NE2.0MCF and NE2.0MPF) as well as 2.5mm 

(NE2.5MCF and NE2.5MPF) spacing arrangements of three ESPFs in the channels 

6.3.1.5   Normalized friction factor effect between the varying locations of a single and        

spacing arrangement of three elliptical solid pin fin (ESPF)  

 

Figures 6.8 indicates the variation of the normalized friction factor (NFF) as a function of the 

Reynolds number (Re) for different cooling systems of single and multiple (three) ESPF 

insert(s). As the Re increases, the NFF also increases irrespective of the locations of a single 

ESPF (Figure 6.8a) or spacing arrangements of the multiple (three) ESPFs (Figure 6.8b) in the 

channels of the cooling system. From Figures  6.8 (a) and (b), counterflow cooling systems 

were observed with slightly higher NFF values than the parallel flow cooling systems. The 

tendency of the ESPF in the cooling system’s channels to raise the working fluid more than 

three times compared to the cooling system with no insert in the channels was observed as both 

figures incurred NFF values higher than 3 [40]. However, Figure 6.8b (multiple ESPFs) with 

higher values of NFF compared to Figure 6.8a (single ESPF) suggests the implication of the 

complexity of the fluid domain on the working fluid friction factor. At Re 898.66, NEMCF 

reduces NFF by 0.026% and 0.068% compared to NEJCF and NE3CF respectively (Figure 6.8a). 

A similar observation was recorded with the parallel flow cooling systems. Thus, the closer the 

ESPF is to the inlet, the lower the NFF values. In a like manner, NE1.5MCF increases NFF 

values by 0.14% and 0.17% compared to NE2.0MCF and NE2.5MCF respectively at the Re 

2054.08 (Figure 6.8b). Parallel flow cooling systems show a similar pattern. Thus, a cooling 

system with the shortest spacing arrangement between the ESPF offers the highest NFF values 

and vice versa [200]. 
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                                      (a) 

 
                                             (b) 

Figures 0.8. Normalized friction factor (NFF) vs. Reynolds number (Re) of the cooling system 

with a single (a) and three (b) elliptical solid pin fin (CSPF) insert(s). The color markers 

illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped with varying 

locations of a single and spacing arrangement of multiple ESPFs in the channels. 

 

6.3.1.6 Comparison of thermal performance enhancement factor effect between the 

varying locations of a single and varying spacing arrangement of three elliptical 

solid pin fin (ESPF)  

 

The variation of the thermal performance enhancement factor (TPEF) with varying Reynolds 

number (Re) for comparison between single and multiple elliptical solid pin fin(s) ESPF(s) 

effect on the overall thermal performance of the cooling systems is represented in Figure 6.9. 

An increase in Re increases TPEF regardless of the number and spacing arrangement of ESPF 

in the channels. The realization of TPEF greater than 1 by all considered cooling systems 

indicates that insertion of ESPF in the fluid domain can result in heat transfer enhancement 

with a tolerable friction factor effect [45]. At the Re 2054.08, NE2.0MPF increases the TPEF 

by 0.33% and 2.1% compared to the NE1.5MPF and NE2.5MPF, respectively. A similar pattern 

of TPEF increase was observed with counterflow cooling systems. This result indicates that 

the frictional factor effect is more acceptable for the enhancement of heat transfer in the channel 
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of 2.0 mm than in 1.5 mm and 2.5 mm spacing arrangements. However, the cooling system 

with a single ESPF insert achieves the maximum value of TPEF compared to the one with 

multiple (three) ESPF inserts, regardless of the spacing arrangements.  For instance, NEMCF 

improves TPEF by 3.4%, 2.1%, and 4.2% compared to NE1.5MCF, NE2.0MCF, and NE2.5MPF 

respectively at Re 2054.08 precisely. This implies that a single ESPF located at L/8 in the 

channels can enhance the overall thermal performance of the cooling system more than 

multiple ESPFs. Thus, one ESPF at L/8 in the channels improved the cooling system's overall 

thermal performance better than multiple (three) ESPFs. Therefore, NEMCF with the highest 

TPEF seems to be the best choice for temperature control of the electric vehicles’ cylindrical 

lithium-ion battery pack, as considered in this section. However, with either single or multiple 

ESPF(s), parallel flow cooling systems offer slightly lower TPEF than the counterflow cooling 

systems 

 

Figure 0.9. Thermal performance enhancement factor (TPEF) vs. Reynolds number (Re) of 

the cooling system with elliptical solid pin fin (ESPF) insert(s). The color markers illustrate 

counterflow (CF) and parallel flow (PF) cooling systems equipped with a single ESPF (NEMCF 

and NEMPF), and 1.5mm (NE1.5MCF and NE1.5PF), 2.0mm (NE2.0MCF and NE2.0MPF) as well 

as 2.5mm (NE2.5MCF and NE2.5MPF) spacing arrangements of three ESPFs in the channels. 
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6.3.1.7 Temperature uniformity of the battery cells in the pack 

The cooling system’s influence on maintaining the temperature uniformity of the battery cells 

in a pack is analyzed in this section. As expressed in Figures  6.10(a-c), an increased Reynolds 

number leads to decreased temperature uniformity of the battery cells in a pack. For the applied 

Reynolds number in this study, a variation of less than 2℃ of temperature from one battery 

cell to the other was obtained indicating the cooling system’s capacity to maintain battery cells’ 

temperature uniformity[13]. Regardless of the flow orientation, the observed lower values of 

battery cells temperature uniformity and the coalescence of the graph in Figs 6.10 (a) and (b) 

compared to Figures  4.11 (a) and (b) suggest that the insertion of ESPF can drastically lower 

and improve the temperature uniformity of the battery cells in the pack. This result is in 

agreement with the published work of [13]. In addition, NE3CF (Figure 6.10b) offers a slightly 

lower battery cells’ temperature uniformity than NE3PF (Figure 6.10a), which implies the 

influence of flow orientation in dissipating heat generated in the battery pack. However, the 

placement of ESPF at L/8 in the cooling system channels further reduced the battery cells’ 

temperature uniformity, as shown in Figure 6.10c compared to Figure 6.10b.  

 
                                      (a) 

 
                                             (b) 
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                                                                               ©   

Figures 0.10. Battery cells temperature uniformity vs Reynolds number for cooling systems of 

three channels containing a single elliptical solid pin fin (ESPF) insert located at L/2 (parallel 

flow (a) and counterflow (b) arrangement) as well as L/8 (counterflow arrangement (c).  The 

color makers represent the temperatures of each battery cell in a pack. 

 

6.3.2 Case 2: Enhancement of the cooling system's performance by inserting elliptical 

aluminum foam(s) of varying porosities in the channel(s) under different flow 

orientations  

6.3.2.1 Reynolds number effect on the cooling system characterization with centrally 

located (L/2) elliptical aluminum foam of 0.1 porosity (𝑬𝑨𝑭𝜺 = 𝟎. 𝟏)  under 

different flow orientations         

 

6.3.2.1.1 Maximum rectangular frame wall temperature 

From Figure 6.11, an increase in Reynolds number (Re) increases the maximum wall 

temperature (Tmax)) of the cooling systems with an elliptical aluminum foam of 0.1 porosity 

(EAFε = 0.1) insert. A considerable reduction in Tmax was noted when Re increased from 

128.38 to 1283.8. However, a further increase in Re yields an insignificant effect on the Tmax 

reduction. Counterflow cooling systems offer slightly lower values of Tmax than parallel flow 

cooling systems. Meanwhile, an additional channel mounted on the rectangular frame offers 
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an improved Tmax reduction. For instance, at Re 2054.08 𝑁𝐸5𝜀=0.1𝑃𝐹 respectively achieved Tmax 

reduction of 0.07%, 0.23%, 1.0%, and 3.13% compared to 𝑁𝐸4𝜀=0.1𝑃𝐹, 𝑁𝐸3𝜀=0.1𝑃𝐹, 

𝑁𝐸2𝜀=0.1𝑃𝐹, and 𝑁𝐸1𝜀=0.1. The counterflow cooling systems exhibited a similar behavior. A 

substantial reduction in Tmax was obtained by cooling systems of channel(s) with EAFε = 0.1 

insert (Figure 6.11) compared to those without insert (Figure 4.7), indicating the improved 

thermal performance provided by applying an insert. 

 

Figure 0.11. Maximum rectangular frame wall temperature (Tmax) vs Reynolds number (Re) of 

the cooling system with a centrally located elliptical aluminum foam of 0.1 porosity (𝐸𝐴𝐹𝜀 =

0.1)  insert in the channel(s). The color markers represent the cooling system of different 

numbers of channel(s) with a 𝐸𝐴𝐹𝜀 = 0.1 insert mounted on the rectangular frame. 

 

6.3.2.1.2  Dimensionless thermal resistance 

Figure 6.12 shows a reduction of dimensionless thermal resistance (Rth) with an increased 

Reynolds number (Re) for the cooling system of EAFε = 0.1 in the channel(s). The increase of 

Re from 128.38 to 1283.8 leads to a substantial reduction in the dimensionless Rth and greater 

than this Re effect on the Tmax becomes inconsequential. For the range of applied Re in this 

work, counterflow cooling systems possess slightly lower dimensionless Rth values than 
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parallel flow cooling systems. An improved dimensionless Rth reduction was realized with 

additional channels mounted on the rectangular frame. The insertion of EAFε = 0.1  in the 

channels achieves, a significant reduction of dimensionless Rth, as a substantial reduction in 

dimensionless Rth of cooling systems was recorded in Figure 6.12 compared to Figure 4.8. 

Thus,  the enhancement of the cooling systems’ thermal performance provided by the 

implementation of  EAFε = 0.1 . 

 

Figure 0.12. Dimensionless thermal resistance (Rth) Vs Reynolds number (Re) of the cooling 

system with a centrally located elliptical aluminum foam of 0.1 porosity (𝐸𝐴𝐹𝜀 = 0.1)  insert 

in the channel(s). The color markers represent the cooling system of different numbers of 

channel(s) with a 𝐸𝐴𝐹𝜀 = 0.1 insert mounted on the rectangular frame. 

 6.3.2.1.3  Cost of pumping power 

Figure 6.13 illustrates the increase in the cost of pumping power (Pp) with an increased 

Reynolds number (Re) for the cooling systems equipped with an elliptical aluminum foam of 

0.1 porosity (EAFε = 0.1) insert. When the Re grew from 283.83 to 641.9, a gradual increase 

in Pp was realized, and a substantial gain of Pp was recorded when Re further increased beyond 

this point. In a like manner, an increase in the number of channels mounted on the rectangular 

frame significantly incurred higher values of Pp. [197]. However, counterflow cooling systems 
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slightly incurred higher Pp than parallel flow cooling systems. This was consistent with the 

published work of [47]. However, an outrageous value of Pp was recorded when EAFε=0.1 

was inserted in the channels of cooling systems (Figure 6.13) compared to cooling systems 

with no insert in the channel(s) (Figure 4.9), suggesting a higher pressure drop associated with 

the inclusion of EAFε=0.1 in the fluid domain. 

 

Figure 0.13. Cost of pumping power (Pp) vs Reynolds number (Re) of the cooling system with 

a centrally located elliptical aluminum foam of 0.1 porosity (𝐸𝐴𝐹𝜀 = 0.1)  insert in the 

channel(s). The color markers represent the cooling system of different numbers of channel(s) 

with a 𝐸𝐴𝐹𝜀 = 0.1 insert mounted on the rectangular frame. 

6.3.2.2 Effect of channel number on dimensionless heat transfer rate density of the cooling 

systems with centrally located (L/2) elliptical aluminum foam of 0.1 porosity of 

insert in the channel  

 

Figures 6.14 expresses the relationship between the dimensionless heat transfer rate density 

and the number of channels with EAFε=0.1 inserted located at the center (L/2), mounted on 

the rectangular frame of the cooling systems (Equations 3.36-3.38)). The figures show an 

increase in the dimensionless heat transfer rate density with an increased Reynolds number 
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(Re), regardless of the number of channels mounted on the rectangular frame. However, 

parallel flow cooling systems (Figure 6.14a) achieved slightly lower dimensionless heat 

transfer rate density than counterflow cooling systems (Figure 6.14b). The highest 

dimensionless heat transfer rate density was obtained with three channels of EAFε=0.1 insert. 

For instance, the parallel flow cooling systems of 3 channels mounted on the rectangular frame 

increased the dimensionless heat transfer rate density by 22.17%, 15.58%, 12.46%, and 25.14% 

respectively, compared to 1, 2, 4, and 5 channels at Re 2054.08 (Figure 6.14b). These results 

show that the interaction between the working fluid and solid elements of the cooling system 

is suspected to be more pronounced with three channels of EAFε=0.1 insert. However, the 

dimensionless heat transfer rate density was increased by 92.30% at Re 2054.08 by the parallel 

flow cooling system of three channels with EAFε=0.1 insert (Figure 6.14a) in comparison to 

cooling systems of the same design without insert (Figure 4.10a). A similar enhancement of 

92.62% was obtained in counterflow cooling systems, indicating the major significance of 

EAFε=0.1 inserts in improving the cooling system performance. 

     

          
                                            (a)                                                                    

  

                             
                                         (b)                                                            

 

Figure 0.14. Dimensionless heat transfer rate density vs. number of channels mounted on the 

rectangular frame in Parallel (a) and Counterflow (b) cooling systems with elliptical aluminum 
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foam of 0.1 porosity (EAFε=0.1) inserts. Colored markers represent different Reynolds 

numbers (Re): Re = 128.38 (black), Re = 513.52 (red), Re = 1027.04 (green), Re = 1540.56 

(blue), and Re = 2054.08. 

6.3.2.3  Effects of the varying porosities of elliptical aluminum foam located at the center 

of the channel(s) on the thermal performance enhancement of the cooling system  

 

Given the above results, it can be inferred that the highest thermal performance is obtained 

when three channels inserted with elliptical aluminum foam of (low) 0.1 porosity (EAFε=0.1) 

are mounted on the rectangular frame of the cooling system. Further analysis to investigate the 

effect of varying porosities of elliptical aluminum foam of (medium) 0.5 porosity insert 

(EAFε=0.5) and elliptical aluminum foam of (high) 0.9 porosity insert (EAFε=0.9) on the 

performance of this cooling system is conducted in this section. 

6.3.2.3.1 Dimensionless thermal resistance 

Figure 6.15 expresses the relationship between the Reynolds number and dimensionless 

thermal resistance (Rth) of cooling systems equipped with varying porosities of elliptical 

aluminum foam. An increase in Re leads to a decrease in dimensionless Rth. Changing the Re 

from 128.38 to 1283.8 offers a significant drop in dimensionless Rth and beyond this point,  

influence of Re on the dimensionless Rth was recorded insignificant. 𝑁𝐸3𝜀=0.1𝐶𝐹 reduced the 

dimensionless Rth by 7.7% and 19.3% compared to 𝑁𝐸3𝜀=0.5𝐶𝐹 and 𝑁𝐸3𝜀=0.9𝐶𝐹 respectively at 

Re 1155.42 Parallel flow cooling systems exhibit a similar pattern. Thus, the lesser the porosity 

of elliptical aluminum foam in the channel the higher the capacity of the cooling systems to 

remove heat from the battery pack. However, cooling systems with counterflow arrangements 

achieved slightly lower dimensionless Rth than those with parallel flow arrangements regardless 

of the porosity of the elliptical aluminum foam insert. 
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Figure 0.15. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system with elliptical aluminum foam of varying porosities insert. The color markers illustrate 

counterflow (CF) and parallel flow (PF) cooling systems equipped with a single aluminum 

foam of 0.1 porosity (𝑁𝐸3𝜀=0.1𝐶𝐹 and 𝑁𝐸3𝜀=0.1𝑃𝐹), 0.5 porosity (𝑁𝐸3𝜀=0.5𝐶𝐹 and 𝑁𝐸3𝜀=0.5𝑃𝐹) 

as well as 0.9 porosity (𝑁𝐸3𝜀=0.9𝐶𝐹 and 𝑁𝐸3𝜀=0.9𝑃𝐹). 

6.3.2.3.2  Cost of pumping power 

From Figure 6.16, an increase in the cost of pumping power (Pp) was observed with an 

increased Reynolds number (Re), regardless of the design of the cooling system.  Compared to 

the EAFε=0.5 and EAFε=0.9, the figure shows an outrageous increase of Pp when EAFε=0.1 

was inserted in the channels of the cooling systems, regardless of the flow orientations. 

Meanwhile, the cooling system equipped with EAFε=0.9 gave the lowest value of Pp. This 

indicates that the resistance to the fluid flow (pressure drop) rises with the decrease in porosity 

[44]. Within the range of applied Re in this work, parallel flow cooling systems have slightly 

lower Pp values than counterflow cooling systems, regardless of the porosity of elliptical 

aluminum foam. 
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Figure 0.16. Cost of pumping power (Pp) vs Reynolds number (Re) of the cooling system with 

elliptical aluminum foam of varying porosities insert. The color markers illustrate counterflow 

(CF) and parallel flow (PF) cooling systems equipped with a single aluminum foam of 0.1 

porosity (𝑁𝐸3𝜀=0.1𝐶𝐹 and 𝑁𝐸3𝜀=0.1𝑃𝐹), 0.5 porosity (𝑁𝐸3𝜀=0.5𝐶𝐹 and 𝑁𝐸3𝜀=0.5𝑃𝐹) as well as 0.9 

porosity (𝑁𝐸3𝜀=0.9𝐶𝐹 and 𝑁𝐸3𝜀=0.9𝑃𝐹). 

6.3.2.3.3  Thermal Performance Enhancement Factor 

Regardless of the porosity of the elliptical aluminum foam inserted in the cooling system 

channels, Figure 6.17 reports an increase in the Reynolds number (Re) with an increased 

thermal performance enhancement factor (TPEF). For the range of applied Re in this work, a 

slightly higher value of TPEF was obtained with the counterflow system than with the parallel 

flow cooling systems. However, an increase of 63.7% and 93.4% in TPEF was achieved with 

𝑁𝐸3𝜀=0.9𝑃𝐹 over 𝑁𝐸3𝜀=0.5𝑃𝐹 and 𝑁𝐸3𝜀=0.1𝑃𝐹 respectively at Re 1155.4. The result implies that 

the tolerability of pressure drop to the obtained augmentation of heat transfer in the channels 

appreciates with an increased porosity of insert. This was further substantiated by the 

demonstration of TPEF less than 1 by the cooling system equipped with EAFε=0.5 and 

EAFε=0.1. Therefore, this study does not recommend the option of EAFε=0.5 and EAFε=0.1 

for the thermal performance enhancement of the cooling system 
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. 

Figure 0.17. Thermal performance enhancement factor (TPEF) vs Reynolds number (Re) of 

the cooling system with elliptical aluminum foam of varying porosities inserted. The color 

markers illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped with a 

single aluminum foam of 0.1 porosity (𝑁𝐸3𝜀=0.1𝐶𝐹 and 𝑁𝐸3𝜀=0.1𝑃𝐹), 0.5 porosity (𝑁𝐸3𝜀=0.5𝐶𝐹 

and 𝑁𝐸3𝜀=0.5𝑃𝐹) as well as 0.9 porosity (𝑁𝐸3𝜀=0.9𝐶𝐹 and 𝑁𝐸3𝜀=0.9𝑃𝐹). 

 

6.3.2.4 Effect of varying locations of a single elliptical aluminum foam of 0.9 porosity 

(EAFε=0.9) inserted in the channel(s) on the cooling system’s performance 

 

The cooling system with three channels and a centrally positioned EAFε=0.9 (at L/2) was found 

to have the strongest capacity to dissipate heat from the battery pack in the preceding section 

given that it gives the maximum dimensionless heat transfer rate density. Therefore, the effect 

of the varying locations within the channels of this cooling system is further considered to 

evaluate the likely impacts of various EAFε=0.9 placements on heat dissipation effectiveness 

and thermal performance. This analysis explores whether alternative EAFε=0.9 placements can 

further augment cooling system performance beyond the best configuration identified earlier. 

 

 



 

133 

 

CHAPTER SIX 

Figure 6.18 reveals that dimensionless Rth reduces noticeably when the Reynolds number (Re) 

increases regardless of the locations of EAFε=0.9 in the cooling system’s channels. It can be 

noticed that significant dimensionless Rth reduction is observed when the Re increased from 

128.38 to 1283.8. However, an insignificant Re effect on dimensionless Rth was noticed beyond 

this point. Within the range of Re applied in this work, counterflow cooling systems 

demonstrate slightly lower dimensionless Rth than those with parallel flow design. With Re 

1412.18, 𝑁𝐸𝑀𝜀=0.9𝐶𝐹 gave the best result in minimizing the dimensionless Rth by 11.6% and 

15.3% respectively compared to 𝑁𝐸𝐽𝜀=0.9𝐶𝐹 and 𝑁𝐸3𝜀=0.9𝐶𝐹. A similar performance was 

recorded with parallel flow cooling systems. Thus, the placement of EAFε=0.9 at L/8 in the 

channels appears to be the best location for the improved performance of the cooling systems. 

 

Figure 0.18. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system with a single elliptical aluminum foam of 0.9 (EAFε=0.9) porosity insert. The colored 

markers illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped with a 

single EAFε=0.9 located at L/2 (𝑁𝐸3𝜀=0.9𝐶𝐹 and 𝑁𝐸3𝜀=0.9𝑃𝐹), (𝑁𝐸𝐽𝜀=0.9𝐶𝐹 and 𝑁𝐸𝐽𝜀=0.9𝑃𝐹), 

and L/8 (𝑁𝐸𝑀𝜀=0.9𝐶𝐹 and 𝑁𝐸𝑀𝜀=0.9𝑃𝐹). 
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6.3.2.5 Comparison of a single and varying spacing arrangement of three elliptical 

aluminum foam (EAFε=0.9) insert(s) in the channel(s) on the cooling system’s 

performance 

 

To compare the influence of a single with multiple insert(s) in the channels on the cooling 

system thermal performance, the EAFε=0.9 was increased to three and arranged from L/8 

towards the inlet.  It is worth noting that without emphasis on the search for the best insert 

location in the channels, [208] has previously demonstrated the precision of three-pin fin inserts 

for the optimal performance of the cooling configuration. Hence, the reason for adopting three 

EAFε=0.9 of varying in-line spacing arrangements (1.5mm, 2.0mm, and 2.5mm) for 

comparison with a single EAFε=0.9. 

Figure 6.19 shows the reduction in the dimensionless thermal resistance (Rth) with an increase 

in Reynolds number (Re) regardless of the number and spacing arrangements of the EAFε=0.9 

in the channels.  A substantial dimensionless Rth reduction occurred when the Re increased 

from 128.38 to 1283.8 and when the Re exceeded this, the dimensionless Rth reduction was 

negligible. Furthermore, the counterflow cooling system slightly improves in dimensionless 

Rth reduction compared to the parallel flow cooling systems. Meanwhile, the best spacing 

arrangement of  multiple (three) EAFε=0.9 in the channels appears to be 1.5 mm as 

𝑁𝐸1.5𝑀𝜀=0.9𝐶𝐹 reduced the dimensionless Rth by 10.5% and 11.9% compared to 

𝑁𝐸2.0𝑀𝜀=0.9𝐶𝐹 and 𝑁𝐸2.5𝑀𝜀=0.9𝐶𝐹 respectively at Re 898.66. Thus, minimizing of the space 

between the EAFε=0.9 in the channels leads to better enhancement of the cooling system 

thermal performance. On the other hand, 𝑁𝐸𝑀𝜀=0.9𝑃𝐹 obtained a lower dimensionless Rth 

reduction of 19.5%. 18.8% and 4.7% compared to 𝑁𝐸2.5𝑀𝜀=0.9𝑃𝐹, 𝑁𝐸2.0𝑀𝜀=0.9𝑃𝐹, and 

𝑁𝐸1.5𝑀𝜀=0.9𝑃𝐹 respectively at Re 2054.08 demonstrating the overperformance of the cooling 

systems equipped with a single EAFε=0.9  than those with multiple (three) EAFε=0.9. 

Counterflow cooling systems exhibited a similar pattern. 
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Figure 0.19. Dimensionless thermal resistance (Rth) vs. Reynolds number (Re) of the cooling 

system with elliptical aluminum foam of 0.9 (EAFε=0.9) porosity insert(s). The color markers 

illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped with a single 

EAFε=0.9 (𝑁𝐸𝑀𝜀=0.9𝐶𝐹 and 𝑁𝐸𝑀𝜀=0.9𝑃𝐹), and 1.5 mm (𝑁𝐸1.5𝑀𝜀=0.9𝐶𝐹 and 𝑁𝐸1.5𝑀𝜀=0.9𝑃𝐹), 

2.0 mm (𝑁𝐸2.0𝑀𝜀=0.9𝐶𝐹 and 𝑁𝐸2.0𝑀𝜀=0.9𝑃𝐹), and 2.5 mm (𝑁𝐸2.5𝑀𝜀=0.9𝐶𝐹 and 

𝑁𝐸2.5𝑀𝜀=0.9𝑃𝐹) spacing arrangements of three EAFε=0.9 in the channels.  

6.3.2.6 Normalized friction factor effect between the varying locations of a single and 

spacing arrangement of three elliptical aluminum foam of 0.9 porosity (EAFε=0.9)  

 

In Figures 6.20, the upward trend of the normalized friction factor (NFF) was observed with 

an increase in Reynolds number (Re). The exhibition of NFF values higher than 3 by both 

figures suggests that the application of EAFε=0.9 to enhance of the cooling system 

performance can raise its working fluid friction more than 3 times compared to those without 

insert [40]. From Figure 6.20a, 𝑁𝐸𝑀𝜀=0.9𝐶𝐹 reduced the NFF by 2.8% and 5.5% respectively 

compared to 𝑁𝐸𝐽𝜀=0.9𝐶𝐹 and 𝑁𝐸3𝜀=0.9𝐶𝐹 at Re 898.66 indicating that the shorter the distance 

between a single EAFε=0.9 and the inlet the lesser the values of NFF and vice versa. 

Meanwhile, Figure 6.20b shows that the minimization of the space between one EAFε=0.9 to 



 

136 

 

CHAPTER SIX 

the other increases the value of the NFF [200]. For instance, 𝑁𝐸2.5𝑀𝜀=0.9𝐶𝐹 reduces the NFF 

values by 8.6% and 13.4% compared to 𝑁𝐸2.0𝑀𝜀=0.9𝐶𝐹 and 𝑁𝐸1.5𝑀𝜀=0.𝐶𝑃𝐹 respectively at Re 

2054.08. Moreover, a higher value of NFF was obtained in cooling systems with multiple 

EAFε=0.9 inserts (Figure 6.20b) compared to those with a single EAFε=0.9 (Figure 6.20a), 

demonstrating the effect of the fluid domain complexity on the pressure drop along the flow 

channels. With single or multiple EAFε=0.9 insert(s), the cooling systems with counterflow 

arrangement slightly increased the NFF values compared to those of parallel flow 

configurations. 

 
                                      (a) 

 
                                             (b) 

Figure 0.20. Normalized friction factor (NFF) vs. Reynolds number (Re) of the cooling system 

with a single (a) and three (b) elliptical aluminum foam of 0.9 (EAFε=0.9) porosity insert(s). 

The color markers illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped 

with varying locations of a single and spacing arrangement of multiple EAFε=0.9 in the 

channels. 

6.3.2.7 Comparison of thermal performance enhancement factor effect between the 

varying location of a single and varying spacing arrangement of three elliptical 

aluminum foam of 0.9 porosity (EAFε=0.9) 

 

Figure 6.21 shows that an increase in Reynolds number (Re) increases the thermal performance 

enhancement factor (TPEF) regardless of the cooling system configuration. A significant rise 
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in TPEF occurred when the Re increased from 123.83 to 898.66. However, beyond this point, 

the effect of further increases in Re on TPEF became negligible. A slight increase in TPEF was 

achieved with cooling systems of counterflow arrangements compared to those parallel flow 

designs regardless of the number and spacing arrangements of EAFε=0.9 in the channels. 

However, the demonstration of TPEF higher than 1 observed with the considered cooling 

systems shows that the application of EAFε=0.9 can augment heat transfer with a tolerable 

increased friction factor [45]. The figure shows that the 2.0 mm spacing arrangement gives the 

highest TPEF compared to 1.5 mm and 2.5 mm. For instance, 𝑁𝐸2.0𝑀𝜀=0.9𝐶𝐹 increased TPEF 

by 1.7% and 2.94% compared to 𝑁𝐸1.5𝑀𝜀=0.9𝐶𝐹 and 𝑁𝐸2.5𝑀𝜀=0.9𝐶𝐹 respectively at Re 

898.66. Thus, the frictional factor effect on the enhancement of heat transfer appears more 

tolerable with cooling systems of 2.0 mm spacing arrangement of EAFε=0.9 in the channels 

regardless of the flow orientations. Meanwhile, 𝑁𝐸𝑀𝜀=0.9𝐶𝐹 demonstrates an improved TPEF 

of 2.9%, 1.5% and 2.1 over 𝑁𝐸2.5𝑀𝜀=0.9𝐶𝐹, 𝑁𝐸2.0𝑀𝜀=0.9𝐶𝐹, and 𝑁𝐸1.5𝑀𝜀=0.9𝐶𝐹 respectively 

at Re 2054.08. A similar pattern was observed with the parallel flow cooling systems. This 

result indicates that a single EAFε=0.9 located at L/8 in the channels can enhance the overall 

thermal performance of the cooling system better than multiple (three) EAFε=0.9 inserts. 

 

Figure 0.21. Thermal performance enhancement factor (TPEF) vs. Reynolds number (Re) of 

the cooling system with elliptical aluminum foam of 0.9 (EAFε=0.9) porosity insert(s). The 

color markers illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped with 
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a single EAFε=0.9 (𝑁𝐸𝑀𝜀=0.9𝐶𝐹 and 𝑁𝐸𝑀𝜀=0.9𝑃𝐹), and 1.5 mm (𝑁𝐸1.5𝑀𝜀=0.9𝐶𝐹 and 

𝑁𝐸1.5𝑀𝜀=0.9𝑃𝐹), 2.0 mm (𝑁𝐸2.0𝑀𝜀=0.9𝐶𝐹 and 𝑁𝐸2.0𝑀𝜀=0.9𝑃𝐹), and 2.5 mm (𝑁𝐸2.5𝑀𝜀=0.9𝐶𝐹 

and 𝑁𝐸2.5𝑀𝜀=0.9𝑃𝐹) spacing arrangements of three EAFε=0.9 in the channels. 

6.3.2.8 Temperature uniformity of the battery cells in the pack  

 

Figures. 6.22(a-d) describes the relationship between the Reynolds number and the temperature 

uniformity of the battery cells in the pack. At a specific Re, a temperature uniformity of less 

than 2℃ between one cell to the other in a pack was achieved. Thus, the capacity of the cooling 

systems to maintain the temperature uniformity of the lithium-ion battery cells in a pack is 

suspected [13]. The implementation of elliptical aluminum foam of 0.1 porosity (EAFε=0.1) 

provides a significant reduction in battery cells' temperature uniformity as indicated when 

Figure 6.22 (a) and (b) were compared to Figure 4.11(a) and (b). In addition, the coalescing of 

the graph observed in Figures 6.22 (a) and (b) compared to Figures 4.11(a) and (b) 

demonstrates the strength of the insertion of EAFε=0.1 in the channels of the cooling system 

to improve the temperature uniformity of the battery cells in the pack. Meanwhile, counterflow 

cooling systems (Figure 6.22b) achieved a slightly lower battery cell temperature uniformity 

than the parallel flow cooling system (Figure 6.22a). 𝑁𝐸3𝜀=0.9𝐶𝐹 (Figure 6.22c) with higher 

values of battery cell temperature uniformity than 𝑁𝐸3𝜀=0.1𝐶𝐹 (Figure 6.22b) depicts the 

cooling system's response to different porosity of the elliptical aluminum foam insert.  

Nevertheless, EAFε=0.9 at L/8 in the channels further reduced the battery cells' temperature 

uniformity as shown in Figure 6.22d compared to Figure 6.22c. 
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                                      (a) 

 

                                             (b) 

 
                                         (c) 

 
                                             (d) 

              

Figure 0.22. Battery cells temperature uniformity vs Reynolds number for the cooling system 

of three channels containing single elliptical aluminum foam of 0.1(EAFε=0.1) and 0.9 
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(CAFε=0.9) porosities: Parallel (a) and counterflow (b) system with centrally located 

CAFε=0.1, as well as counterflow system with EAFε=0.9 inserted at the center (c) and L/8 (d). 

The color makers represent the temperatures of each battery cell in a pack. 

6.3.3 Case 3: Comparison of the enhancement capacity of the elliptical solid pin fin with 

aluminum foam inserted in the channel(s) of the cooling system 

 

6.3.3.1 Effect of Reynolds number on the thermal performance of the cooling system based 

on circular solid pin fin and elliptical aluminum foam insert comparison 

 

This section analyzed the influence of the Reynolds number on the maximum rectangular frame 

wall temperature, dimensionless thermal resistance, cost of pumping power, and thermal 

performance enhancement factor for the two counterflow cooling systems: with the elliptical 

solid pin fin insert located at L/8 (NEMCF) in Case 1 and the elliptical aluminum foam insert 

with 0.9 porosity located at L/8 (𝑁𝐸𝑀𝜀=0.9𝐶𝐹) in Case 2. These systems have been identified as 

the most promising configurations for effective battery pack thermal management. 

6.3.3.1.1 Maximum rectangular frame wall temperature 

Figure 6.23, reports the reduction in maximum wall temperature (Tmax) of the rectangular frame 

with Reynolds number (Re) regardless of the type of insert in the channels of the cooling 

systems. The figure shows a substantial reduction in Tmax when the Re increased from 128.38 

to 1283.8 and beyond this, the Re effect on Tmax became insignificant. Meanwhile, NEMCF gave 

the best result in minimizing the Tmax than 𝑁𝐸𝑀𝜀=0.9𝐶𝐹 within the applied Re in this work. For 

instance, at the extreme low (128.38) and high (2054.08) Re considered in this work, NEMCF 

reduced Tmax by 0.58% and 0.28 respectively compared to 𝑁𝐸𝑀𝜀=0.9𝐶𝐹. Thus, the cooling 

system capacity is better enhanced by the application of ESPF than EAFε=0.9. 
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Figure 0.23. Maximum rectangular frame wall temperature (Tmax) vs. Reynolds number (Re) 

for cooling systems with elliptical solid pin fin (ESPF) and aluminum foam of 0.9 porosity 

(EAFε=0.9) inserts. The graph shows Tmax as a function of Re, comparing ESPF (black marker) 

and EAFε=0.9 (red marker) inserts located at L/8 in the channels of the cooling systems. 

6.3.3.1.2  Dimensionless thermal resistance 

As shown in Figure 6.24, an increase in Reynolds number (Re) reduces the dimensionless 

thermal resistance (Rth) of both the cooling systems (NEMCF and  𝑁𝐸𝑀𝜀=0.9𝐶𝐹). When the Re 

increased from 128.38 to 1283.8, a substantial drop in the dimensionless Rth was realized. 

However, an insignificant dimensionless Rth was observed when the Re exceeded this point.  

For the range of the applied Re in this study, the application of ESPF (NEMCF) to enhance the 

system's performance achieves a consistently better cooling capacity in decreasing the 

dimensionless Rth than EAFε=0.9 (𝑁𝐸𝑀𝜀=0.9𝐶𝐹.). Thus, the application of ESPF provides an 

improved cooling system performance than the EAFε=0.9. 
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Figure 0.24. Dimensionless thermal resistance (Rth) vs. Reynolds number (Re) for cooling 

systems with elliptical solid pin fin (ESPF) and aluminum foam of 0.9 porosity (EAFε=0.9) 

inserts. The graph shows dimensionless Rth as a function of Re, comparing ESPF (black marker) 

and EAFε=0.9 (red marker) inserts located at L/8 in the channels of the cooling systems. 

6.3.3.1.3  Cost of pumping power 

Figure 6. 25, compares the effect of EAFε=0.9 with ESPF on the cost of pumping power (Pp) 

of the cooling system as a function of the Reynolds number (Re). An increase in Re leads to an 

increase in Pp. However, a gradual increase in Pp was recorded below Re 770.28 and beyond 

this, a further increase in Re yields a significant upward trend of Pp. Meanwhile, NEMCF 

achieves a slightly lower Pp compared to 𝑁𝐸𝑀𝜀=0.9𝐶𝐹 when the Re increased from 12.38 to 

513.52, a considerable increase in Pp was demonstrated by 𝑁𝐸𝑀𝜀=0.9𝐶𝐹 over NEMCF when the 

Re rises beyond 513.52. However, the figure shows an increase of 66.01% in Pp by 𝑁𝐸𝑀𝜀=0.9𝐶𝐹 

compared to the NEMCF at the Re 2054.08. Thus, ESPF in the channels of the cooling systems 

appears to possess a significantly lesser value of Pp than EAFε=0.9, particularly at a higher 

Re. 
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Figure 0.25. Cost of pumping power (Pp) vs. Reynolds number (Re) for cooling systems with 

elliptical solid pin fin (ESPF) and aluminum foam of 0.9 porosity (EAFε=0.9) inserts. The 

graph shows Pp as a function of Re, comparing ESPF (black marker) and EAFε=0.9 (red 

marker) inserts located at L/8 in the channels of the cooling systems. 

6.3.3.1.4  Thermal performance enhancement factor 

Figure 6.26 reveals that an increase in Reynolds number (Re) increases the thermal 

performance enhancement factor (TPEF) regardless of the type of insert (ESPF or EAFε=0.9) 

in the cooling system’s channels. The figure shows that inserting either ESPF or EAFε=0.9 in 

the channels can provide an enhancement of cooling system performance with a tolerable 

friction factor as both cooling systems (𝑁𝐸𝑀𝜀=0.9𝐶𝐹 or NEMCF) archives TPEF higher than 1.  

Below the Re 513.52, 𝑁𝐸𝑀𝜀=0.9𝐶𝐹  possess higher TPEF than NEMCF and the reverse is the case 

when the Re increases beyond this point, as NEMCF substantially increases the values of TPEF 

than 𝑁𝐸𝑀𝜀=0.9𝐶𝐹. Thus, the effect of continuous increase in pressure drop along the flow path 

on cooling system performance appears to be more pronounced with the application of 

EAFε=0.9 than with the ESPF insert, particularly at higher Re beyond 513.52.  For the range 

of Re applied in this work, NEMCF demonstrates continuous upward trending of TPEF, and at 

the same time, 𝑁𝐸𝑀𝜀=0.9𝐶𝐹 shows a decline in TPEF values when the Re increases beyond 

1412.18. Meanwhile, precisely at Re 1412.18 and 2054.08 NEMCF gave the best result in 
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enhancing systems performance as it provides over 36.2% and 45.3% of increased TPEF 

compared to 𝑁𝐸𝑀𝜀=0.9𝐶𝐹. Thus, ESPF appears to demonstrate better cooling system 

enhancement than EAFε=0.9. 

 

Figure 0.26. Thermal performance enhancement factor (TPEF) vs. Reynolds number (Re) for 

cooling systems with elliptical solid pin fin (ESPF) and aluminum foam of 0.9 porosity 

(EAFε=0.9) inserts. The graph shows TPEF as a function of Re, comparing ESPF (black 

marker) and EAFε=0.9 (red marker) inserts located at L/8 in the channels of the cooling 

systems. 

6.3.3.2  Temperature contours 

Figure 6.27 (a and b) depicts the temperature contours of the systems with either an insert of 

elliptical solid pin fin (ESPF) or aluminum foam of 0.9 porosity (EAFε=0.9) located at L/8 

towards the inlet. The contours are plotted at X plane 25mm and inlet velocity 1.1m/s 

(Reynolds number 1412.18). Notably, the system with ESPF (NEMCF) achieved a lower 

temperature distribution than that of the EAFε=0.9 (𝑁𝐸𝑀𝜀=0.9𝐶𝐹) indicating the superiority of 

ESPF insert to dissipate heat from the batter pack than the EAFε=0.9. 
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Figures 0.27. Temperature contour for counterflow cooling system of three channels with 

ESPF (a), and EAFε=0.9 (b) insert. 

6.4 Conclusions  

This chapter details the effect of an elliptical solid pin fin and elliptical aluminum foam of 

varying porosities insert on the thermal performance of the cooling system for the thermal 

management of the cylindrical lithium-ion battery pack of an electric vehicle. For Re values 

ranging between 128.38 and 2054.08 as applied in this work, the response of the cooling system 

to the different number of channels mounted on the rectangular frame, the varying position of 

a single, and spacing arrangements of the multiple insert(s) in the channel(s) as well as varying 

porosities specifically for aluminum foam were numerically analyzed and reported. The Key 

findings are summarized below:  
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1) Number of mounted channels: (a) Maximum dimensionless heat transfer rate density 

was observed in systems with three channels of centrally located elliptical solid pin fin 

(ESPF) or aluminum foam of 0.1 porosity (EAFε=0.1) inserts on the rectangular frame. 

(b) At the highest applied Reynolds number, the parallel flow and counterflow systems 

of the three channels with ESPF respectively achieved 92.21% and 92.5% higher 

dimensionless heat transfer rate density in comparison to their counterparts with no 

insert. A similar pattern of the dimensionless heat transfer rate density increases of 

92.30% and 92.62% were obtained with parallel flow and counterflow systems of the 

three channels with 𝐸𝐴𝐹𝜀 = 0.1 inserts. 

2) Best insert location: The best performance was achieved when the inserts (ESPF or 

aluminum foam) were positioned at L/8 towards the leading edge of the channels. 

3) Impact of Porosity: High porosity (0.9) elliptical aluminum foam inserts showed 

acceptable performance, while lower porosities (0.1 and 0.5) resulted in high pumping 

power and friction factor, limiting their applicability. 

4) Single versus Multiple Inserts: A single insert positioned at L/8 towards the leading 

edge- enhanced cooling performance more effectively than multiple inserts, regardless 

of spacing. 

5) Counterflow versus Parallel Flow Systems: Counterflow cooling systems benefit 

slightly from reducing the maximum wall temperature and thermal resistance compared 

to parallel flow systems. 

The superior thermal performance enhancement factor (TPEF) of the NEMCF system compared 

to 𝑁𝐸𝑀𝜀=0.9𝐶𝐹 suggests that the ESPF insert is the optimal choice for effective temperature 

control of cylindrical lithium-ion battery packs in electric vehicles. Therefore, NEMCF is 

recommended in this chapter as the most effective cooling system for the cylindrical lithium-

ion battery pack of electric vehicles. 
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CHAPTER SEVEN 

ENHANCEMENT OF CYLINDRICAL LITHIUM-ION BATTERY 

PACK OF ELECTRIC VEHICLE COOLING SYSTEM WITH 

RECTANGULAR SOLID PIN FIN / ALUMINIUM FOAM OF 

DIFFERENT POROSITIES INSERT(S) 

7.1 Preview 

 This chapter documents the enhancement potential analyses of the rectangular solid pin fin or 

aluminum foam of various porosities inserted in the channels of the designed cooling system 

from Chapter 4. With the centrally located insert in the channel, the cooling system 

performance is compared with previous obtained results from Chapter 4. The varying locations' 

effect of a single insert on the system performance was later considered and compared with 

varying spacing arrangements of three inserts in the channels. However, the performance will 

be evaluated with maximum rectangular frame wall temperature, thermal resistance, 

convective heat transfer coefficient, heat transfer rate density, and thermal performance 

enhancement factor. The discretization, mesh grid generation, and simulation process of the 

cooling systems were conducted with the Ansys® 2020 Fluent software package. 

7.2 Physical and Computational Model 

Figures  7.1(a-d), shows the cross-section of the computational domain of the cooling system 

inserted with single or multiple (three) rectangular solid pin fin/aluminum foam. With fixed 

dimensions of the cooling system as stated in Chapter 4, varying locations of a single 

rectangular solid pin fin/aluminum foam insert in the fluid domain are first considered. The 1.5 

mm, 2.0 mm, and 2.5 mm spacing arrangements of three rectangular solid pin fins/aluminum 

foam in the fluid domain of the cooling system were further considered for comparison with a 

single insert at the finest location in the channels. The rectangular solid pin fin/aluminum foam 

used in this work is of dimensions 1.1 mm × 0.6 mm × 0.6 mm while the considered 

porosities are low (0.1), medium 0.5, and high (0.9)  
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Figure 0.1.  Cooling system cross-section with single (a), 1.5 mm (b), 2.0 mm (c), and 2.5 mm 

(d) spacing arrangements of three rectangular solid pin fins insert(s) in the channel. 

7.2.1  Grid refinement test analysis 

The same number of nodes and element sizes were considered for the cooling system with solid 

pin fin/aluminum foam (irrespective of porosity) inserted at the same point in the flow 

channel(s) for accurate comparative analysis.  A similar consideration was given to the cooling 

system of multiple (three) inserts with the same spacing arrangements in the channels. Tables 

7.1 and 7.2 respectively depict the conducted grid refinement test for counterflow cooling 

systems of three channels inserted with a single rectangular solid pin fin located at the center 

of the flow channels (NR3CF) and counterflow cooling system with three multiple (three) inserts 

(b).  Same size of rectangular solid pin 

fins or aluminum foam with a spacing of 

1.5 mm in the channel 

 

(a). Cooling system cross-section 

with a rectangular solid pin fin or 

aluminum foam insert in the channel 

(d).  Same size of rectangular solid 

pin fins or aluminum foam with a 

spacing of 2.5 mm in the channel 

 

(c).  Same size of rectangular solid pin 

fins or aluminum foam with a spacing 

of 2.0 mm in the channel 
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of circular aluminum foam arranged with 2.0 mm spacing (𝑁𝑅2.0𝑀𝐶𝐹)  as an example for all 

grid refinement analyses carried out in this chapter. 

Table 0.1. Grid refinement test for NR3CF   

 

 

 

 

 

 

Table 0.2. Grid refinement test for 𝑁𝑅2.0𝑀𝐶𝐹    

 

 

 

 

 

 

7.3 Results and Discussions          

7.3.1 Case 1: Enhancement of the cooling system’s thermal performance by inserting 

rectangular solid pin fin(s) in the channel(s) under different flow orientations.  

 

7.3.1.1 Reynolds number effect on the cooling systems characterization with centrally 

located (L/2) rectangular solid pin fin (RSPF) under different flow orientation 

 

7.3.1.1.1  Maximum rectangular frame wall temperature 

Figure 7.2 shows the reduction in the maximum wall temperature (Tmax) of the rectangular 

frame with an increased Reynolds number (Re) for the cooling systems equipped with RSPF 

Number of 

cells 

Peak frame wall 

temperature (K) 

Deviation |
(∆𝑇)𝑖 − (∆𝑇)𝑖−1

(∆𝑇)𝑖
| 

131738 307. 5348 -------------------- 

127697 307.5573 0.00007316 

133180 307.9055 0.00113215 

Number of 

cells 

Peak frame wall 

temperature (K) 

Deviation |
(∆𝑇)𝑖 − (∆𝑇)𝑖−1

(∆𝑇)𝑖
| 

143738 307. 3916 -------------------- 

139697 307.3948 0.00001041 

145180 307.7755 0.00123847 
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in the channel(s). Between the ranges of Re 128.38 to 1283.8 a substantial Tmax reduction was 

realized. However, an insignificant Tmax reduction occurred when the Re is further increased 

beyond 1283.8. Additional reductions in Tmax were obtained as more channels were mounted 

on the rectangular frame of the cooling system. For instance, precisely at Re 2054.08, NR5CF 

reduced Tmax by 0.053%, 0.15%, 0.83%, and 2.89% respectively compared to NR4CF, NR3CF, 

NR2CF, and NR1. A similar pattern of Tmax reduction was obtained with the parallel flow cooling 

systems. Within the range of applied Re in this study, counterflow cooling systems achieved a 

slightly lower Tmax than parallel flow cooling systems. A considerable reduction in Tmax was 

realized with cooling systems of the channel(s) inserted with RSPF (Figure 7.2) compared to 

those without insert (Figure4.7) indicating the enhanced thermal performance provided by the 

implementation of an insert. 

 

Figure 0.2. Maximum rectangular frame wall temperature (Tmax) vs Reynolds number (Re) of 

the cooling system with a centrally located rectangular solid pin fin (RSPF) in the channel(s).  

The color markers represent the cooling system of different numbers of channel(s) with 

an RSPF insert mounted on the rectangular frame. 
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7.3.1.1.2  Dimensionless thermal resistance 

From Figure 7.3, it is noticed that the dimensionless thermal resistance (Rth) decreases with the 

increase in Reynolds number (Re) for the cooling systems equipped with RSPF in the 

channel(s). When the Re increased from 128.38 to 1283.8, a substantial dimensionless Rth 

reduction was recorded and beyond this point, further increase in Re shows no significant effect 

on the dimensionless Rth reduction. An improved dimensionless Rth was obtained with 

increased channels mounted on the rectangular frame. Thus, NR5CF and NR1 achieved the best 

and poorest results in minimizing the dimensionless Rth in the category of counterflow cooling 

systems. A similar pattern of dimensionless Rth reduction was observed with parallel flow 

cooling systems. The figure shows a slight decrease of dimensionless Rth with counterflow 

cooling systems compared to parallel flow cooling systems. Moreover, the cooling systems 

with RSPF insert (Figure 7.3) demonstrate a significant decrease in the dimensionless Rth 

compared to those without insert (Figure 4.8), reflecting the improvement of thermal 

performance obtained by the use of an insert.  

 

Figure 0.3. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system with a centrally located rectangular solid pin fin (RSPF) in the channel(s). The color 
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markers represent the cooling system of different numbers of channel(s) with an RSPF insert 

mounted on the rectangular frame. 

7.3.1.1.3  Cost of pumping power 

The effect of the Reynolds number (Re) on the cost of pumping power (Pp) for the cooling 

systems with channels with RSPF is presented in Figure 7.4. Regardless of the number of 

channels mounted on the rectangular frame, the growth in Pp was recorded with an increased 

Re. However, a slight increase in Pp was obtained when the Re increased from 128.38 to 641.9, 

and beyond this, a further increase in Re significantly increased the values of Pp. Furthermore, 

the hike in Pp was more pronounced with an increased number of channels. For instance, at 

exactly Re, 641.9, NR5CF increased Pp by 17.8%, 39.3%, 58.9%, and 80.8% compared to 

NR4CF, NR3CF, and NR2CF and NR1. A similar pattern of increased Pp values was observed with 

the parallel flow cooling system. This result was consistent with the published work of [197].  

The figure demonstrates slightly increased Pp values with counterflow cooling systems 

compared to parallel flow cooling systems [47]. Meanwhile, the presence of the RSPF in the 

cooling systems’ channels comes with a significant increase in the values of Pp values (Figure 

7.4) compared to those without insert (Figure 4.9). Thus, the obstruction of the working fluid 

in the channels comes with a higher pressure drop and therefore a higher cost of pumping 

power. 
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Figure 0.4. Cost of pumping power (Pp) vs Reynolds number (Re) of the cooling system with 

a centrally located rectangular solid pin fin (RSPF) in the channel(s). The color markers 

represent the cooling system of different numbers of channel(s) with an RSPF insert mounted 

on the rectangular frame. 

7.3.1.2 Effect of channel number on the dimensionless heat transfer rate density for the 

cooling system with centrally located (L/2) rectangular solid pin fin (RSPF) in the 

channel(s)  

 

Figure 7.5 illustrates the behavior of the cooling system in relation to the dimensionless heat 

transfer rate density, influenced by the varying number of channels, with rectangular solid pin 

fin (RSPF) inserts located at the center (L/2), mounted on the rectangular frame. A higher 

dimensionless heat transfer rate density indicates improved system thermal performance 

(Equations -3.36-3.38)). Regardless of flow orientation or the number of channels, an increase 

in Re leads to an increase in the dimensionless heat transfer rate density.  Parallel flow cooling 

channels (Figure 7.5a) yielded slightly lower dimensionless heat transfer rate density than 

counterflow cooling channels (Figure 7.5b). In the parallel flow system, with three channels at 

Re 2054.08, the heat transfer rate density increased by 34.34%, 32.68%, 13.01%, and 23.57% 

compared to systems with 1, 2, 4, and 5 channels, respectively (Figure 7.5a). Thus, the highest 

dimensionless heat transfer rate density was achieved with three channels containing RSPF 

inserts indicating a system with the maximum interaction between the working fluid and heat 

transfer surfaces. A 94.91% and 95.01% increased dimensionless heat transfer rate density 

were respectively obtained by the parallel (Figure 7.5a) and counterflow systems (Figure 7.5b) 

of the three channels with RSPF at Re 2054.08 compared to their counterpart systems of no 

insert (Figure 4.10(a and b)). The result demonstrates the enhancement of the cooling system 

performance by applying the RSPF insert.  
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                                             (a) 

 

                                     

                                      (b) 

Figure 0.5. Dimensionless heat transfer rate density vs. number of channels mounted on the 

rectangular frame in Parallel (a) and Counterflow (b) cooling systems with rectangular solid 

pin fin (RSPF) Inserts. Colored markers represent different Reynolds numbers (Re): Re = 

128.38 (black), Re = 513.52 (red), Re = 1027.04 (green), Re = 1540.56 (blue), and Re = 

2054.08 

7.3.1.3 Effect of varying locations of a single rectangular solid pin fin (RSPF) insert in the 

channel(s) on the cooling system’s performance 

 

From the above results, the highest dimensionless heat transfer rate density is achieved with 

three channels and a centrally located RSPF (at L/2), indicating superior thermal performance 

for dissipating heat from the battery pack. In this section, further analyses to study the possible 

effect of varying locations of the RSPF inserts within the channels of this cooling system to 

evaluate how different placements may influence thermal performance and heat dissipation 

efficiency were carried out. This analysis explores whether alternative RSPF placement can 

further enhance cooling system efficiency beyond the best  identified system. 
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As shown in Figure 7.6 an increased Reynolds number (Re) decreases the dimensionless 

thermal resistance (Rth) regardless of the location of the rectangular solid pin fin (RSPF) in the 

channels of the cooling systems. The increase in Re from 128.38 to 1283.8 was observed with 

substantial dimensionless Rth reduction. Beyond this point, a further increase in the Re yields a 

negligible effect on the dimensionless Rth reduction. Meanwhile, the slight increase in 

dimensionless Rth values was demonstrated by the parallel flow cooling systems compared to 

the counterflow cooling systems, regardless of the point of placement of the RSPF insert in the 

channels. Precisely at Re 898.66, the cooling system equipped with RSPF located at L/8 NRMCF 

towards the leading edge reduced the dimensionless Rth  by 11.38% and 18.5% respectively 

compared to when it was placed at L/4 (NRJCF) and L/2 (NR3CF) in the channels. Parallel flow 

cooling systems demonstrated a similar thermal resistance reduction with NRMPF compared to 

NRJPF and NR3CF. Thus, minimizing the distance between the inlet and RSPF corresponds to 

an improved cooling system performance. 

 

Figure 0.6. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system with a single rectangular solid pin fin (RSPF) insert. The colored markers illustrate 

counterflow (CF) and parallel flow (PF) cooling systems equipped with a single RSPF located 

at L/2 (NR3CF and NR3PF), L/4 (NRJCF and NRJPF), and L/8 (NRMCF and NRMPF), in the channel. 
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7.3.1.4 Comparison of a single and varying spacing arrangement of three rectangular solid 

pin fin (RSPF) insert(s) in the channel(s) on the cooling system’s performance 

 

From the best point of insert location (L/8) towards the inlet, the RSPF was increased to three 

to compare the effect of a single with multiple insert(s) in the channels on the thermal 

performance enhancement of the cooling systems. The realization of the optimum thermal 

performance of a designed cooling system with at most 3-pin fins in the channel was earlier 

reported by [208] with no emphasis on the search for the best insert location in the channels. 

Therefore, three RSPFs of varying spacing arrangements (1.5mm, 2.0mm, and 2.5mm) are 

employed in this work for comparison with a single RSPF located at L/8. 

From Figure 7.7, the reduction in the dimensionless thermal resistance (Rth) with an increase 

in Reynolds number (Re) was observed for the cooling systems regardless of the number and 

the spacing arrangement of the RSPF in the channels. When the Re rises from 128.38 to 1283.8, 

a significant dimensionless Rth reduction is noted and when the Re exceeds 1283.8, the 

dimensionless Rth shows no significant decrease. Within the range of Re applied in this study, 

counterflow cooling systems show a slightly lower dimensionless Rth than parallel flow cooling 

systems. Compared to the 2.0 mm and 2.5 mm spacing arrangements, the lowest dimensionless 

Rth was obtained with the 1.5 mm spacing arrangement of the RSPF in the channel, regardless 

of the flow orientation. For instance, at exactly Re 770.28, NR1.5MPF achieves 3.4% and 9.8% 

of dimensionless Rth reduction compared to NR2.0MPF and NR2.5PF respectively. The result 

suggests that the shorter the distance between the RSPF, the better the heat dissipation capacity 

of the cooling system. Meanwhile, the cooling system with a single RSPF insert gives a better 

result in minimizing the dimensionless Rth to cooling systems equipped with three RSPFs 

regardless of the spacing arrangements. Thus, specifically at Re 770.28 NRMCF, reduced 

dimensionless Rth by 12.7%, 17.0%, and 24.0% compared to NR1.5MCF, NR2.0MCF, and 

NR2.5MCF respectively. A similar pattern of dimensionless Rth reduction was observed with 

parallel flow cooling systems.  
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Figure 0.7. Dimensionless thermal resistance (Rth) vs. Reynolds number (Re) of cooling system 

with rectangular solid pin fin (RSPF) insert(s).  The color markers illustrate counterflow (CF) 

and parallel flow (PF) cooling systems equipped with a single RSPF (NRMCF and NRMPF), and 

1.5mm (NR1.5MCF and NR1.5PF), 2.0mm (NR2.0MCF and NR2.0MPF) as well as 2.5mm 

(NR2.5MCF and NR2.5MPF) spacing arrangements of three RSPFs in the channels.  

7.3.1.5 Normalized friction factor effect between the varying location of a single and 

spacing arrangement of three rectangular solid pin fins (RSPF)  

 

From Figures 7.8, an increased Reynolds number (Re) leads to an increased normalized friction 

factor (NFF) for the cooling system with RSPF insert. The obtained NFF values higher than 3 

with the cooling system equipped with either single (irrespective of location (Figure 7.8a)  or 

multiple (regardless of the spacing arrangement (Figure 7.8b) RSPF indicate that the insertion 

of the RSPF in the flow channels can raise the working fluid friction more than 3 times 

compared to a cooling system without an insert [40]. Specifically, at Re 898.66 NRMCF (RSPF 

at L/8) lowered the NFF values by 0.38% and 0.65% compared to NRJCF (RSPF at L/4) and 

NR3CF (RSPF at L/2) respectively (Figure 7.8a). A similar reduction of NFF values was 

observed with parallel flow cooling systems. Thus, the closer the RSPF to the inlet, the better 

the system performance. However, Figure 7.8b shows the increased values of NFF with the 

minimization of space from one RSPF to the other [200]. For instance, at the Re 2054.08 

precisely, the cooling system with 2.5 mm spacing arrangements of three RSPF (NR2.5MPF) 
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reduced the NFF values by 0.96% and 1.63% compared to 2.0 mm (NR2.0MPF) and 2.5 mm 

(NR1.5MPF) spacing arrangements respectively (Figure 7.8b). Remarkably, the cooling systems 

containing three RSPFs incurred larger NFF values than the cooling channels with a single 

RSPF demonstrating the effect of increased fluid domain complexity on the pressure drop and 

consequently the NFF. Meanwhile, regardless of the number and spacing arrangements of 

RSPF, in the channels, cooling systems with counterflow arrangements yield slightly higher 

values of NFF than those with parallel flow arrangements. 

 
                                                           (a) 

 
                                             (b) 

Figure 0.8. Normalized friction factor (NFF) vs. Reynolds number (Re) of the cooling system 

with a single (a) and three (b) rectangular solid pin fin (RSPF) insert(s). The color markers 

illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped with varying 

locations of a single and spacing arrangement of multiple RSPFs in the channels. 

7.3.1.6 Comparison of thermal performance enhancement factor effect between the 

varying location of a single and varying spacing arrangement of three 

rectangular solid pin fin (RSPF)  

 

As shown in Figure 7.9 an increased Reynolds number (Re) increased the thermal performance 

enhancement factor (TPEF) regardless of the number and spacing arrangements of the RSPF 

in the cooling systems’ channels. The obtained TPEF  greater than 1, regardless of the cooling 

system configurations, shows that RSPF insertion in the channels can enhance the system 
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thermal performance with a tolerable increase of the friction factor in the channel [45]. 

Precisely at Re 2054.08, the cooling system with 2.0 mm spacing arrangements NR2.0MCF 

increased the TPEF by 1.46% and 7.19% respectively compared to 1.5 mm (NR1.5MCF) and 

2.5 mm (NR2.5MCF) spacing arrangements reflecting that the frictional factor effect is more 

tolerable to the enhancement of heat transfer in the channel of 2.0 mm than in 1.5 mm and 2.5 

mm spacing arrangements. The parallel flow cooling systems demonstrated a similar 

improvement in TPEF values. The figure further revealed that the cooling system equipped 

with a single RSPF achieved the highest TPEF than the three RSPFs regardless of the spacing 

arrangement. Thus, NRMPF (system with a single RSPF at L/8) respectively raised the values of 

TPEF by 11.79%, 5.19%, and 6.98% compared to NR2.5MPF, NR2.0MPF, and NR1.5MPF at 

exactly Re 2054.08. Counterflow cooling systems exhibited a similar pattern of TPEF increase. 

Moreover, cooling systems with counterflow arrangements slightly increased TPEF values 

compared to those with the parallel flow arrangement, regardless of the number and spacing 

arrangement of the RSPF in the cooling system channels. 

 

Figure 0.9. Thermal performance enhancement factor (TPEF) vs. Reynolds number (Re) of 

cooling system with rectangular solid pin fin (RSPF) insert(s). The color markers illustrate 

counterflow (CF) and parallel flow (PF) cooling systems equipped with a single RSPF (NRMCF 
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and NRMPF), and 1.5mm (NR1.5MCF and NR1.5PF), 2.0 mm (NR2.0MCF and NR2.0MPF) as well 

as 2.5 mm (NR2.5MCF and NR2.5MPF) spacing arrangements of three RSPFs in the channels. 

7.3.1.7 Temperature uniformity of the battery cells in the pack  

 

Temperature uniformity of the battery cells in a pack of an electric vehicle as a function of the 

Reynolds number is shown in Figures  7.10(a-c). An increased Reynolds number reduced the 

battery cells’ temperature uniformity. However, a battery cell temperature uniformity variation 

of less than 2℃ was realized. Thus, the capacity of the cooling system to maintain the 

temperature uniformity of the battery cells in a pack is depicted. The coalescing of the graph 

and lower values of the battery cells’ temperature uniformity realized with the system 

containing RSPF in the channels (Figures 7.10(a) and (b)) compared to those without an insert 

(Figures  4.11(a) and (b)) reflects the effect of RSPF insert on the improvement of battery cells 

temperature uniformity in the pack. Meanwhile, the lower values of the battery cells’ 

temperature uniformity by the NR3CF (Figure 7.10b) compared with the NR3PF (Figure 7.10a) 

reflect the influence of the flow orientation on the system performance.  Furthermore, NRMCF 

(Figure 7.10c) with lower values of the battery cells temperature uniformity compared to the 

NR3CF (Figure 7.10b) indicates the influence of RSPF insert positioning in the system channels. 

 
                                         (a) 

 
                                             (b) 
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                                 © 

Figures 0.10. Battery cells temperature uniformity vs Reynolds number for cooling systems of 

three channels containing a single rectangular solid pin fin (RSPF) insert located at L/2 (parallel 

flow (a) and counterflow (b) arrangement) as well as L/8 (counterflow arrangement (c). The 

color makers represent the temperatures of each battery cell in a pack. 

7.3.2 Case 2: Enhancement of the cooling system’s performance with the insertion of 

rectangular aluminum foam(s) of varying porosities in the channel(s) under 

different flow orientations 

7.3.2.1 Reynolds number effect on the cooling system characterization with centrally 

located (L/2) rectangular aluminum foam of 0.1 porosity (𝑹𝑨𝑭𝜺 = 𝟎. 𝟏) under 

different flow orientations  

  

7.3.2.1.1 Maximum rectangular frame wall temperature 

As shown in Figure 7.1, an increase in Reynolds number (Re) reduces the maximum wall 

temperature (Tmax)) of the rectangular frame for the cooling systems with the rectangular 

aluminum foam of 0.1 porosity (𝑅𝐴𝐹𝜀 = 0.1) insert. A significant reduction in Tmax was 

realized when Re increased from 128.38 to 1283.8. However, a further increase in Re yields an 

insignificant effect on the Tmax reduction. Meanwhile, an improved Tmax reduction was recorded 

with additional channels mounted on the rectangular frame. Thus, specifically at Re 2054.08, 

𝑁𝑅5𝜀=0.1𝑃𝐹 reduced Tmax by 0.05%, 0.15%, 0.83%, and 2.89% compared to 𝑁𝑅4𝜀=0.1𝑃𝐹, 
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𝑁𝑅3𝜀=0.1𝑃𝐹, 𝑁𝑅2𝜀=0.1𝑃𝐹, and 𝑁𝑅1𝜀=0.1 respectively. Counterflow flow cooling systems 

exhibited a similar pattern of Tmax reduction. For the applied Re in this study, counterflow 

cooling systems achieved slightly lower Tmax values than parallel flow cooling systems. 

Moreover, the cooling systems inserted with 𝑅𝐴𝐹𝜀 = 0.1 (Figure7.11) obtained a significant 

Tmax reduction compared to those with no insert (Figure 4.7) indicating the improved thermal 

performance provided by applying an insert. 

 

Figure 0.11. Maximum rectangular frame wall temperature (Tmax) vs Reynolds number (Re) of 

the cooling system with a centrally located rectangular aluminum foam of 0.1 porosity 

(𝑅𝐴𝐹𝜀 = 0.1) insert in the channel(s). The color markers represent the cooling system of 

different numbers of channel(s) with a 𝑅𝐴𝐹𝜀 = 0.1 insert mounted on the rectangular frame. 

7.3.1.1.2 Dimensionless thermal resistance 

As represented in Figure 7.12, the dimensionless thermal resistance (Rth) reduction was 

recorded with an increase in Reynolds number (Re) regardless of the cooling system design. 

The increase in Re from 128.38 to 1283.8 achieved a significant dimensionless Rth reduction. 

However, when the Re number exceeded this point, a continuous increase in Re shows a 

negligible effect on the Tmax reduction. The figure shows an improved dimensionless Rth 
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reduction with additional channels mounted on the rectangular frame. Thus, cooling systems 

with five channels and one channel obtained the lowest and the highest dimensionless Rth 

reduction regardless of the flow orientation. A slightly lower dimensionless Rth was observed 

with the cooling systems of counterflow arrangement compared to those of parallel flow 

arrangement. Meanwhile, a substantial reduction in the dimensionless Rth was exhibited by the 

cooling systems equipped with 𝑅𝐴𝐹𝜀 = 0.1 (Figure 7.12) compared to those without inserts 

(Figure 4.8) which implies the augmentation of performance brought about by the use of an 

insert. 

 

Figure 0.12. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system with a centrally located rectangular aluminum foam of 0.1 porosity (𝑅𝐴𝐹𝜀 = 0.1) 

insert in the channel(s). The color markers represent the cooling system of different numbers 

of channel(s) with a 𝑅𝐴𝐹𝜀 = 0.1 insert mounted on the rectangular frame. 

7.3.1.1.3 Cost of pumping power  

As shown in Figure 7.13, an increase in Reynolds number (Re) increases the cost of pumping 

power (Pp) of the cooling systems equipped with the rectangular aluminum foam of 0.1 

porosity (𝑅𝐴𝐹𝜀 = 0.1). A slight hike in the Pp occurred when the Re increased from 283.83 to 

641.9 and beyond this point, a further increase in Re leads to a significant increase in Pp. 
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However, an increase in the number of channels mounted on the rectangular frame significantly 

incurred higher values of Pp [197]. Within the range of applied Re in this study, counterflow 

cooling systems possess a slightly higher value of Pp compared to parallel flow cooling 

systems [47]. Meanwhile, a great increase in Pp was exhibited by the cooling systems equipped 

with 𝑅𝐴𝐹𝜀 = 0.1 (Figure 7.13) compared to those without insert (Figure 4.9) indicating that 

the presence of RAFε=0.1 in the fluid domain hikes the pressure drop and consequently the 

cost of pumping power.   

 

Figure 0.13. Cost of pumping power (Pp) vs Reynolds number (Re) of the cooling system with 

a centrally located rectangular aluminum foam of 0.1 porosity (𝑅𝐴𝐹𝜀 = 0.1) insert in the 

channel(s). The color markers represent the cooling system of different numbers of channel(s) 

with a 𝑅𝐴𝐹𝜀 = 0.1 insert mounted on the rectangular frame. 

7.3.2.2 Effect of channel number on the dimensionless heat transfer rate density for the 

cooling system with centrally located (L/2) rectangular aluminum foam of 0.1 

porosity (𝑹𝑨𝑭𝜺 = 𝟎. 𝟏) in the channel(s)  

 

Figure 7.14 shows the response of the cooling system to the dimensionless heat transfer rate 

density, influenced by the varying number of channels, with rectangular aluminum foam of 

0.1(𝑅𝐴𝐹𝜀 = 0.1) inserts located at the center (L/2), mounted on the rectangular frame 
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(Equations (3.36-3.38)). The figures show an increased dimensionless heat transfer rate density 

with an increase in Reynolds number (Re), regardless of the number of channels mounted on 

the rectangular frame. Within the range of applied Re, parallel flow cooling systems (Figure 

7.14b) slightly reduced the dimensionless heat transfer rate density than counterflow cooling 

systems (Figure 7.14a), regardless of the number of channels. Interestingly, the highest 

dimensionless heat transfer rate density was documented with the three channels of  𝑅𝐴𝐹𝜀 =

0.1 inserts mounted on the rectangular frame. In the parallel flow system, 35.15%, 25.37%, 

12.70%, and 25.22% of increased dimensionless heat transfer rate density were recorded with 

the three (3) channels of RAFε = 0.1 inserts compared to 1, 2, 4, and 5 channels, respectively 

at Re 2054.08 (Figure 7.14a). This implies that three channels provide the best possible 

interaction between the heat transfer surfaces and the working fluid. Meanwhile, at Re 2054.08, 

the parallel (Figure 7.14a) and counterflow (Figure 7.14b) systems of the three channels with 

𝑅𝐴𝐹𝜀 = 0.1 achieved, respectively, a 94.96% and 95.07% higher dimensionless heat transfer 

rate density in comparison to their counterpart systems of no insert (Figure 4.10(a and b)). 

Thus, the enhanced thermal performance of the cooling system provided by using 𝑅𝐴𝐹𝜀 = 0.1  

inserts is demonstrated. 

 
                                          (a) 

 
                                                (b) 
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Figure 0.14. Dimensionless heat transfer rate density vs. number of channels mounted on the 

rectangular frame in Parallel (a) and Counterflow (b) cooling systems with rectangular 

aluminum foam of 0.1 porosity (RAFε=0.1) inserts. Colored markers represent different 

Reynolds numbers (Re): Re = 128.38 (black), Re = 513.52 (red), Re = 1027.04 (green), Re = 

1540.56 (blue), and Re = 2054.08 

7.3.2.3 Effects of varying porosities of the rectangular aluminum foam on the thermal 

performance of the cooling system  

 

The highest thermal performance is obtained when three channels with rectangular aluminum 

foam inserts of low porosity (EAFε=0.1) are mounted on the rectangular frame of the cooling 

system as earlier narrated in the previous section. In this section, a further analysis is carried 

out to study the effect of varying porosities on cooling system performance. Precisely, the 

performance of rectangular aluminum foam inserts with medium porosity (EAFε=0.5) and high 

porosity (EAFε=0.9) is examined to determine how different porosity levels influence the 

system’s thermal efficiency. 

7.3.2.3.1  Dimensionless thermal resistance 

As seen in Figure 7.15, an increased Reynolds number (Re) reduces the dimensionless thermal 

resistance (Rth) regardless of the type of rectangular aluminum foam porosities. A remarkable 

drop in the dimensionless Rth was recorded when the Re increased from 128.38 to 1283.8. An 

insignificant dimensionless Rth reduction was noted when the Re was further increased beyond 

this point. In general, the lowest and the highest dimensionless Rth  were respectively found 

with the insertion of low (0.1) and high (0.9) porosities of rectangular aluminum foam (RAFε =

0.1  and RAFε = 0.5)  in the channels of the cooling systems regardless of the flow orientation. 

For instance,  at a fixed Re 1155.42, 𝑁𝑅3𝜀=0.1𝑃𝐹 reduced the dimensionless Rth by 12.1% and 

13.8% compared to 𝑁𝑅3𝜀=0.5𝑃𝐹 and 𝑁𝑅3𝜀=0.9𝑃𝐹 respectively [201]. Thus, the higher the 

porosity, the less heat is trapped in the porous matrix. However, counterflow cooling systems 

give slightly lower dimensionless Rth values than parallel flow cooling systems. 
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Figure 0.15. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system with rectangular aluminum foam of varying porosities inserted. The color markers 

illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped with a single 

aluminum foam of 0.1 porosity (𝑁𝑅3𝜀=0.1𝐶𝐹 and 𝑁𝑅3𝜀=0.1𝑃𝐹), 0.5 porosity (𝑁𝑅3𝜀=0.5𝐶𝐹 and 

𝑁𝑅3𝜀=0.5𝑃𝐹) as well as 0.9 porosity (𝑁𝑅3𝜀=0.9𝐶𝐹 and 𝑁𝑅3𝜀=0.9𝑃𝐹). 

 

7.3.2.3.2  Cost of pumping power  

Figure 7.16 displayed an increase in the cost of pumping power (Pp) with an increased 

Reynolds number (Re) regardless of the type of rectangular aluminum foam porosities inserted 

into the cooling systems’ channels. As shown in the figure, the insertion of the RAFε = 0.1 in 

the cooling systems’ channels, generating an outrageous Pp compared to RAFε = 0.5 and 

RAFε = 0.9 regardless of the flow orientation. However, the cooling system equipped with the 

RAFε = 0.9 achieved the lowest values of Pp indicating the indirect relationship between the 

pressure drop and insert porosity [44]. Regardless of the type of rectangular aluminum foam 

porosity insert counterflow cooling systems, Pp values were recorded slightly higher than those 

of parallel flow configurations. 
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Figure 0.16. Cost of pumping power (Pp) vs Reynolds number (Re) of the cooling system with 

rectangular aluminum foam of varying porosities insert. The color markers illustrate 

counterflow (CF) and parallel flow (PF) cooling systems equipped with a single aluminum 

foam of 0.1 porosity (𝑁𝑅3𝜀=0.1𝐶𝐹 and 𝑁𝑅3𝜀=0.1𝑃𝐹), 0.5 porosity (𝑁𝑅3𝜀=0.5𝐶𝐹 and 𝑁𝑅3𝜀=0.5𝑃𝐹) 

as well as 0.9 porosity (𝑁𝑅3𝜀=0.9𝐶𝐹 and 𝑁𝑅3𝜀=0.9𝑃𝐹). 

 

7.3.2.3.3  Thermal performance enhancement factor  

Regardless of the porosity of rectangular aluminum foam inserted in the cooling system 

channels, Figure 7.17 reports an increase in the Reynolds number (Re) with an increased 

thermal performance enhancement factor (TPEF). Precisely at Re 1155.4,  𝑁𝑅3𝜀=0.9𝐶𝐹 

increased the TPEF by 60.6% and 93.4% compared to the  𝑁𝑅3𝜀=0.5𝐶𝐹 and 𝑁𝑅3𝜀=0.1𝐶𝐹 

respectively. Parallel flow cooling systems exhibited a similar TPEF increase. The result shows 

that the tolerability of pressure drop to the obtained augmentation of heat transfer in the 

channels deteriorates with a decrease in the porosity of the insert. The demonstration of TPEF 

lesser than 1 by the cooling system equipped with EAFε=0.5 and EAFε=0.1 further 

substantiates this result. Thus, the implementation of EAFε=0.5 and EAFε=0.1 for the 

augmentation of the cooling system performance should be discouraged. Meanwhile, cooling 
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systems with counterflow arrangement offer slightly higher TPEF values than those with 

parallel flow arrangement regardless of the rectangular aluminum porosities. 

 

Figure 0.17. Thermal performance enhancement factor (TPEF) vs Reynolds number (Re) of 

the cooling system with rectangular aluminum foam of varying porosities insert. The color 

markers illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped with a 

single aluminum foam of 0.1 porosity (𝑁𝑅3𝜀=0.1𝐶𝐹 and 𝑁𝑅3𝜀=0.1𝑃𝐹), 0.5 porosity (𝑁𝑅3𝜀=0.5𝐶𝐹 

and 𝑁𝑅3𝜀=0.5𝑃𝐹) as well as 0.9 porosity (𝑁𝑅3𝜀=0.9𝐶𝐹 and 𝑁𝑅3𝜀=0.9𝑃𝐹). 

7.3.2.4 Effect of varying locations of a single rectangular aluminum foam of 0.9 porosity 

(RAFε=0.9) inserted in the channel(s) on the cooling system’s performance 

 

From the preceding section, a cooling system with three channels and a centrally located 

RAFε=0.9 (at L/2) yields the highest dimensionless heat transfer rate density, demonstrating 

superior thermal performance for dissipating heat from the battery pack. This section further 

analyses the effect of alternative locations of RAFε=0.9 within the cooling system channels  to 

determine how different locations may influence thermal performance and heat dissipation 

effectiveness. This analysis explores whether RAFε=0.9 alternative placements can further 

improve cooling system performance beyond the best configuration identified earlier. 



 

170 

 

CHAPTER SEVEN 

Figure 7.18 illustrates the reduction in the dimensionless thermal resistance (Rth) with an 

increased Reynolds number (Re) regardless of the point of placement of RAFε=0.9 cooling 

systems’ channels. When the Re increased from 128.38 to 1283.8, a significant dimensionless 

Rth reduction was realized, and beyond this point, a further increase in Re had no significant 

effect on the dimensionless Rth reduction. Meanwhile, regardless of flow orientation, the lowest 

and the highest dimensionless Rth were achieved with the placement of RAFε=0.9 at L/8 

(𝑁𝑅𝑀𝜀=0.9𝑃𝐹 and 𝑁𝑅𝑀𝜀=0.9𝐶𝐹)   and L/2 (𝑁𝑅3𝜀=0.9𝑃𝐹 and 𝑁𝑅3𝜀=0.9𝐶𝐹)   in the cooling systems’ 

channels indicating that the closer the insert to the inlet, the better the cooling system capacity. 

In addition, counterflow cooling systems obtained a slightly lower dimensionless Rth than the 

parallel flow cooling systems. 

 

Figure 0.18. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system with a single rectangular aluminum foam of 0.9 (RAFε=0.9) porosity insert. The 

colored markers illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped 

with a single RAFε=0.9 located at L/2 (𝑁𝑅3𝜀=0.9𝐶𝐹 and 𝑁𝑅3𝜀=0.9𝑃𝐹), (𝑁𝑅𝐽𝜀=0.9𝐶𝐹 and 

𝑁𝑅𝐽𝜀=0.9𝑃𝐹), and L/8 (𝑁𝑅𝑀𝜀=0.9𝐶𝐹 and 𝑁𝑅𝑀𝜀=0.9𝑃𝐹). 
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7.3.2.5 Comparison of a single and varying spacing arrangement of three rectangular 

aluminum foam (RAFε=0.9) insert(s) in the channel(s) on the cooling system’s 

performance 

 

To compare the effect of a single with multiple insert(s) in the channels on the thermal 

performance enhancement of the cooling systems, the RAFε=0.9 was increased to three from 

the best insert location (L/8) towards the inlet. The realization of the optimum thermal 

performance of a designed cooling system with at most 3-pin fins in the channel was earlier 

reported by [208] with no emphasis on the search for the best insert location in the channels. 

Hence, the reason for employing three RAFε=0.9 of varying in-line spacing arrangements 

(1.5mm, 2.0mm, and 2.5mm) for comparison with a single RAFε=0.9. 

Figure 7.19, illustrates an inverse relationship between the dimensionless thermal resistance 

(Rth) and the Reynolds number (Re). A drastic dimensionless Rth reduction was obtained when 

Re increased from 128.38 to 1283.8. However, an insignificant dimensionless Rth occurred 

when the Re is further increased beyond this point. Precisely at Re 898.66, 𝑁𝑅1.5𝑀𝜀=0.9𝑃𝐹 

possessed a lower dimensionless Rth of 7.8% and 8.2% respectively compared to the 

𝑁𝑅2.0𝑀𝜀=0.9𝑃𝐹 and 𝑁𝑅2.5𝑀𝜀=0.9𝑃𝐹 the minimization of the distance between the three 

RAFε=0.9 leads to improved cooling system performance.  In the counterflow cooling systems, 

a similar pattern of 11.43% and 13.01% of dimensionless Rth reduction was also demonstrated 

by  𝑁𝑅1.5𝑀𝜀=0.9𝐶𝐹 compared to 𝑁𝑅2.0𝑀𝜀=0.9𝐶𝐹 and 𝑁𝑅2.5𝑀𝜀=0.9𝐶𝐹 at same Re. Remarkably, 

cooling systems with a single RAFε=0.9 gave the lowest dimensionless Rth compared to cooling 

systems of three RAFε=0.9 inserts. For instance, 𝑁𝐸𝑀𝜀=0.9𝐶𝐹 reduced the system dimensionless 

Rth by 13.9%, 13.0%, and 2.7% compared to 𝑁𝑅2.5𝑀𝜀=0.9𝐶𝐹, 𝑁𝑅2.0𝑀𝜀=0.9𝐶𝐹, and 

𝑁𝑅1.5𝑀𝜀=0.9𝐶𝐹 at Re 2054.08. A similar pattern in the reduction of dimensionless Rth was 

observed with parallel flow cooling systems. Moreover, cooling systems with counterflow 

arrangements achieved a slightly lower dimensionless Rth than those with the parallel flow 

arrangements regardless of the number and spacing arrangements of RAFε=0.9 in the cooling 

systems’ channels. 
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Figure 0.19. Dimensionless thermal resistance (Rth) vs. Reynolds number (Re) of the cooling 

system with rectangular aluminum foam of 0.9 (RAFε=0.9) porosity insert(s). The color 

markers illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped with a 

single RAFε=0.9 (𝑁𝑅𝑀𝜀=0.9𝐶𝐹 and 𝑁𝑅𝑀𝜀=0.9𝑃𝐹), and 1.5 mm (𝑁𝑅1.5𝑀𝜀=0.9𝐶𝐹 and 

𝑁𝑅1.5𝑀𝜀=0.9𝑃𝐹), 2.0 mm (𝑁𝑅2.0𝑀𝜀=0.9𝐶𝐹 and 𝑁𝑅2.0𝑀𝜀=0.9𝑃𝐹), and 2.5 mm (𝑁𝑅2.5𝑀𝜀=0.9𝐶𝐹 

and 𝑁𝑅2.5𝑀𝜀=0.9𝑃𝐹) spacing arrangements of three RAFε=0.9 in the channels.  

7.3.2.6 Normalized friction factor effect between the varying locations of a single and 

spacing arrangement of three rectangular aluminum foam of 0.9 porosity 

(RAFε=0.9)  

 

As indicated in Figure 7.20 (a) and (b), the increase in Reynolds number (Re) increases the 

Normalized friction factor (NFF). The obtained NFF values higher than 3 exhibited by both 

figures suggest that RAFε=0.9 in the fluid domain can raise the working fluid friction higher 

than three compared to the cooling systems without an insert. Specifically, at Re 2054.08, 

𝑁𝑅𝑀𝜀=0.9𝐶𝐹 respectively reduced NFF by 2.93% and 5.25% compared 𝑁𝑅𝐽𝜀=0.9𝐶𝐹 and 

𝑁𝑅3𝜀=0.9𝐶𝐹 reflecting a direct relationship between the NFF values and the distance of the 

insert to the inlet. In a like manner, 2.1% and 4.7% NFF reduction was obtained with 

𝑁𝑅𝑀𝜀=0.9𝑃𝐹 compared to 𝑁𝑅𝐽𝜀=0.9𝑃𝐹 and 𝑁𝑅3𝜀=0.𝑃𝐶𝐹 at the same Re (Figure 7.20a). Similarly, 
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at Re, 2054.08, 𝑁𝑅2.5𝑀𝜀=0.9𝐶𝐹 reduced NFF by 3.62% and 7.14% respectively, compared to 

𝑁𝑅2.0𝑀𝜀=0.9𝐶𝐹 and 𝑁𝑅1.5𝑀𝜀=0.9𝐶𝐹 (Figure 7.20b) Also, precisely at the same Re 3.40% and 

6.93% NFF values, reduction was recorded by  𝑁𝑅2.5𝑀𝜀=0.9𝑃𝐹 compared to 𝑁𝑅2.0𝑀𝜀=0.9𝑃𝐹 

and 𝑁𝑅1.5𝑀𝜀=0.9𝑃𝐹 suggesting that a larger space between the inserts results in an increased 

value of NFF.  However, regardless of the varying locations of a single and spacing 

arrangements of three RAFε=0.9 in the systems’ channels, counterflow cooling systems 

incurred NFF slightly higher than the parallel flow cooling systems. Cooling systems with three 

RAFε=0.9 (Figure 7.20b) gave higher values of NFF compared to those with a single 

RAFε=0.9 (Figure 7.20a) indicating the direct effect of increased fluid domain complexity on 

the working fluid friction in the channels.  

 
                                         (a) 

 
                                             (b) 

 

 Figure 0.20. Normalized friction factor (NFF) vs. Reynolds number (Re) of the cooling 

system with a single (a) and three (b) elliptical aluminum foam of 0.9 (RAFε=0.9) porosity 

insert(s). The color markers illustrate counterflow (CF) and parallel flow (PF) cooling systems 

equipped with varying locations of a single and spacing arrangement of multiple RAFε=0.9 in 

the channels. 
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7.3.2.7  Comparison of the thermal performance enhancement factor effect between     the   

varying location of a single and varying spacing arrangement of three rectangular 

aluminum foam of 0.9 porosity (RAFε=0.9)  

 

Figure 7.21 shows an increase in the thermal performance enhancement factor (TPEF) with the 

growth of the Reynolds number (Re) for the cooling systems regardless of the number and 

spacing arrangements of the rectangular aluminum foam of 0.9 porosity (RAFε=0.9) inserted 

in the channels. A significant TPEF occurred when the Re increased from 128.38 to 1155.42 

above this point, the Re effect on TPEF becomes negligible. However, the display of a TPEF 

higher than 1 by all considered systems depicts that an application of RAFε=0.9 can augment 

heat transfer with a tolerable increased friction factor in the cooling systems’ channel [45]. 

Precisely at Re 898.66, to 𝑁𝑅2.0𝑀𝜀=0.9𝑃𝐹 increased the TPEF by 5.61% and 1.67% compared 

to 𝑁𝑅2.5𝑀𝜀=0.9𝑃𝐹 and to 𝑁𝑅1.5𝑀𝜀=0.9𝑃𝐹 respectively indicating that the tolerability of 

increased friction factor effect on improved heat transfer enhancement in the cooling system 

channels is more pronounced with 2.0 mm than 2.5 mm and 1.5 mm spacing arrangement of 

RAFε=0.9. A similar TPEF increase of 4.81% and 1.36% was exhibited by 𝑁𝑅2.0𝑀𝜀=0.9𝐶𝐹 

compared to 𝑁𝑅2.5𝑀𝜀=0.9𝐶𝐹 and 𝑁𝑅1.5𝑀𝜀=0.9𝐶𝐹 at the same Re. Meanwhile, the figure shows 

that the placement of a single RAFε=0.9 at L/8 in the cooling system channels achieved higher 

TPEF values than when three RAFε=0.9 were implemented. For instance, 𝑁𝑅𝑀𝜀=0.9𝐶𝐹 

improved the TPEF by 12.58%, 4.13% and 8.12% respectively compared to 𝑁𝑅2.5𝑀𝜀=0.9𝐶𝐹, 

𝑁𝑅2.0𝑀𝜀=0.9𝐶𝐹 and 𝑁𝑅1.5𝑀𝜀=0.9𝐶𝐹 at the fixed Re 2054.08. In a like manner, at the same Re, 

12.29%, 4.46% and 7.60% TPEF improvement were also obtained by 𝑁𝑅𝑀𝜀=0.9𝑃𝐹 compared 

𝑁𝑅2.5𝑀𝜀=0.9𝑃𝐹, 𝑁𝑅2.0𝑀𝜀=0.9𝑃𝐹 and 𝑁𝑅1.5𝑀𝜀=0.9𝑃𝐹. Thus, the systems with a single 

RAFε=0.9 give the best results in enhancing the cooling systems’ thermal performance 

compared to all systems with three RAFε=0.9 inserts. Moreover, regardless of the number and 

the spacing arrangement of the RAFε=0.9 in the channels, cooling systems with counterflow 

arrangements give slightly higher values of TPEF than those with the parallel flow 

arrangements. 
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Figure 0.21. Thermal performance enhancement factor (TPEF) vs. Reynolds number (Re) of 

the cooling system with rectangular aluminum foam of 0.9 (RAFε=0.9) porosity insert(s). The 

color markers illustrate counterflow (CF) and parallel flow (PF) cooling systems equipped with 

a single RAFε=0.9 (𝑁𝑅𝑀𝜀=0.9𝐶𝐹 and 𝑁𝑅𝑀𝜀=0.9𝑃𝐹), and 1.5 mm (𝑁𝑅1.5𝑀𝜀=0.9𝐶𝐹 and 

𝑁𝑅1.5𝑀𝜀=0.9𝑃𝐹), 2.0 mm (𝑁𝑅2.0𝑀𝜀=0.9𝐶𝐹 and 𝑁𝑅2.0𝑀𝜀=0.9𝑃𝐹), and 2.5 mm (𝑁𝑅2.5𝑀𝜀=0.9𝐶𝐹 

and 𝑁𝑅2.5𝑀𝜀=0.9𝑃𝐹) spacing arrangements of three RAFε=0.9 in the channels. 

7.3.2.8 Temperature uniformity of the battery cells in the pack  

 

As shown in Figures  7.22(a-d), the battery cells’ temperature uniformity decreased with an 

increased Reynolds number regardless of the cooling systems designed. This study achieved a 

temperature uniformity variation of less than 2℃  from one battery cell to another, reflecting 

the cooling systems’ capacity to maintain the temperature uniformity of the lithium-ion battery 

cells in a pack [13]. Insertion of the rectangular aluminum foam of 0.1 porosity (RAFε=0.1) 

provides a significant reduction and improved battery cells’ temperature uniformity as 

indicated in Figure 7.22 (a) and (b) compared to Figure 4.11(a) and (b). Meanwhile, cooling 

systems with counterflow arrangement (Figure 7.22b) achieved a slightly lower battery cells’ 

temperature uniformity than those with the parallel flow arrangement (Figure 7.22a). The 
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graph’s convergence and decreased battery cell temperature uniformity values exhibited by 

𝑁𝑅3𝜀=0.1𝐶𝐹 (Figure 7.22c) compared to 𝑁𝑅3𝜀=0.9𝐶𝐹 (Figure 7.22b) depicts that the cooling 

system’s capacity to dissipate heat from the battery pack improves with a decreased porosity 

of the rectangular aluminum foam insert.  In addition, the location of RAFε=0.9 at L/8 in the 

channels further reduced the battery cells’ temperature uniformity, as shown in Figure 7.22d 

compared to Figure 7.22c. 

 
                                         (a) 

 
                                             (b) 
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                                         © 

 
                                             (d) 

Figures 0.22. Battery cells temperature uniformity vs Reynolds number for the cooling system 

of three channels containing single rectangular aluminum foam of 0.1(RAFε=0.1) and 0.9 

(RAFε=0.9) porosities: Parallel (a) and counterflow (b) system with centrally located 

RAFε=0.1, as well as counterflow system with RAFε=0.9 inserted at the center (c) and L/8 (d). 

The color makers represent the temperatures of each battery cell in a pack. 

7.3.3 Case 3: Comparison of the enhancement capacity of the rectangular solid pin fin 

with aluminum foam inserted in the channel(s) of the cooling system. 

 

7.3.3.1 Effect of Reynolds number on the thermal performance of the cooling system based 

on rectangular solid pin fin and rectangular aluminum foam insert comparison 

 

This section investigates the effect of the Reynolds number on the maximum rectangular frame 

wall temperature, dimensionless thermal resistance, cost of pumping power, and thermal 

performance enhancement factor of the two counterflow cooling systems: with the rectangular 

solid pin fin insert located at L/8 (NRMCF) in Case 1 and the rectangular aluminum foam insert 

with 0.9 porosity located at L/8 (𝑁𝑅𝑀𝜀=0.9𝐶𝐹) in Case 2. These systems are the most promising 

configurations for effective battery pack thermal management. 
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7.3.3.1.1 Maximum rectangular frame wall temperature 

As shown in Figure 7.23, an increased Reynolds number (Re) reduces in the maximum wall 

temperature (Tmax) of the rectangular frame regardless of the type of cooling system. The graph 

displayed a substantial Tmax reduction when the Re increased from 128.38 to 1283.8 and beyond 

this, a further increase in Re yields an insignificant Tmax reduction. Beyond Re, 128.38, NRMCF 

consistently demonstrates lower Tmax values compared to 𝑁𝑅𝑀𝜀=0.9𝐶𝐹. Thus, specifically at Re 

2054.08, NRMCF reduced Tmax by 0.3% compared to 𝑁𝑅𝑀𝜀=0.9𝐶𝐹. This suggests that RSPF can 

enhance the system’s cooling capacity better than RAFε=0.9.  

 

Figure 0.23. Maximum rectangular frame wall temperature (Tmax) vs. Reynolds number (Re) 

for cooling systems with rectangular solid pin fin (RSPF) and aluminum foam of 0.9 porosity 

(RAFε=0.9) inserts. The graph shows Tmax as a function of Re, comparing RSPF (black marker) 

and RAFε=0.9 (red marker) inserts located at L/8 in the channels of the cooling systems. 

7.3.3.1.2 Dimensionless thermal resistance 

Figure 7.24 reports the influence of increased Reynolds number (Re) on the dimensionless 

thermal resistance (Rth) of both the cooling systems (NRMCF and  𝑁𝑅𝑀𝜀=0.9𝐶𝐹) The figure shows 

dimensionless Rth reduction with the growth of Re. However, significant dimensionless Rth 

reduction occurred when Re increased from 128.38 to 1283.8 and beyond this point, a further 
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increase in Re had an insignificant effect on dimensionless Rth. NRMCF exhibited a steadily 

improved cooling capacity in decreasing the dimensionless Rth than 𝑁𝑅𝑀𝜀=0.9𝐶𝐹 as the Re rises 

beyond 128.38 indicating that the application of RSPF enhances the  cooling systems better 

than RAFε=0.9. 

 

Figure 0.24. Dimensionless thermal resistance (Rth) vs. Reynolds number (Re) for cooling 

systems with rectangular solid pin fin (RSPF) and aluminum foam of 0.9 porosity (RAFε=0.9) 

inserts. The graph shows dimensionless Rth as a function of Re, comparing RSPF (black 

marker) and RAFε=0.9 (red marker) inserts located at L/8 in the channels of the cooling 

systems. 

7.3.3.1.3  Cost of pumping power 

The effect of the RSPF and RAFε=0.9 on the cooling system cost of pumping power (Pp) as a 

function of Reynolds number (Re) is expressed in Figure 7.25. Regardless of the type of insert 

in the channel an increased Pp was obtained with an increased Re. However, a substantial 

increase in Pp was realized with both cooling systems when Re exceeded 385.14. Beyond Re 

128.38, 𝑁𝑅𝑀𝜀=0.9𝐶𝐹 incurred a significantly higher value of the Pp compared to NRMCF. For 

instance, 𝑁𝑅𝑀𝜀=0.9𝐶𝐹 raised the Pp by 53.4% compared to NRMCF precisely at Re 2054.08, 

suggesting the realization of higher values of pressure drop along the flow path with the 

presence of RAFε=0.9 than RSPF in the fluid domain. 



 

180 

 

CHAPTER SEVEN 

 

Figure 0.25. Cost of pumping power (Pp) vs. Reynolds number (Re) for cooling systems with 

rectangular solid pin fin (RSPF) and aluminum foam of 0.9 porosity (RAFε=0.9) inserts. The 

graph shows Pp as a function of Re, comparing RSPF (black marker) and RAFε=0.9 (red 

marker) inserts located at L/8 in the channels of the cooling systems. 

7.3.3.1.4  Thermal performance enhancement factor  

An increased Reynolds number (Re) yields an increased thermal performance enhancement 

factor (TPEF) regardless of the cooling system designed as shown in Figure 7.26. The figure 

demonstrates a TPEF value greater than 1 with either 𝑁𝑅𝑀𝜀=0.9𝐶𝐹 (cooling system equipped 

with RAFε=0.9) or NRMCF (cooling system equipped with RSPF) indicating that inserting RSPF 

or RAFε=0.9 in the fluid domain can enhance the cooling system’s performance with a 

tolerably increased friction factor. Below the Re 385.14, 𝑁𝑅𝑀𝜀=0.9𝐶𝐹 demonstrates higher 

values of TPEF than NRMCF, and beyond this point, NRMCF significantly achieved an increase 

in TPEF than 𝑁𝑅𝑀𝜀=0.9𝐶𝐹. This result suggests that the implementation of RAFε=0.9 appears 

to incur a considerable impact of increased pressure drop and consequently friction factor on 

the system performance than RSPF insert particularly when the Re exceeded 385.14. 

Meanwhile. NRMCF achieved a consistent rising trend in TPEF value within the range of the Re 

applied in this work while a decline in the TPEF value was observed with 𝑁𝑅𝑀𝜀=0.9𝐶𝐹 at Re 
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beyond 1668.94. Specifically, at Re 1668.94 and 2054.08 NRMCF increased the TPEF values 

by 39.40% and 44.40% respectively indicating that RSPF is more promising for the cooling 

system thermal performance enhancement than the RAFε=0.9 insert. 

 

Figure 0.26. Thermal performance enhancement factor (TPEF) vs. Reynolds number (Re) for 

cooling systems with rectangular solid pin fin (RSPF) and aluminum foam of 0.9 porosity 

(RAFε=0.9) inserts. The graph shows TPEF as a function of Re, comparing RSPF (black 

marker) and RAFε=0.9 (red marker) inserts located at L/8 in the channels of the cooling 

systems. 

7.3.3.2 Temperature contours 

 

Figure 7.27 (a and b) displays the temperature contours of the systems with either an insert of 

rectangular solid pin fin (ESPF) or aluminum foam of 0.9 porosity (RAFε=0.9) located at L/8 

towards the inlet. The contours are plotted at X plane 25mm and inlet velocity 1.1m/s 

(Reynolds number 1412.18). Notably, the system with RSPF (NRMCF) achieved a lower 

temperature distribution than that of the RAFε=0.9 (𝑁𝑅𝑀𝜀=0.9𝐶𝐹) reflecting the superiority of 

the RSPF insert to dissipate heat from the battery pack over the RAFε=0.9. 
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Figures 0.27. Temperature contour for counterflow cooling system of three channels with 

RSPF (a), and RAFε=0.9 (b) insert. 

7.4 Conclusions 

This chapter analyzed the thermal enhancement potential of a cooling system designed for 

cylindrical lithium-ion batteries using either rectangular solid pin fins or aluminum foam 

inserts with varying porosities. The effects of the number of channels, the locations of inserts, 

and the Reynolds number (Re) on thermal performance were evaluated numerically for Re 

values between 128.38 and 2054.08. Key findings include:  

1) Number of mounted channels: (a) Maximum dimensionless heat transfer rate density 

was observed in systems with three channels of centrally located rectangular solid pin 

fin (RSPF) or aluminum foam of 0.1 porosity (RAFε=0.1) inserts on the rectangular 
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frame. (b) At the highest applied Reynolds number, the parallel flow and counterflow 

systems of the three channels with RSPF, respectively achieved 94.91% and 95.01% 

higher dimensionless heat transfer rate density in comparison to their counterpart with 

no insert. A similar pattern of the dimensionless heat transfer rate density increases of 

94.96% and 95.07% were obtained with parallel flow and counterflow systems of the 

three channels with 𝑅𝐴𝐹𝜀 = 0.1 inserts. 

2) Best insert location: The best performance was achieved when the inserts (RSPF or 

aluminum foam) were positioned at L/8 towards the leading edge of the channels. 

3) Impact of Porosity: High porosity (0.9) rectangular aluminum foam inserts showed 

acceptable performance, while lower porosities (0.1 and 0.5) resulted in high pumping 

power and friction factor, limiting their applicability. 

4) Single versus Multiple Inserts: A single insert positioned at L/8 towards the leading-

edge enhanced cooling performance more effectively than multiple inserts, regardless 

of spacing. 

5) Counterflow versus Parallel Flow Systems: Counterflow cooling systems 

demonstrated a slight advantage in reducing maximum wall temperature and thermal 

resistance compared to parallel flow systems. 

The superior thermal performance enhancement factor (TPEF) of the NRMCF system 

compared to 𝑁𝑅𝑀𝜀=0.9𝐶𝐹 suggests that the RSPF insert is the optimal choice for effective 

temperature control of cylindrical lithium-ion battery packs in electric vehicles. Hence, this 

chapter finds NRMCF to be the most promising cooling system for the thermal management 

of the battery pack of an electric vehicle. 
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CHAPTER EIGHT 

COMPARATIVE ANALYSIS OF DIFFERENT CONFIGURATIONS’ 

INSERT EFFECT ON THE ENHANCEMENT OF THE THERMAL 

PERFORMANCE OF THE COOLING SYSTEM 

8.1 Preview 

Chapters 5 through 7 demonstrated that a counterflow cooling system with three channels and 

inserts—circular solid pin fins (CSPF), elliptical solid pin fins (ESPF), or rectangular solid pin 

fins (RSPF)—positioned at L/8 on the rectangular frame provided the highest thermal 

performance. This chapter compares the effects of these inserts on the cooling system’s thermal 

performance.  

8.2 Effect of Reynolds number on the thermal performance of the cooling 

system with circular, elliptical, and rectangular solid pin fin inserts 

comparison  

8.2.1    Maximum rectangular frame wall temperature 

Figure 8.1 illustrates the reduction in the rectangular frame’s maximum wall temperature (Tmax) 

as a function of the Reynolds number (Re). Regardless of the insert configuration, Tmax 

decreases with increasing Re. However, a significant reduction in Tmax occurs between Re 

128.38 and 1283.8, beyond which further increases in Re have a negligible impact. Among the 

configurations, the cooling system with RSPF inserts (NRMCF) achieved the most significant 

Tmax reduction. For instance, at Re 2054.08, the NRMCF configuration reduced Tmax by 0.24% 

and 0.1% compared to the NEMCF and NCMCF configurations, respectively 
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Figure 0.1. Maximum rectangular frame wall temperature (Tmax) vs Reynolds number (Re) of 

the cooling system with CSPF, ESPF, and RSPF insert located at L/8. The graph illustrates the 

Tmax as a function of Re comparing the potential enhancement of the CSPF (black maker), ESPF 

(red marker), and RSPF (green marker) inserts located at L/8 in the channels of the cooling 

system. 

8.2.2    Dimensionless thermal resistance 

An inverse relationship between the dimensionless thermal resistance (Rth) and the Reynolds 

number (Re) was observed in Figure 8.2 indicating the strength of the cooling system to 

dissipate heat from the battery of an electric vehicle, regardless of the insert configuration in 

the channel. The figure presents a similar trend of dimensionless Rth reduction with all 

considered cooling systems:  NEMCF, NCMCF, and NRMCF. However, a significant dimensionless 

Rth reduction occurred when the Re increased from 128.38 to 1283.8, and beyond this point, a 

further increased in Re had an insignificant effect on the dimensionless Rth reduction. For the 

range of the applied Re in this work, the highest and the lowest dimensionless Rth were obtained 

from NRMCF and NEMCF, respectively. Thus, the dissipation of heat from the battery pack is 

more pronounced with the insertion of RSPF in the cooling system channels than CSPF or 

ESPF. 
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Figure 0.2. Dimensionless thermal resistance (Rth) vs Reynolds number (Re) of the cooling 

system with CSPF, ESPF, and RSPF insert located at L/8. The graph illustrates the 

dimensionless Rth as a function of Re, comparing the potential enhancement of the CSPF (black 

marker), ESPF (red marker), and RSPF (green marker) inserts located at L/8 in the channels of 

the cooling system. 

8.2.3    Cost of pumping power 

From Figure 8.3, an increased Reynolds number (Re) increases the cost of pumping power (Pp) 

regardless of the cooling systems’ design. However, a consistent upward trend of the Pp values 

was realized with the examined cooling systems: NEMCF (cooling system inserted with ESPF), 

NCMCF (cooling system inserted with CSPF), and NRMCF (cooling system inserted with 

RSPF). Meanwhile, the figure shows that NRMCF incurred the highest Pp compared to NEMCF 

and NCMCF. For example, NRMCF increased Pp values by 6.8% and 4.3% respectively, compared 

to NEMCF and NCMCF, precisely at Re 2054.08. Thus, the insertion of the RSPF in the channels 

comes with the highest generation of pressure drop and consequently higher value of cost of 

pumping power than CSPF and ESPF. 
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Figure 0.3. Cost of pumping power (Pp) vs Reynolds number (Re) of the cooling system with 

CSPF, ESPF, and RSPF insert located at L/8. The graph illustrates the Pp as a function of Re 

comparing the potential enhancement of the CSPF (black marker), ESPF (red marker), and 

RSPF (green marker) inserts located at L/8 in the channels of the cooling system. 

8.2.4.   Thermal performance enhancement factor 

Figure 8.4 reports an increased thermal performance enhancement factor (TPEF) with an 

increased Reynolds number (Re) regardless of the insert configuration in the cooling system’s 

channel. The graph shows the TPEF values higher than 1 regardless of the cooling system’s 

design indicating that the insertion of  RSPF, CSPF, or ESPF in the channel can enhance the 

system performance with tolerably increased working fluid friction. However, a consistent 

upward trend of TPEF was recorded with all the systems: NEMCF (cooling system inserted with 

ESPF), NCMCF (cooling system inserted with CSPF), and NRMCF (cooling system inserted with 

RSPF). The cooling system with the ESPF insert performed the worst compared to those with 

CSPF and RSPF. Meanwhile, the realization of 10.6% and 4.2% of increased TPEF by NCMCF 

compared to NEMCF and NRMCF, specifically at Re 2058.04, implies that tolerability of increased 

pressure drop on the heat transfer enhancement is more pronounced with the implementation 
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of CSPF than RSPF and ESPF insert. Thus, NCMCF is more promising for the thermal 

management of electric vehicles’ cylindrical lithium-ion battery pack. 

 

Figure 0.4. Thermal performance enhancement factor (TPEF) vs Reynolds number (Re) of 

the cooling system with CSPF, ESPF, and RSPF insert located at L/8. The graph illustrates 

TPEF as a function of Re, comparing the potential enhancement of the CSPF (black marker), 

ESPF (red marker), and RSPF (green marker) inserts located at L/8 in the channels of the 

cooling system. 

8.3 Conclusions 

This chapter reports the comparison effects of different shapes of solid pin fins located at the 

L/8 towards the inlet on the thermal performance enhancement of the cooling system designed 

for temperature control of the cylindrical lithium-ion battery pack of electric vehicles. The 

results show that the RSPF and ESPF inserts, respectively, show the highest and 

lowest strength in dissipation of heat from the battery pack. However, the system with RSPF 

insert incurred the highest pressure drop value (cost of pumping power) along the flow path, 

which has an adverse effect on the overall thermal performance of the cooling system. 

Specifically, at the highest Reynolds number applied in this work, NCMCF obtained 10.6% and 

4.2% of the system performance enhancement compared to the NEMCF and NRMCF, indicating 
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that CSPF located in the channels appears to be the most promising insert for the enhancement 

of the system performance designed for thermal management of the cylindrical lithium-ion 

battery pack of an electric vehicle.   
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CHAPTER NINE  

CONSTRUCTAL DESIGN AND OPTIMIZATION OF THE COOLING 

SYSTEM  

9.1 Preview 

Optimizing the cooling system to achieve maximum thermal performance under specific 

manufacturing constraints is critical for efficient thermal management of electric vehicle 

battery packs. In this chapter, the counterflow cooling system with three channels (N3CF) 

mounted on a rectangular frame, which demonstrated superior heat dissipation in previous 

analyses, is selected for optimization. Special attention is given to configurations with circular 

solid pin fin (CSPF) inserts positioned at one-eighth of the channel length from the inlet (L/8) 

referred to as NCMCF, as detailed in Chapters 4 and 8. The optimized cooling system with CSPF 

inserts ((NCMCF)opt) is compared against the unoptimized version (NCMCF) to identify the most 

cost-effective and efficient design for managing the thermal performance of electric vehicle 

battery packs. 

9.2 Grid analysis and code validation 

The grid analysis and model validation carried out for the optimization process are illustrated 

in section 4.3. 

9.3 Optimization procedures and design variables 

The constructal theory and design approach was applied by fixing the length and volume of the 

cooling system’s channels mounted on the rectangular frame (N3CF) as shown in Figure 9.1. 

For the first stage of the optimization process, the channel length (L) and volume (Vol) were 

fixed at 59.4 mm and 2.23 mm3, thereafter, the optimization process was repeated with fixed 

channel volume of 2.43 mm3 and 2.63 mm3. Subject to the manufacturing constraints, the 

system’s internal structure is allowed to vary. The Bejan number (dimensionless pressure drop) 

of  7 × 108, 6 × 109 and 9 × 109 equivalent to Reynolds numbers 128.38, 1027.04, and 

1540.56 were employed for all the conducted optimization processes. However, 1.14 mm ≤

Wc ≤ 1.56 mm, 0.55 mm ≤ Hc ≤ 1.72 mm, and 0.07 mm ≤ z1 ≤ 0.34 mm were set for the 

response surface spacing in this study.  It is important to note that the rectangular frame of 

dimensions  60 mm × 59.4mm × 3mm  imposed with the volumetric heat transfer of 

3340135 𝑊/𝑚3 equivalent to the total heat generated by the battery pack, remained fixed 

throughout the optimization process. The optimized system is later inserted with a circular solid 
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pin fin (CSPF) at L/8 in the channel for performance enhancement. As stated in Equation (9.6), 

the inserted CSPF aspect ratio is also subject to manufacturing constraints. Meanwhile, the 

design space for the CSPF insert was set as 0.9 ≤ Hf ≤ 1.2 mm and 0.5 ≤ Df ≤ 0.73 mm 

 Bejan number (Be) =
∆PL2

αμ
      (9.1) 

 LWH = Vol= constant      (9.2) 

  z2 = z3 ≤ 0.095mm       (9.3) 

Hc

Wc
≤ 1.8          (9.4) 

 Dh ≤ 1.6 mm        (9.5)  

 1.5 ≤
Hf

Df
≤ 1.7                                                                                    (9.6)                                                                       

System performance is measured using the maximum rectangular frame wall temperature 

(Tmax) and dimensionless thermal resistance (Rth). 
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Figures 0.1. Cooling system with mounted three channels (a), 3D of the computational domain 

of the cooling system (b), cross-section of the channel with circular solid pin fin located at L/8 

towards the leading edge (c) 

9.4 Case 1: Optimization of the cooling system of three channels 

without an insert (N3CF) 

9.4.1 Effects of aspect ratio and hydraulic diameter on the thermal performance of 

cooling systems without an insert at a fixed Bejan number 
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9.4.1.1 Relationship between aspect ratio and optimized maximum rectangular frame wall 

temperature 

For a fixed Benjan number (Be) of 7 × 108  (Reynolds number 128.38) and the channel volume 

of 2.23 mm3 (equivalent to the volume of each N3CF channel), the relationship between the 

aspect ratio  (
𝐻𝑐

𝑊𝑐
)   and the maximum rectangular frame wall temperature (Tmax) is illustrated 

in Figure 9.2. The results revealed the existence of an optimal channel aspect ratio ((
𝐻𝑐

𝑊𝑐
)

𝑜𝑝𝑡
)  

which minimized the Tmax. As the aspect ratio increases, Tmax decreases until  ((
𝐻𝑐

𝑊𝑐
)

𝑜𝑝𝑡
) is 

reached; further increases result in significant Tmax rises beyond this point. The system’s 

thermal performance degrades more noticeably when 
𝐻𝑐

𝑊𝑐
> (

𝐻𝑐

𝑊𝑐
)

𝑜𝑝𝑡
 compared to when  

𝐻𝑐

𝑊𝑐
<

(
𝐻𝑐

𝑊𝑐
)

𝑜𝑝𝑡
 indicating that oversizing the aspect ratio is particularly detrimental 

 

Figure 0.2. Maximum rectangular frame wall temperature (Tmax) vs. aspect ratio (
𝐻𝑐

𝑊𝑐
) for the 

optimized N3CF cooling system.  
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9.4.1.2. Relationship between aspect ratio and optimized dimensionless thermal resistance 

(Rth) 

In a like manner, Figure 9.3 displayed the relationship between the varying aspect ratio (
𝐻𝑐

𝑊𝑐
) 

and the optimized dimensionless thermal resistance (Rth) of the cooling systems. It shows that 

𝐻𝑐

𝑊𝑐
 has a significant influence on the minimized dimensionless Rth. The graph demonstrates the 

existence of the (
𝐻𝑐

𝑊𝑐
)

𝑜𝑝𝑡
 that minimized dimensionless Rth which lies in the range of  1.32 ≤

𝐻𝑐

𝑊𝑐
≤ 1.8. It was observed that the optimized dimensionless Rth decreased until it reached the 

(
𝐻𝑐

𝑊𝑐
)

𝑜𝑝𝑡
 and beyond this point, a further increase in aspect ratio yields a drastic increase in the 

dimensionless Rth. Hence increasing or reducing the aspect ratio beyond the (
𝐻𝑐

𝑊𝑐
)

𝑜𝑝𝑡
is 

detrimental to the cooling system’s performance. The simulation results show that the 

optimized cooling system (N3CF)opt (Figure 9.3) achieved an improved 14.64% in minimizing 

the dimensionless Rth compared to the unoptimized N3CF (Figure 4.8). 
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Figure 0.3. Dimensionless thermal resistance (Rth) vs Aspect ratio (
𝐻𝑐

𝑊𝑐
) for the optimized N3CF 

cooling system.  

9.4.1.3. Relationship between hydraulic diameter and optimized maximum 

rectangular frame wall temperature 

Figure 9.4 shows the effect of the varying hydraulic diameter (𝐷ℎ) on the optimized maximum 

wall temperature (Tmax) of the rectangular frame at a fixed Benjan number (Be) of 7 × 108. The 

results show an optimal hydraulic diameter (𝐷ℎ)𝑜𝑝𝑡 for the realization of the optimized value 

of Tmax. From the graph, the minimum Tmax was obtained with (𝐷ℎ)𝑜𝑝𝑡 of 1.33. The figure 

further shows a significant increase in Tmax values when (𝐷ℎ < (𝐷ℎ)𝑜𝑝𝑡) which is damaging 

to the cooling systems’ thermal performance compared to when (𝐷ℎ > (𝐷ℎ)𝑜𝑝𝑡), as the Tmax 

increases slightly. Thus, as the channel’s characteristic dimensions become smaller, the 

working fluid is compressed by the channel’s wall and becomes overworked, leading to an 

increase in Tmax values  [156]   

 

Figure 0.4. Maximum rectangular frame wall temperature (Tmax) vs hydraulic diameter (𝐷ℎ)for 

the optimized N3CF cooling system.  

9.4.2 Effect of varying Bejan numbers on cooling systems optimization 

The optimization process was later repeated with an increased Bejan number as narrated below. 
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9.4.2.1 Relationship between optimized maximum rectangular frame wall temperature and 

increased Bejan number  

Figure 9.5 shows the effect of varying Bejan numbers (Be) on the maximum wall temperature 

(Tmax) of the rectangular frame of the cooling system with a fixed-mounted channel’s volume 

of  2.23 mm3 and a fixed length of 59.4 mm. An increased Be consistently decreased the 

optimized Tmax. Thus, the cooling system performance improved with increasing flow velocity 

and thereafter increased dimensionless pressure drop (Be). The results are consistent with the 

published work of Adewumi et al. [41].  

 

Figure 0.5. Maximum rectangular frame wall temperature (Tmax) vs Bejan number (Be) for 

the optimized N3CF cooling system.  

9.4.2.2. Relationship between optimized dimensionless thermal resistance and 

increased Bejan number  

In Figure 9.6, the optimized dimensionless thermal resistance (Rth) decreased with an increased 

Bejan number (Be) for a fixed-mounted channel volume of  2.23mm3 and a fixed length of 

59.4mm. This implies the influence of the increased dimensionless pressure drop on the 

improved system thermal performance. The optimized system provides improved heat 
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exchange enhancement with a reduced dimensionless Rth of 12.7% at Be= 9 × 109 (Re 

=1540.56) compared to the unoptimized system (Figure 4.8). 

 

 

Figure 0.6. Dimensionless thermal resistance (Rth) vs Bejan number (Be) for the optimized 

N3CF cooling system.  

9.4.2.3 Relationship between optimized aspect ratio and increased Bejan number  

Figure 9.7 reports the effects of the varying Bejan number (Be) on the optimal aspect ratio 

((
𝐻𝑐

𝑊𝑐
)

𝑜𝑝𝑡
)  of the cooling system with a fixed-mounted channel’s volume of  2.23 mm3 and a 

fixed length of 59.4 mm. For the range of applied Be in this work, a monotonic increase in the 

(
𝐻𝑐

𝑊𝑐
)

𝑜𝑝𝑡
was obtained with an increased Be. This result is consistent with the published work of 

Bello-Ochende [48]. 
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Figure 0.7. Optimized aspect ratio ((
𝐻𝑐

𝑊𝑐
)

𝑜𝑝𝑡
)  Vs Bejan number (Be) for the optimized 

N3CF cooling system.  

9.4.3 Effect of different channels’ fixed volume on the cooling system performance 

under varying Bejan numbers 

The optimization process was further applied to different fixed channels’ volumes of a fixed of 

length of  59.4 mm under varying Bejan numbers. 

9.4.3.1 Optimized maximum rectangular frame wall temperature  

Figure  9.8 shows the relationship between the optimized maximum wall temperature (Tmax) 

for the rectangular frame. It is observed that the optimized Tmax reduces with an increased Be. 

The figure further shows that the optimized Tmax reduces as the volume increases. This result 

agreed with the published work of  [49].  
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Figure 0.8. Maximum rectangular frame wall temperature (Tmax) vs Bejan number (Be) for 

the N3CF cooling system without an insert. Colored markers represent different volumes (Vol): 

Vol = 2.23 mm3 (black), Vol = 2.43 mm3 (red), and Vol = 2.63 mm3 (green). 

9.4.3.2.  Optimized dimensionless thermal resistance 

Figure 9 .9 reports the reduction of the optimized dimensionless thermal resistance (Rth) with 

an increased Bejan number (Be) regardless of the channel’s fixed volume (V). For the range of 

applied Be, a common trend of optimized dimensionless Rth reduction was observed for 

different fixed channels’ volumes. It is also observed that the optimized dimensionless Rth 

reduces as the volume increases. 
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Figure 0.9. Dimensionless thermal resistance (Rth) vs Bejan number (Be) for the optimized 

N3CF cooling system without an insert. Colored markers represent different Volumes (Vol): Vol 

= 2.23 mm3 (black), Vol = 2.43 mm3 (red), and Vol = 2.63 mm3 (green). 

9.4.3.3.  Aspect ratio and hydraulic diameter 

From Figure 9.10, the optimal aspect ratio and hydraulic diameter were observed to grow with 

the increased volume of the mounted channels indicating the direct relationship between 

the internal and external structure of the channels. A similar observation was reported in the 

literature [48]. 
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Figure 0.10. Optimized aspect ratio and hydraulic diameter vs Bejan number (Be) for the N3CF 

cooling system without an insert. The black and red colored markers represent the optimized 

hydraulic diameter (𝐷ℎ)𝑜𝑝𝑡 and aspect ratio ((
𝐻𝑐

𝑊𝑐
)

𝑜𝑝𝑡
). 

9.5 Case 2: Optimization for the cooling system of three channels with 

circular solid pin fin (CSPF) insert located at L/8 towards the inlet 

(NCMCF) 

The optimized cooling system from case 1 ((N3CF)opt) is later inserted with a circular solid pin 

(CSPF) at L/8 in the fluid domain towards the inlet to study the effect of the insert on enhancing 

the optimized system performance. Meanwhile, the optimization results for the cooling system 

with the fixed channel’s global volume of  2.43 mm3 and 2.63 mm3 were not reported as both 

systems give 1.74 and 1.77 of CSPF aspect ratios, which do not meet manufacturer 

specifications as defined in Equation (9.6). 
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9.5.1 Effect of the CSPF insert on optimized system performance 

 

9.5.1.1  Maximum rectangular frame wall temperature 

Figure 9.11 shows the obtained results for the system with and without the CSPF for a fixed 

global volume of 2.23  mm3 and fixed length of 59.4mm . An increased Be reduces the 

optimized Tmax. For the ranges of applied Be in this work, it is observed that the insertion of 

CSPF in the optimized system channels further minimizes the values of Tmax. For instance, the 

optimized system with CSPF achieved a 2.3% minimized Tmax compared to the system without 

CSPF at the lowest Be 7 × 108 applied in this work. The CSPF optimal aspect ratio 

(
𝐻𝑃

𝐷𝑃
⁄ ) 𝑜𝑝t for the system with a fixed channel’s global volume of  2.23 mm3 was 1.63.   

 

 

 

Figure 0.11. Maximum rectangular frame wall temperature (Tmax) vs Bejan number (Be) for 

the optimized N3CF and NCMCF cooling systems. The graph compares the performance of 

systems with (red marker) and without (black marker) CSPF insert. 

9.5.1.2  Dimensionless thermal resistance 

Figure 9.12 summarises the effect of Bejan number (Be) on the dimensionless thermal 

resistance (Rth) for the optimized system with and without CSPF insert. Results indicate a 

significant reduction in the dimensionless Rth as Be increases. The insertion of CSPF 
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((NCMCF)opt) provided substantial performance enhancement compared to the system without 

inserts ((N3CF) opt). Precisely at Be 9 × 109, the optimized system with CSPF achieved a 12.3% 

reduction in minimized dimensionless Rth, demonstrating its superior ability to minimize 

thermal resistance and enhance heat dissipation. 

 

Figure 0.12. Dimensionless thermal resistance (Rth) vs Bejan number (Be) for the optimized 

N3CF and NCMCF cooling systems. The graph compares the performance of systems with (red 

marker) and without (black marker) CSPF insert. 

9.5.2 Comparison of the optimized cooling systems with an unoptimized cooling system 

In this section, the optimized ((NCMCF)opt) and an unoptimized (NCMCF) counterflow cooling 

system of three channels with a circular solid pin fin (CSPF) insert located at L/8, mounted on 

the rectangular frame, were compared. The systems (both optimized and unoptimized) are of 

fixed channels global volume 2.23 mm3 and length  59.4 mm. 

9.5.2.1  Maximum rectangular frame wall temperature 

As seen in Figure 9.13, the minimized maximum wall temperature (Tmax) of the rectangular 

frame decreases with increasing Bejan number (Be) for both the cooling systems, because 

increasing dimensionless pressure drops yields an improved cooling system thermal 

performance. This result agrees with previously published research in the open literature [41, 
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49]. For the range of Be applied in this study, the optimized system ((NCMCF)opt) achieved the 

best cooling capacity in decreasing the optimized Tmax than the unoptimized one (NCMCF) 

indicating the enhanced system performance provided by the optimization application. 

 

Figure 0.13. Maximum rectangular frame wall temperature (Tmax) vs Bejan number (Be) for 

the optimized ((NCMCF)opt) and unoptimized (NCMCF) cooling systems. The graph compares the 

performance of the optimized (black marker) with an unoptimized (red marker) system. 

9.5.2.2  Dimensionless thermal resistance 

Figure 9.14 depicts the relationship between the varying Bejan number (Be) and the 

dimensionless thermal resistance (Rth) for the optimized ((NCMCF)opt) and an unoptimized 

(NCMCF) counterflow cooling system of three channels with a circular solid pin fin (CSPF) 

insert located at L/8, mounted on the rectangular frame. The result shows the inverse 

relationship between the Be and dimensionless Rth regardless of the cooling system. However, 

the (NCMCF)opt significantly reduced the minimized dimensionless Rth compared to the NCMCF. 

For instance, (NCMCF)opt improved the minimized dimensionless Rth reduction of 43.4% at Be 

9 × 109 and over 390% at Be 7 × 108 compared to NCMCF. Thus, the optimized cooling system 

(NCMCF)opt demonstrates a better capacity for dissipating heat from the battery pack. 
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Figure 0.14. Dimensionless thermal resistance (Rth) vs Bejan number (Be) for the optimized 

(NCMCF)opt) and unoptimized (NCMCF) cooling systems. The graph compares the performance 

of the optimized (black marker) with an unoptimized (red marker) system. 

9.6 Temperature contours 

Figure 9.15 (a and b) displays the temperature contours of the unoptimized and optimized 

systems with an insert of circular solid pin fin (CSPF) located at L/8 towards the inlet. The 

contours are plotted at X plane 25mm and inlet velocity 0.1m/s (Reynolds number 128.38). 

The optimized (NCMCF)opt system achieved a significantly lower temperature distribution than 

the unoptimized configuration (NCMCF) showing that the optimized system can dissipate heat 

from the battery pack better than the unoptimized design.  
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Figures 0.15. Temperature contours of the unoptimized (a) and optimized (b) cooling systems. 

9.7 Conclusions 

In this chapter, the numerical analysis was conducted to optimize the aspect ratio and hydraulic 

diameter of the cooling system for fixed channel length and global volumes with the circular 

solid pin fin (CSPF) insert. For the applied Bejan number, it was observed that a unique optimal 

cooling system internal structure exists that minimizes the maximum rectangular frame wall 

temperature and the dimensionless thermal resistance. It was found that the optimal aspect ratio 

and hydraulic diameter increased with increased Bejan number and channel’s global volume. 

With or without a CSPF insert the system performance in minimizing the maximum rectangular 

frame wall temperature and dimensionless thermal resistance improves with an increased Bejan 

number. However, compared to the unoptimized, this study demonstrates a better battery pack 

cooling capacity with an optimized system particularly when inserted with CSPF at L/8 in the 
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channels. For the lowest and the highest applied Bejan number (NCMCF)opt the optimized 

cooling system gave the best cooling results as it achieved an improvement of over 390% and 

43.4% enhanced capacity for dissipating heat from the battery pack compared to NCMCF 

(unoptimized cooling system). 
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CHAPTER TEN 

CONCLUSIONS AND RECOMMENDATIONS 

10.1 Preview  

The thermal management of the electric vehicle battery pack is numerically developed and 

analyzed in this study using the computational fluid dynamic code of ANSYS® Fluent 20R1 

as a tool. ANSYS® fluent 20R1 code validation was conducted with available data from 

experimental and numerical work of open literature and a good agreement of results was 

documented. The battery pack of 5 identical cylindrical lithium-ion batteries operating at a very 

high discharge rate of 6 C  and generating a volumetric heat transfer of  3340135 W/m3 is 

coupled with a liquid cooling system. Newly developed cooling systems with an insert(s) in 

the channel(s) mounted on the rectangular frame, were modeled and their thermal performance 

was compared with those without an insert.  Circular, elliptical, and rectangular shapes of solid 

pin fins as well as aluminum foam of low (0.1), medium (0.5), and high (0.9) porosities were 

considered as inserts for the enhancement of the cooling system in this study. The numerical 

procedures and assumptions made for analyzing the cooling system model were extensively 

documented in this dissertation. Optimization of the cooling system with superior thermal 

performance was later carried out. The specific conclusions are detailed in each chapter. 

10.2 Conclusions 

This study investigated the thermal performance of cooling systems for electric vehicle battery 

packs by imposing fixed volumetric heat transfer on a rectangular frame. Key performance 

metrics such as maximum rectangular frame wall temperature, dimensionless thermal 

resistance, cost of pumping power, convective heat transfer, dimensionless heat transfer rate 

density, and thermal performance enhancement factor were shown to depend on increasing 

Reynolds numbers. However, beyond a Reynolds number of 1027.04, changes in wall 

temperature and thermal resistance became negligible, and a similar trend was observed for 

systems with inserts (solid pin fins or aluminum foam) at Reynolds numbers above 1283.8. 

The cost of pumping power increased with the addition of channels on the rectangular frame, 

but counterflow arrangements consistently outperformed parallel flow arrangements in thermal 

performance. The highest dimensionless heat transfer rate density was recorded for systems 

with three channels. The study modeled cooling systems with inserts of solid pin fins and 

aluminum foam at low (0.1), medium (0.5), and high (0.9) porosities. Inserts significantly 
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improved system performance compared to systems without inserts. The placement of inserts 

also played a critical role: shorter distances between the insert and the inlet enhanced 

performance. However, low and medium-porosity aluminum foam inserts caused excessive 

pressure drops, making them impractical. A 2.0 mm spacing arrangement offered the best 

balance between friction factor and heat transfer enhancement for multiple-insert cooling 

systems, outperforming 1.5 mm and 2.5 mm spacing arrangements. Despite this, systems with 

a single insert located at L/8 consistently outperformed those with three inserts, regardless of 

spacing or insert shape (circular, elliptical, or rectangular). 

Aluminum foam inserts with 0.9 porosity at lower Reynolds numbers outperformed solid pin 

fins. However, as Reynolds numbers increased, solid pin fins demonstrated continuous 

performance improvements. In contrast, the performance of aluminum foam inserts declined 

at Reynolds numbers of 1797.32, 1412.18, and 1668.94 for circular, elliptical, and rectangular 

shapes, respectively.  At the peak performance of the system with a circular, elliptical, and 

rectangular aluminum foam of 0.9 porosity insert, 46.1%, 36.2%, and 39.40% of improved 

enhancement factors were achieved respectively, by the cooling system with solid pin fin 

counterparts. Overall, a cooling system with a circular solid pin fin insert positioned at L/8 

demonstrated superior performance, exceeding elliptical and rectangular inserts by 10.6% and 

4.2%, respectively. At the highest Reynolds number (2054.08), solid pin fins improved 

performance by 49.3%, 45.3%, and 44.4% compared to their aluminum foam counterparts. 

Overall, solid pin fins proved more effective for heat dissipation in electric vehicle battery 

packs. 

The comparative analysis in Chapter 8 revealed that circular solid pin fins  at L/8 outperformed 

their rectangular and elliptical counterparts by 10.6% and 4.2% respectively. Chapter 9 

demonstrated that optimizing the counterflow cooling system using constructal theory and 

design further enhanced performance. The optimized system, with a fixed channel length and 

global volume, improved of over 390% and 43.4% in thermal performance at the lowest and 

highest Bejan numbers, respectively, compared to its unoptimized counterpart.  

This research highlights the importance of heat transfer enhancement techniques in improving 

the thermal performance of cooling systems for electric vehicle battery packs. Among the 

configurations studied, a circular solid pin fin located at L/8 near the inlet provided the highest 

thermal performance. When optimized using constructal theory, this configuration 
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demonstrated exceptional potential for practical application in electric vehicle battery cooling 

systems. 

10.3 Recommendations 

In this study, the development and enhancement of the cooling system for the thermal 

management of the battery pack of an electric vehicle were numerically analyzed. The 

enhancement techniques were based on applying circular, elliptical, and rectangular shapes of 

solid pin fin and aluminum foam of varying porosity inserts. The following recommendations 

are suggested: 

➢ The obtained numerical results in this study should be subjected to experimental 

investigation for effective comparison and extension to the thermal management of the 

electric vehicle battery pack operating in non-steady conditions.  

➢ The numerical and experimental investigation of further points of insert location 

towards the inlet in the flow channels for maximum heat transfer enhancement should 

be carried out. 

➢ Water was adopted as a working fluid in this study, future investigation should 

numerically consider the use of nanofluids or air as an alternative working fluid in 

comparison with water and extend to experimental investigation.  

➢ The analysis of the other passive potential heat transfer enhancement techniques for the 

augmentation of battery cooling system performance should be explored. 

➢ The  cooling system with insert of circular solid pin fin located at L/8 towards the inlet, 

found in this study with superior performance is therefore recommended as the best for 

the dissipation of heat from the pack of electric vehicles. 
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