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ABSTRACT 

The transportation industry contributes more than a quarter of the global greenhouse gas emissions 

and transportation electrification was introduced as a means to decarbonize the industry. One of 

the major challenges related to the electrification of technologies are the thermal challenges 

associated with Lithium-ion batteries which are the leading candidate for electric batteries. In this 

research, these thermal challenges have been investigated with the objective of effective cooling 

and increased thermal uniformity within cylindrical Lithium-ion batteries. To achieve this, novel 

hybrid thermal management strategies have been proposed that combine air, liquid, and phase 

change material cooling systems. Several configurations of the proposed strategies are designed 

and analyzed through both experimental and numerical studies. The proposed hybrid strategies 

were able to limit the maximum temperature of the battery module to below ~29 ºC. The developed 

battery module also achieved the desired temperature uniformity to less than 5 ºC.  Furthermore, 

the proposed hybrid strategies eliminate the requirement of a pump and reservoir system since 

there is no flow of liquid coolant within the battery module. This reduces the energy required for 

the operation of the thermal management system, thereby increasing the available energy for 

propulsion. Therefore, the proposed hybrid strategies and battery modules are capable of 

maintaining the thermal environment required by the Lithium-ion batteries for effective 

performance and can also be scaled to an entire battery pack for a range of applications.   

Keywords: Battery thermal management; hybrid cooling; computational fluid dynamics analysis; 

heat transfer; cylindrical lithium-ion cells 
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CHAPTER 1:      INTRODUCTION 

This chapter provides the background and overview of the thermal management of Lithium-ion 

(Li-ion) batteries. It is followed by the motivations and the objectives of this thesis. Finally, the 

structure of the thesis is described. The contents of this chapter have been partially taken from the 

candidate’s published work (Shahid & Agelin-Chaab, 2022).  

1.1. Background 

Climate change due to greenhouse gas (GHG) emissions is of great concern around the world. 

Technological advancements have paved the way for cleaner renewable energy conversion 

processes with increased efficiencies (Goodenough, 2015). The key challenge posed by renewable 

sources is their intermittency, which requires effective energy storage systems to ensure reliability. 

This is resulting in the shift in focus of energy storage systems from fossil fuels to electrochemical 

systems (Shan et al., 2016). These transformations, combined with strict emission regulations, are 

the driving force in electrifying the transportation industry as it contributes 29% to GHG emissions 

(EPA, 2021).   

There are two types of electric vehicles (EVs), namely, fuel cell electric vehicles (FCEV) and 

battery electric vehicles (BEV). BEVs are powered by electric battery packs, and their efficiency 

is directly dependent on the performance of the battery pack. Li-ion batteries are the leading 

candidate chemistry for the automotive industry due to their high energy and power density, low 

self-discharge rate, and extended lifecycle (Omar et al., 2014; Sefidan et al., 2017; Saw et al., 

2018). Amongst a variety of Li-ion chemical compositions, the most common compositions 

include LiMn2O4, LiCoO2, and LiFePO4 (Zhao et al., 2011; Julien et al., 2014; Shan et al., 2014). 
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However, the issue of range anxiety poses a significant obstacle in the mass adoption of BEVs. 

Therefore, researchers and BEV companies are developing cathode and anode material 

combinations to increase the energy density of Li-ion batteries (Feng et al., 2018).  

In order to achieve the targets, the cathode should have lithium-based nickel-rich or manganese-

rich material, and the anode should be changed from pure carbon to a combination of silicone and 

carbon. However, such materials with higher energy densities have low thermal stabilities (Noh et 

al., 2013), which can lead to safety issues such as thermal runaway.  

Thermal runaway of Li-ion batteries is the phenomenon of exothermic chain reactions within the 

battery. These reactions usually cause a sharp increase in the internal battery temperature causing 

the inner structures of the battery to destabilize and degrade, which can lead to the total failure of 

the battery. Thermal runaway can occur from various forms of mechanical, electrical, and thermal 

abuse. All of these lead to an internal short-circuit of the battery as the separator between the anode 

and the cathode either collapses, tears down, or is pierced. This generates a high amount of heat, 

which in turn intensifies the degree of electrochemical reactions causing excessive heat generation. 

This cycle continues, which increases the temperature of the battery sharply and releases large 

amounts of flammable gases. The release of gases causes an increase in the internal pressure of 

the battery resulting in the expansion of the outer casing, causing potential explosion and fire to 

the battery (Finegan et al., 2017; Mao et al., 2018; Chen et al., 2019).  
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1.2. Motivation 

Cylindrical Li-ion cells, when compared to other cell geometries, have the advantage of increased 

mechanical stability and ease of manufacturing. They can be produced relatively faster, hence, 

more kWh per cell can be produced in a day resulting in lower manufacturing cost per kWh 

(Shahid, 2017; Wei, 2018). Furthermore, if a single cell fails then the impact on the overall energy 

and power availability for the battery pack is low (Shahid, 2017; Wei, 2018). However, cylindrical 

cells have certain thermal challenges. The ideal operating range for the Li-ion cells is 25 °C to 40 

°C (Rao & Wang, 2011; Jaguemont et al., 2016). Below 25 °C the energy output of the cell reduces 

due to increased internal resistance. Whereas above 40 °C the degradation rate of the cell increases, 

which decreases its lifespan (Saw et al., 2018). However, the range of -10 °C to 50 °C is considered 

as a tolerable operating range (He & Ma, 2015). Moreover, temperature non-uniformity in the 

battery pack reduces its power capacity and causes an imbalance in the discharging and charging 

rates of the cells (Hoh & Fuhr, 2009). Degradation of 30% to 50% occurs when the variation of 

the temperature ranges from 10 °C to 15 °C (Saw et al., 2016). Worse still, very high temperatures 

may result in the thermal instability of the cell due to irreversible chemical reactions with a 

potential for thermal runaway to occur with the associated safety issues (Yang et al., 2016). Hence, 

solutions and strategies are required to maintain the operating temperature within the acceptable 

range.    
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1.3. Objectives 

The main goal of the thesis is to propose, develop and analyze effective thermal management 

strategies and configurations that can improve thermal management of cylindrical Li-ion batteries. 

The specific objectives are as follows: 

1) Develop effective thermal management strategies for Li-ion batteries to prevent and 

mitigate thermal runaway through effectively maintaining the cell temperatures within the 

acceptable operating range and improving temperature non-uniformity. The proposed 

thermal management strategies should have:  

• low pumping power requirements, 

• modularity for easy upscaling or downscaling of the battery pack. 

2) Conduct comprehensive experimental studies to evaluate and analyze the novel strategies. 

3) Conduct numerical studies through computational fluid dynamics to: 

• analyze and evaluate multiple developed strategies, 

• compare the thermal performance and effectiveness of the thermal management 

strategies, 

• investigate the thermal performance with changing operating conditions and 

system parameters. 

4) Perform parametric studies to determine feasible design parameters of the developed 

strategies. 

5) Perform a scalability study to determine the application of the developed strategies in a 

range of applications.    
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1.4. Thesis Structure 

This thesis is organized into 5 chapters as follows: 

Chapter 1 provides the background and overview for the thermal management of Li-ion batteries. 

This is followed by the motivations and the objectives of this thesis.  

Chapter 2 presents the literature review on the thermal management of BEV batteries. It provides 

a background on the types of BEV batteries followed by the different variants of Li-ion battery 

chemistries and structures, and the heat generation within the cell. This is followed by a review of 

the mechanisms through which the thermal runaway occurs and propagates through the battery 

pack. Additionally, a review on the thermal management strategies for the Li-ion batteries is 

presented. Followed by techniques and strategies developed to mitigate thermal runaway in case 

it occurs. Finally, the gaps in the literature are discussed. 

Chapter 3 presents the proposed hybrid thermal management strategies followed by various 

proposed configurations. This is followed by the experimental and numerical techniques. The 

experimental setups are given that clarify the types of equipment that were employed, followed by 

the procedures adopted to conduct successful experiments. An uncertainty analysis is conducted 

to record the errors and uncertainties in the experimental equipment. Finally, the numerical 

methodology is described that includes the governing equations, mesh generation and the boundary 

conditions used for all the studies. 

Chapter 4 presents the results and discussions that were obtained from the experiments and 

numerical simulations. It is divided into 16 subsections. The initial sections provide the validation 

of the numerical model, feasibility of the proposed strategies, comparison on the developed 
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configurations, and discussion on the experimental results. The intermediate sections provide an 

analysis of the proposed strategy at different discharge rates obtained through experiments, 

comparison of multiple proposed strategies, analysis on the impact of changing ambient 

temperatures, discussion on the effects of adding performance enhancing materials (PEM) to phase 

change materials (PCM), and comparison on the effect of using nano-fluids to enhance thermal 

properties. The final sections provide a discussion on the parametric study used to reduce the 

amount of PCM, fluid, and the airflow Reynolds number, analysis on increasing the heat transfer 

area within the air duct, and the scalability aspect of the battery module and hybrid strategy.  

Chapter 5 presents the summary of results and discussions, novelty and contributions of this 

thesis, and the limitations and recommendations for future work. 
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CHAPTER 2:     LITERATURE REVIEW 

This chapter presents the literature review on the thermal management of BEV batteries. It 

provides a background on the types of BEV batteries followed by the different variants of Li-ion 

battery chemistries and structures. The heat generation within the Li-ion cell is then described. 

This is followed by a review of the mechanisms through which thermal runaway occurs and 

propagates through the battery pack. Additionally, a review is provided on the thermal 

management strategies used to regulate the temperature at the cell and pack levels. These thermal 

management strategies are required to ensure the temperature does not increase substantially, 

resulting in thermal runaway. This is followed by techniques and strategies developed to mitigate 

thermal runaway in case it occurs. Finally, the gaps in the literature are presented. The contents of 

this chapter have been partially taken from the candidate's published paper (Shahid & Agelin-

Chaab, 2022).  
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2.1. Electric Vehicle Battery Background 

Initially, the BEVs were developed and powered using lead-acid batteries based on their cost-

effectiveness and slow self-discharge rates. Nevertheless, owing to significant developments in the 

field of batteries, high energy density and low weight ratio chemistries were industrialized 

(Kalhammer et al., 2007). Recently, the BEV battery candidates in the market include Li-ion, 

Nickel metal-hydride (NiMH), Nickel-Cadmium (NiCd), Lithium Polymer (LiPo), and lead-acid 

batteries. Compared to nickel-based batteries Li-ion batteries are the leading candidate in the 

automotive industry due to their high energy and power density, low self-discharge rate, and 

extended lifecycle (Omar et al., 2014; Sefidan et al., 2017; Saw et al., 2018). A comparison of the 

different battery chemistries is provided in Table 2.1. 

Table 2.1: Comparison of cell chemistries (Huat, 2014). 

Parameters Lead-Acid NiCd NiMH Li-ion 

     
Nominal Voltage (V) 2.0 1.2 1.2 3.6 
Energy Efficiency (%) 65 80 85 95 
Energy Density (Wh/L) 60 150 200 230 
Specific Power (W/kg) 130 200 250 330 
Specific Energy (Wh/kg) 30-50 45-80 60-120 100 
Self-Discharge (%/month) 5 25-30 30-35 <10 
Lifecycle 200-300 500-1000 300-500 1000 
Cost Low Low Medium High 
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2.2. Li-ion Battery Chemistry and Structure 

The Li-ion battery consists of four major components which include electrolyte, anode, cathode, 

and separator. The naming of the Li-ion battery is based on the material of the cathode. Most 

common cathodic material include, Lithium Cobalt Oxide (LCO), Lithium Iron Phosphate (LFP), 

Lithium Nickel Manganese Cobalt Oxide (NMC), and Lithium Manganese Oxide (LMO) 

(Schalkwijk & Scrosati, 2002; Berini et al., 2014). A comparison of the different cathodic material 

is provided in Table 2.2.   

Table 2.2: Comparison of Li-ion cell cathode material (Ohzuku & Brodd, 2007; Bandhauer et 
al., 2011; Huat, 2014). 

Parameters LFP LCO LMO NMC 

     
Nominal Voltage (V) 3.3 3.6 3.8 3.6/3.7 
Upper Voltage Limit (V) 3.6 4.2 4.2 4.2 
Specific Energy (Wh/kg) 90-120 150-190 100-135 140-180 
Thermal Runaway (°C) 270 150 250 210 
Lifecycle 1000-2000 500-1000 500-1000 1000-2000 
     

The anodic materials in the Li-ion batteries include graphite, graphene, meso-carbon, hard carbon, 

lithium-silicide, lithium titanate oxide, microbeads, and lithium germanium (Schalkwijk & 

Scrosati, 2002). However, graphite is commonly used due to a high specific capacity of 372 mAh/g 

and coulombic efficiencies of greater than 95% (Yoshio et al., 2009).  

The electrolyte in the Li-ion batteries is used as a medium to allow the ions to shuffle during the 

anodic and cathodic redox reactions (Dhameja, 2001). It is a blend of the electrolytic salts and 

organic solvents. The electrolytic salts include lithium trifluoro methane sulfonyl methide, lithium 

triflate, lithium tetrafluoroborate, and lithium hexafluorophosphate, and the organic solvents 

include ethyl carbonate, dimethyl carbonate, diethyl carbonate, and propylene carbonate. The most 
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used electrolyte is 1M Lithium Hexafluorophosphate / Ethyl Carbonate due to its high electrical 

conductivity (Berini et al., 2014).  

The separator in a Li-ion battery is slotted in between the cathode and anode. Its function is to 

prevent physical contact between the electrodes all the while allowing the Li-ion to flow freely 

between them. The separator could increase the electrical resistance and the density of the battery 

which negatively impacts the battery’s performance (Zhang, 2007). Therefore, selection of proper 

separator material is crucial. The commonly used separator materials include polypropylene and 

polyethylene. Its porosity can vary between 30 – 50% and size of pores can vary from 0.03 – 0.1 

µm. Another function of the separator is to act as a thermal fuse by shrinking and restricting the 

flow of the Li-ions through its pores at high temperatures. The commonly used separators have a 

melting temperature of 165 °C and are capable of shutting down the reaction at 130 °C (Zhang, 

2007).  
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2.3. Heat Generation within Electric Batteries 

The heat is generated in a Li-ion cell through polarization, internal resistance, connection 

resistance, and reversible heat through chemical reactions (Smith & Wang, 2006; Saw et al., 2013; 

Yang et al., 2015). The internal resistance is a combination of electrical (active material in 

electrode and current collector) and ion (electrolyte) conductive resistance, and solid electrolyte 

interface (SEI) film resistance on the negative electrode. Therefore, the heat source equations are 

complex (Yang et al., 2015). The general thermal equation for a lumped battery model is stated in 

the following equation (Smith & Wang, 2006; Saw et al., 2013; Yang et al., 2015): 

𝜌𝑐"
8(
89
= ∇ ⋅ 𝑘(∇𝑇 + 𝑄* + 𝑄+&, + 𝑄- + 𝑄./0   (2.1) 

Where; 

𝜌 is the density, 

𝑐* is the specific heat capacity, 

𝑘(  is the effective thermal conductivity of active electrode material, 

𝑇 is the temperature, 

𝑄*  is the polarization heat generation, 

𝑄+&,  is the reversible heat generation by chemical reactions, 

𝑄-  is the electrical contact heat generation, 

𝑄./0  is the internal heat generation. 
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The heat generations terms are specified in the following equations: 

𝑄* = 𝑎!𝑗!𝐹𝜂!      (2.2) 
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Where; 

𝑎!  is the specific surface area, 

𝑗!  is the specific reaction flux, 

F  is the Faraday constant, 

𝜂! is the overpotential between adjacent anode and cathode layers,  

𝐸! is the equilibrium potential, 

𝐼!	 is the product of 𝑎! , 𝑗! , 𝐹, 

𝑅-- is the electrical resistance of connector contact, 

𝐴-- is the connector contact area on the terminal, 

v is the volume of cylinder cell, 

𝜎&'' is the effective electric conductivity, 

𝑘&'' is the electrochemical reaction rate constant, 

𝜙7 is the electric potential, 

𝜙& is the electrolyte potential, 

R is the electrical resistance, 

𝑡1 is the transport number, 
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𝑓 is the mean molar activity coefficient of the electrolyte, 

𝑐# is the electrolyte concentration in the solution phase, 

Δ𝜙456 is the voltage drop result from the SEI film resistance. 

Commonly a simplified equation for heat generation is used which is expressed as (Abdul-

Quadir et al., 2014; Liu et al., 2014): 

𝑄(.9,# = 𝐼!(𝐸! − 𝑉) − 𝐼!𝑇
:5!
:(

     (2.6) 

Where; 

𝑄(.9,#  is the cell’s total heat generation, 

𝐼  is the current applied. 

The term 𝐼!(𝐸! − 𝑉) is an integration form of Equation 2.2. It calculates the irreversible heat 

generated by the over potential of the circuit which captures the polarization and internal 

resistance heat generation. The term 𝐼!𝑇
:5!
:(

 is an integral of Equation 2.3 which captures the 

reversible heat generation due to the chemical reaction of the cell (Abdul-Quadir et al., 2014; 

Liu et al., 2014).  

The heat generated within the Li-ion cells should be removed effectively, as higher temperatures 

within the cell lead to additional exothermic reactions, which generate more heat, thereby 

increasing the temperatures further and creating a positive feedback mechanism (Spotnitz & 

Franklin, 2003; Feng et al., 2015; Feng et al., 2015a; Coman et al., 2016). This sharp increase in 

temperatures can lead to safety issues within the battery pack, such as thermal runaway and, in 

some extreme cases, fire and explosion.  
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2.4. Thermal Runaway Mechanisms  

2.4.1. Mechanical abuse  

The two common characteristics of mechanical abuse are destructive deformation and destructive 

displacement due to an applied force. When a vehicle collides or crashes, the battery pack is likely 

to either be crashed or penetrated by an external object. This causes the separator between the 

cathode and anode of the battery to tear away, resulting in an internal short circuit (ISC).  

The mechanical abuse phenomenon from a structural point of view was investigated by Zhu et al. 

(2020). An experimental study on quasi-static loads, low-velocity punch penetration, and wedge-

cutting tests were carried out. The battery module consisted of 18 sub-assemblies and two cover 

plates at the top and the bottom of the battery pack. The sub-assemblies included pouch batteries, 

cooling plates and cushions. It was concluded that the punch penetration test resulted in higher 

forces and increased absorption of energy due to the higher degree of material densification. 

Similarly, Hu et al. (2020) conducted an experimental study on 18650 Li-ion batteries to study the 

effects of the dynamic collision and quasi-static compression. The results showed that cylindrical 

batteries in a pack behave differently than individual batteries under crushing scenarios. In the 

battery pack, the failure occurs due to the nonuniformity in the deformation within each battery, 

creating various susceptible areas in the gaps of the batteries. Under quasi-static compression, the 

battery pack deforms uniformly, and the failure of the individual batteries is distributed uniformly. 

Whereas under the dynamic collision, the batteries in the pack are deformed row by row, and the 

force is concentrated in specific rows, which results in increased damage to the batteries under the 

same crushing displacement, causing a higher risk of failure. The authors additionally conducted 

a numerical study to understand the dynamic collision scenario further. The results indicated that 
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the dominating property in the dynamic collision was the crushing velocity rather than the crushing 

energy. Once the crushing velocity exceeds 20 m/s, the battery pack failure switches from initial 

failure at the last row to initial failure at the first row.  

In addition to the crushing mechanisms, the penetration mechanisms also cause ISC, which leads 

to the thermal runaway of the Li-ion batteries. Yamauchi et al. (2004) investigated the penetration 

mechanism and concluded that the electrical energy of the battery is constantly released during the 

ISC caused by penetration. The temperature of the battery also continuously increases by the heat 

generation due to the ISC until the complete discharge of the battery. At the end of this process, if 

the temperature fails to reach the critical level, then there is no thermal runaway. In another study, 

Maleki and Howard (2009) examined the discharging of the battery under the ISC caused by the 

penetration mechanism. The results concluded that within the first minute of ISC, 70% of the 

energy was released, due to which a sharp temperature increase was noticed. Additionally, the 

location of the battery penetration also affects the thermal runaway characteristics. For example, 

in instances where the penetration occurred at low heat dissipation locations, the risk of thermal 

runaway increased significantly. To understand the flow of current during the penetration 

mechanism, Zavalis et al. (2012) developed a two-dimensional (2D) numerical model for a 

prismatic battery and studied the mechanism. The results of the study concluded that the maximum 

temperature increase during the thermal runaway was restricted by the mass transport of Li-ions 

in the electrolyte. Moreover, there are two mechanisms through which a short circuit occurs during 

penetration. In the first mechanism, the current passes through the penetrating object (ISC) and in 

the second mechanism, the current passes through the electrodes (external short circuit). When the 

penetration occurs, 75% of the current passes through the electrodes, and 25% passes through the 

penetrating object. Moreover, Zhao et al. (2016) studied the effects of the capacity of the battery 
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on the ISC during the nail penetration process. The results concluded that with the increase in the 

battery capacity, the current flow increased at the nail penetration location. This led to extensive 

heat generation which subsequently caused thermal runaway.  

Zhu et al. (2022) conducted mechanical abuse studies on the Li-ion jelly rolls and prismatic 

batteries under quasi-static loads. Hemispherical nose, round edge wedge, and flat end indenters 

were used to apply the loads on both types of batteries. For jelly roll batteries, the hemispherical 

nose and flat end indenters showed a penetration type commonly seen in porous media with a hole 

at the contact point followed by a tunnel. With the round edge wedge indenter, a “/” and “V” crack 

appeared on each layer of the jelly rolls. Similar results were seen by using the hemispherical nose 

and flat end indenters on the prismatic batteries. However, with the wedge indenter, the enclosure 

of the prismatic battery was not penetrated when the same force was applied. The results from the 

experiments also showed that once the ISC occurs on the first layer of the jelly roll, the entire 

battery fails.  

2.4.2. Electrical abuse 

The external short circuit (ESC) of the batteries is considered one of the causes of electrical abuse. 

It occurs either due to exposure to water, conductor contamination, electric shock, or the 

deformation of the battery during mechanical abuse. The ESC was investigated by Leising et al. 

(2001), where the current was increased to its peak value and then rapidly decreased to a plateau 

before reducing to zero to complete the discharge process of the battery. The temperature increased 

sharply with the increase in current. Once the plateau current was reached, there was no further 

increase in temperature; hence, the thermal runaway did not occur. In order to trigger thermal 

runaway due to an ESC, either the mass transfer coefficient for Li-ion at the anode or the surface 
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area of the anode had to be increased. Both cases cause a higher current flow and subsequently 

rapid heat generation (Spotnitz & Franklin, 2003). On the contrary, overcharging the Li-ion battery 

can lead to worse thermal runaway consequences due to the excessive energy in the battery. Once 

the battery is overcharged, the heat generation increases, and large amounts of joule heating and 

side reaction heating at the anode and the cathode occurs, resulting in a sharp increase in the battery 

temperature (Zeng et al., 2006; Ye et al., 2016).  

Ohsaki et al. (2005) studied the LCO prismatic batteries with a graphite anode. Several gases, 

including CO2, CO, C2H6, C2H4, and H2 were released during the overcharge of the batteries. The 

volume of gases increased with the increase in the temperature of the battery. The results also 

showed that once the temperature of the battery increased beyond 60 °C the exothermic oxidation 

reaction at the electrolyte increased quickly, causing the overall battery temperature to increase 

sharply. The authors concluded that the thermal runaway occurred due to the violent reaction 

between the overcharged anode (lithium deposition) and the electrolyte solvent at a high 

temperature which occurs due to the exothermic reaction between the cathode and electrolyte.  

Yuan et al. (2015) studied the behavior of the prismatic battery under overcharge conditions. The 

internal and external temperatures of the battery were monitored. The results showed that when 

the battery is overcharged to the maximum voltage of 5.10 V, the internal temperature of the 

battery goes up to 50 °C, and electrolyte oxidation occurs. With further overcharge (> 180% State 

of Charge), the interface between the cathode and electrolyte becomes highly reactive, and the 

internal temperature of the battery increases above 200 °C. The thermal runaway occurs due to the 

lithium plating on the anode during the overcharge of the battery. Ye et al. (2016) conducted an 

experimental study on prismatic batteries. The results indicated that the side reactions result in an 
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80% heat generation during overcharge. Furthermore, if the charging current is more than 1 C, 

then effective cooling methods should be employed within 2 minutes once the inflection point 

voltage is surpassed to prevent thermal runaway. The maximum internal temperature during 

thermal runaway exceeds 660 °C. Mao et al. (2019) conducted an experimental study to analyze 

the changes in the internal composition of the batteries. The results showed that thermal runaway 

is more likely to be triggered under adiabatic conditions rather than under ambient environmental 

conditions. It was also concluded that the cathode is prone to get highly reactive when the battery 

is overcharged to 150% state of charge (SOC), and the heat generated and released was 1026.4 J/g.  

To supplement the studies of overcharge effects on the Li-ion batteries, Hamisi et al. (2022) 

developed a 2D electrothermal model for 18650 cylindrical batteries. Through the numerical 

studies, it was found that the heat distribution within the battery tends to stay uniform. The total 

heat generation rate increases with increasing the overcharge current due to an increase in the joule 

heating of the battery. Finally, with a 5 C charging current, the battery surface temperature 

increases sharply compared to lower C-rate charging currents. 

Yeh et al. (2022) further studied the overcharge mechanism and its effects on the separator of the 

Li-ion batteries. The separators are usually manufactured using thermoplastic materials. The 

composite material consists of polypropylene/polyethylene/polypropylene layers. During 

overcharge, once the temperature rises, the irregular crystalline structure of the polyethylene layer 

melts, resulting in interface disturbance and partially blocking the Li-ion channel. This causes the 

Li-ion to follow through alternate channels, which results in a sharp increase in the voltage.  
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2.4.3. Thermal abuse 

The causes of thermal abuse within Li-ion batteries and battery packs include overheating due to 

mechanical and/or electrical abuse and overheating due to improper connections and contacts of 

batteries. The thermal abuse causes an increase in the battery’s internal and external temperatures, 

which can melt the separator between the anode and the cathode, resulting in ISC. This increases 

the temperature quickly, risking a potential thermal runaway.  

Feng et al. (2014) conducted extended volume-accelerating rate colorimetry (EV-ARC) tests on 

large format prismatic batteries. The results indicated that the thermal runaway occurs 

approximately at 520 °C. The instantaneous temperature rise occurs about 15 - 40 s from the sharp 

drop in voltage. Additionally, before thermal runaway, the internal resistance of the battery 

increases from 20 - 60 mW. Once thermal runaway occurs, the internal resistance rises to 370 mW. 

which indicates the melting of the separator and the swelling of the battery. 

Wu et al. (2018) conducted an accelerated rate colorimetry (ARC) test to compare the thermal 

runaway of prismatic batteries under internal and external heating modes. The results indicated 

that the duration of the thermal runaway reduces as the operating current increases in the internal 

heating mode. On the contrary, the duration decreases as the SOC increases during external heating 

mode. However, in both heating modes, the voltage drops sharply a few minutes before the rapid 

temperature rise. The onset and critical temperature are higher in the external heating mode 

compared to the internal heating mode.  

Zhao et al. (2020) conducted EV-ARC test of cylindrical batteries by using different SOC and 

cycling times to study the thermal runaway hazards. The battery was subjected to a ramp heating 

method to depict thermal abuse conditions. The results showed that the internal pressure and the 
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maximum surface temperature of the battery increased with the SOC increase when thermal 

runaway occurred. The authors calculated the energy release of the completely charged fresh 

battery to be 61.72 kJ. This energy release is equivalent to a 5.57 g, 2,4,6-trinitrotoluene (TNT) 

explosive. Additionally, aged batteries, when compared to fresh batteries, are more prone to trigger 

thermal runaway.  

Chandra et al. (2022) also conducted thermal abuse EV-ARC experimental tests on high energy 

density cylindrical Li-ion batteries. To facilitate the increase in the driving range, higher energy 

density batteries are required. The authors measured heat release values, internal pressure, and 

temperatures. The mean peak values extracted from the experiment were 753 °C for the surface 

temperature, 1080 °C for the internal battery temperature, 3.6 kW of heat, and 4.56 bar of internal 

pressure during the thermal runaway.  

In addition to heating the batteries, thermal abuse also occurs due to lose contact with battery 

connectors. For example, Beauregard (2008) reported an investigation into the thermal runaway 

accident of a Toyota Prius battery pack. It was discovered that the batteries in the pack were 

connected using metal connectors. Due to vehicle vibrations, the connector became loose for one 

of the batteries. This resulted in increased current passing through the loose connector, causing 

excessive heat generation, and subsequently triggering thermal runaway.  

2.4.4. Thermal Runaway Propagation 

Once the thermal runaway is triggered at the battery level by one of the mechanisms stated in the 

previous section, it is then propagated throughout the BEV battery pack. To prevent thermal 

runaway, it is essential to study, characterize and understand the propagation behavior for all types 

of Li-ion batteries, including cylindrical, prismatic and pouch batteries. One of the initial studies 
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was conducted by Feng et al. (2015b). The first battery in the battery pack was penetrated, and the 

effects on the neighboring batteries were examined. The results showed a temperature variation of 

up to 791.8 °C within a battery. Additionally, 12% of the heat generated by the first battery is 

required to trigger a thermal runaway in the adjacent battery. It was also observed that 90% of the 

heat is expelled through the shell of the battery, and only 10% is transferred through the pole 

connector. 

Chen et al. (2019) conducted an experimental study to analyze thermal runaway propagation 

mechanisms. Two battery packs were developed using cylindrical batteries. The first battery pack 

consisted of 35 batteries and one heater to trigger thermal runaway in a 6 × 6 configuration. The 

second battery pack consisted of 99 batteries and one heater in a 10 × 10 configuration. Once 

thermal runaway occurred, it was observed that a maximum of 6 batteries ignited at the same time 

in the first battery pack and 32 batteries in the second battery pack. The battery pack with a higher 

number of batteries resulted in a greater average mass loss rate. 

Li et al. (2019) conducted an experimental study on large format prismatic batteries to analyze the 

thermal runaway propagation behavior in a battery pack consisting of 5 batteries. The results 

showed that the thermal runaway was initially triggered on the front surface layer of the battery. 

The average propagation time in a single battery with 100% SOC was 10 s, whereas for a battery 

with 50% SOC was 39 s. As expected, the battery with 100% SOC showed a more intense 

combustion behavior. Moreover, the propagation time between adjacent batteries in the battery 

pack was 87 s for 100% SOC and 307 s for 50% SOC batteries.  

Zhong et al. (2018) performed a series of experiments to investigate thermal runaway propagation 

using cylindrical batteries. A heater was used to trigger the thermal runaway. It was observed that 
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it took 240 to 280 s for thermal runaway to propagate between the battery layers within the battery 

pack. Additionally, batteries with 50% SOC released greater amounts of inflammable gases rather 

than violent flames. However, once the gases were on fire, the combustion went on for longer due 

to increased amounts of gases.  

Huang et al. (2016) conducted an experimental study on battery packs containing large format Li-

ion batteries. The batteries were arranged in rhombus and parallel layouts. It was observed that the 

fire-impingement caused the temperature of the batteries to increase between the range of 200 °C 

and 900 °C. This temperature increases in the batteries resulted in a rapid temperature rise within 

the battery module and caused thermal runaway. The results also indicated that the critical 

temperature to trigger thermal runaway was between 126.1 °C and 139.2 °C. This critical 

temperature range was calculated using the Semenov and Frank-Kamenetskii models.  

Weng et al. (2021) conducted an experimental study on the effects of the concentration level of 

oxygen and nitrogen, and argon gases in efforts to mitigate thermal runaway. The study showed 

that by reducing the concentration of oxygen from 21 to 12%, the thermal runaway propagation 

rate was reduced by 44%. Moreover, through the application of inert gases, it was found that the 

thermal runaway propagation was delayed.  
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2.5. Battery Thermal Management Systems (BTMS) 

Battery thermal management systems (BTMS) are developed to extract the heat away from the 

battery during its operation and to prevent thermal runaway. The principle for BTMS is to maintain 

the temperature of the battery between the optimum operating ranges of 25 °C to 40 °C (Rao & 

Wang, 2011; Jaguemont et al., 2016) and to keep the variation between the maximum and 

minimum temperature at battery and pack level to less than 5 °C (Hoh & Fuhr, 2009). 

2.5.1. Air Cooled BTMS 

Air is one of the traditional cooling mediums used in BTMS, mainly due to its lightweight structure 

and low development and maintenance costs. The limited use of air-cooled BTMS in the current 

BEVs in the market is due to its limited heat removal from the batteries, as it has a low thermal 

conductivity and heat capacity (Wei & Agelin-Chaab, 2019). To enhance its effectiveness and 

efficiency, the battery arrangement and the placement of the air inlet and exhaust are to be carefully 

designed.  

Yang et al. (2015) performed a numerical study by developing a thermal model to investigate the 

different arrangements of cylindrical batteries in the battery pack. The configuration of the battery 

packs investigated is 10 × 6. The results concluded that batteries in the aligned structure exhibit 

better thermal performance compared to the batteries in the staggered structure. This was also 

concluded by the study conducted by Fan et al. (2019). Zhao et al. (2015) conducted a detailed 

parametric study on cylindrical batteries to understand the various ventilation types, inlet 

velocities, spacing between adjacent batteries, and the effect of ambient temperature. The results 

concluded that when the airflow is reversing, the flow of air between adjacent battery rows is not 
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effective compared to unidirectional airflow. It is to be noted that airflow between adjacent battery 

rows is different from the reciprocating airflow systems.   

Wang et al. (2014) studied the thermal performance of cylindrical batteries under various 

arrangements within the battery pack. The arrangements investigated were 5 × 5, 3 × 8, and 1 × 24 

arrays, 19 batteries in a hexagonal arrangement, and 28 batteries in a circular arrangement. In 

addition to this, various air inlet and exhaust locations were studied. The results concluded that the 

optimum cooling performance is when the inlet is placed at the top of the battery pack, and the 

exhaust is placed at the bottom of the battery pack. In terms of battery arrangements, the hexagonal 

structure offers the optimum space utilization in the battery pack, however, the cubic structure (5 

× 5 array) provides the best cooling within the battery pack.  

Unidirectional airflow normally has low-temperature uniformity at the battery and pack level. 

Within the battery pack, the batteries near the air inlet have low temperatures, and the batteries 

near the exhaust have high temperatures. This is due to the air’s heat extracting capacity gradually 

reducing as it extracts heat from the batteries one by one. At the battery level, the surface area at 

the windward side of the airflow interacts with a greater volume of air as compared to the surface 

area at the leeward side. This results in a temperature non-uniformity between the windward side 

and the leeward side of the battery. To counter this, and increase temperature uniformity, 

reciprocating airflow was developed and investigated by Mahamud and Park (2011). The results 

showed that 120 s is the optimum reciprocating interval to achieve 4 °C of the temperature 

difference between the minimum and maximum temperatures. Liu et al. (2015) also conducted a 

parametric study on the reciprocating airflow, and the results concluded that the air velocity should 

be 6 m/s, the reciprocation period 67.5 s, and the inlet temperature 10 °C to achieve a temperature 
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variation of 3.76 °C. However, the issue with reciprocating airflow is that it is an active system, 

and timing valves are incorporated into the BTMS, which increases the complexity of the system 

resulting in low reliability and high cost (Tong et al., 2016).  

Shahid and Agelin-Chaab (2018a) conducted numerical and experimental studies to develop a 

passive air-cooled BTMS to achieve the desired thermal performance. The results showed that the 

highest cooling and temperature uniformity is achieved when the inlet is placed at the top of the 

battery pack and the exhaust at the bottom of the battery pack. This conclusion also falls in line 

with studies in the open literature (Wang et al., 2014; Wang et al. 2015; Saw et al., 2017). A 

parametric study was then conducted to obtain the optimum dimension of the inlet plenum and to 

analyze the impact of increasing Reynolds number on thermal performance. The results concluded 

that the most effective Reynolds number was 7,440 (2018b). Additional passive techniques were 

developed that included vortex generators and jet inlets. These were incorporated into the battery 

pack to improve the airflow at the leeward side of the battery, and significant improvements were 

observed (2017). Furthermore, a numerical study was conducted to eliminate the secondary inlet, 

as it was observed to increase the volume of the battery pack. In order to achieve the desired 

cooling and temperature uniformity, the configuration of the jet inlet array and multiple vortex 

generators was enhanced. Through this, a temperature distribution of less than 5 °C was achieved 

(2019).  

Zhao et al. (2019) developed an air-cooling system by adding air tubes around every cylindrical 

battery and providing air to each of the tubes through an inlet orifice. This ensured that fresh air 

was available to each battery, thereby eliminating the issues of unidirectional flow. The results 

showed that with an inlet pressure of 100 Pa, orifice diameter of 1.5 mm, and discharge rate of 3 
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C, the maximum temperature reduced from 325.9 K to 305.7 K when compared with the no cooling 

condition. The temperature difference was also maintained within 3 K.  

2.5.2. Liquid Cooled BTMS 

Liquids generally have higher heat capacities and thermal conductivities when compared with air. 

Liquid cooling is categorized into direct and indirect BTMS. In direct BTMS, an electrically 

insulating liquid is used in direct contact with the batteries, and thermal management is very 

effective (Park & Jung, 2013; Patil et al., 2020; Dubey et al., 2021). However, the pumping power 

is greatly increased due to the increased viscosity of liquids relative to air. Moreover, a risk factor 

linked to the leakage of the liquid is high, especially in large battery packs. To counter these issues, 

the indirect BTMS was developed in which the liquid is constrained within cold plates. These cold 

plates are then placed in direct contact with the batteries (Panchal et al., 2017). Currently, cold 

plate usage is applicable to prismatic and pouch batteries as it easily embodies the rectangular 

shape of these batteries (Panchal et al., 2015, 2017). Furthermore, cold plates for cylindrical 

batteries were studied by Zhao et al. (2015), however, the complexity of the structure increased 

greatly due to the difficulty of manufacturing cylindrical cold plates.  

Rao et al. (2017) developed a liquid-cooled BTMS for cylindrical batteries using a variable-length 

aluminum block for each of the batteries. The liquid tubes ran through the entire length of the 

battery row, passing within the aluminum blocks. The results showed that when compared with 

uniform length aluminum block, the temperature uniformity increased by 6% for 1 mm length 

increment, 14% for 2 mm length increment, and 28% for 3 mm length increment.  

Zhao et al. (2019) developed various liquid cooling configurations for cylindrical batteries. 

Amongst them, two approaches showed considerable improvements in the temperature uniformity 
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of the battery pack and batteries. The first approach was shortening the liquid flow path by using 

multiple serpentine flow channels, and the second approach was increasing the contact surface 

area between the serpentine channel and the batteries along the streamwise direction. The 

temperature uniformity was maintained at less than 2.2 K by using the first approach and to less 

than 0.7 K by using the second approach.  

Li et al. (2021) developed a novel “fork” type mini-channel cold plate for prismatic batteries. The 

authors conducted a numerical study and compared the parallel flow and cross flow plates. The 

results were further optimized using multi-objective optimization, and it was found that cross flow 

plate achieved a better thermal performance by reducing the thermal resistance by 20.23% and the 

power requirements and pressure drop by 39.44%. This enhancement in the cooling ability is due 

to the formation of the eddies in the shunt channel and thereby increasing the mixing in the flow 

channel. The authors also concluded that to maintain the temperature uniformity within the 5 °C 

limit, a flowrate of 48 mL/s is required per cold plate.  

The mixing in the fluid flow is also studied numerically by Monika et al. (2021) using Tesla valves 

in a cold plate. The Tesla valve introduces reverse flow in a single channel that increases the 

mixing of the fluid flow and introduces turbulence in the flow. The results showed that a maximum 

temperature of 35.1 °C and a temperature difference of 0.35 °C can be achieved by varying the 

Reynolds number from 2500 to 5500.  

In addition to conventional fluids being used for liquid cooling, researchers have also used nano-

fluids to enhance the thermal properties of the working fluids. Sefidan et al. (2017) used water-

Al2O3 nano-fluid as the liquid medium, and various battery pack structures were examined. The 

results showed that the maximum temperature in the battery pack increased by 8 K above the inlet 
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temperature. The authors also reported that for the system to work effectively, certain measures 

need to be considered. A wired connection, if placed under the nano-fluid could be easily damaged 

and must be protected by using mini-channels. The nanoparticles can stick to each other and cause 

clustering, which significantly reduces the thermal performance of the nano-fluid. Finally, the 

boiling point of the nano-fluid and its container should be considered during the design process.  

The issue with liquid cooling is that it increases the weight of the system and the operating power 

of the system. The flow requirement of liquid cooled BTMS can go as high as 10 L/min (He et al., 

2017). The energy requirement to pump the liquid subsequently reduces the state of charge (He et 

al., 2017).  

2.5.3. Phase Change Material (PCM) Based BTMS 

The use of PCM as a cooling medium is a relatively recent development in BTMS compared to air 

and liquid. It extracts the heat from the batteries using the latent heat of the PCM. It was initially 

proposed by Al-Hallaj and Selman (2000). Javani et al. (2015) investigated the effects of PCM on 

square batteries. The results showed that by using PCM, temperature uniformity was achieved over 

the battery submodule. The PCM also kept the temperature of the batteries within the safe 

operating temperature. Rao et al. (2011) used the PCM to reduce the temperature of rapidly 

degrading batteries. It was found that the thermal conductivity increases as the melting temperature 

of the PCM decreases, resulting in a lower maximum temperature of the battery. Jiang et al. (2017) 

developed a tube-shell battery pack consisting of expanded graphite (EG) / paraffin composite 

PCM (CPCM). The results showed that the CPCM maintained the temperature within the range of 

41 to 44 °C during a 5 C discharge process. In comparison, for a forced air cooling with an air inlet 

velocity of 1 m/s, the battery temperatures reached 72 °C. The temperature uniformity was also 



29 

kept within the range of 1 to 2 °C with the CPCM. He et al. (2018) performed experimental studies, 

and the results showed that 7% of EG in a paraffin based CPCM was the optimum proportion. 

Additionally, the temperature difference using the CPCM was 2.82 °C compared to 14.49 °C of 

air-cooled BTMS. Hussain et al. (2018) developed a novel PCM, graphene coated nickel (GcN) 

foam saturated with paraffin. The thermal conductivity was enhanced by 23 times compared to 

pure paraffin. The temperature rise of the battery was reduced by 17% using GcN foam saturated 

with paraffin when compared to nickel foam at 1.7 A discharge current.  

Al-Zareer et al. (2017b) developed a thermal management system using propane (fossil fuel) as 

the PCM medium. This was developed specifically for hybrid electric vehicle (HEV) as the 

propane available to generate power for the HEV can be used as PCM during its storage stage. In 

this system, the cylindrical batteries are partially submerged in propane, which extracts heat from 

the batteries. This results in the boiling of the propane liquid. The vapors then extract heat from 

the rest of the top part of the batteries. The results from the study showed that at 8.5 bar pressure, 

5% of the battery needs to be submerged to maintain the battery temperatures below 39 °C for a 

discharge rate of 7.5 C for 600 s. Moreover, by submerging 30% of the battery in propane, the 

temperature is maintained below 34 °C. The results also showed that by increasing the pressure 

from 8.5 bar to 10 bar, the temperature uniformity of the battery increases; however, the maximum 

temperature also increases. Propane was also used for prismatic batteries by Al-Zareer et al. 

(2018a). The results concluded that with 5% submerged area and 8.5 bar pressure, the maximum 

temperature was maintained below 35 °C. This study was further developed by incorporating 

electrochemical modeling and performance evaluation of a new ammonia-based BTMS for electric 

and hybrid electric vehicles using ammonia instead of propane for ammonia-powered HEV. The 

results concluded that to maintain the temperature below 40 °C, the pressure must be set at 9 bar, 



30 

and the submerged area will be 5% (2017a). The challenge with this approach is that once the 

liquid evaporates and extracts heat from the top portion of the batteries, its heat extracting 

capability reduces. If another BTMS is not employed to extract heat away from the evaporated 

liquid, then this approach will subsequently fail after several charging/discharging cycles. Later, 

this method was developed for prismatic batteries in which the ammonia was placed under cooling 

tubes of the cold plate. The results of the study concluded that at 4 C discharging rate, the 

temperature was maintained below 28 °C with one tube within the cold plate. By increasing the 

number of tubes to 10, the maximum temperature was maintained below 25 °C, and the 

temperature variation was maintained within 3 °C (2018c). Another variation was developed by 

changing the fluid to R134a in order to be used by BEVs. The results showed that by submerging 

the battery 20% into the fluid, the temperature uniformity of 7 °C was achieved (2018b). The 

BTMS for prismatic batteries was further developed by using hydrogen as the cooling medium in 

a cold plate. The results concluded that by keeping the inlet temperature of hydrogen at 10 °C and 

inlet velocity of 0.01 m/s, the temperature was maintained under 30.5 °C. Additionally, the 

temperature uniformity was maintained below 7 °C (2018d).  

Zhao et al. (2017) coupled the PCM with heat pipes (HP) rather than using air or liquid to cool the 

PCM. The results showed that the maximum temperature was maintained below 50 °C for longer 

times. It was reduced by 33.6% by only adding the PCM to the battery pack. An additional 

reduction of 28.9% was achieved by coupling the PCM with HP. Additionally, the temperature 

uniformity was also maintained below 5 °C for longer in the PCM/HP BTMS. Jilte and Kumar 

(2018) also studied the flow of refrigerants to cool cylindrical batteries. The refrigeration cycle 

was employed, and the results showed that the systems maintained the maximum temperature 
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below 35 °C at an extreme ambient temperature of 40 °C. However, for this system to work, the 

refrigerant should be monitored closely to not reach its superheated state in its flow path through 

the battery pack. Panahi et al. (2021) also worked on heat pipes by developing micro heat pipe 

arrays. The study showed that the orientation of the heat pipe array plays a vital role in the thermal 

performance of the system. With the condenser placed at a lower position (also known as the 

positive angle), the temperature rises to unacceptable levels. At the same time, the performance of 

the system improves with negative angles and when the capillary forces are aligned with gravity.  

PCM is still not widely used within the industry due to its limitations in the overall heat transfer 

coefficients. This issue arises when a secondary cooling system is required to extract the heat from 

the PCM itself once its latent heat absorption capacity is utilized.  

2.5.4. Hybrid BTMS 

To overcome the restrictions imposed by pure air cooling or liquid cooling BTMS, a hybrid system 

is introduced and developed by researchers. Saw et al. (2018) conducted a study to introduce mist 

cooling into the battery pack. The results showed that to keep the battery surface temperature below 

40 °C, 3% mist and 5 g/s mass flowrate is required. Wang et al. (2017) placed cold plates at the 

base of the cylindrical batteries. The air is recycled in the battery pack case using a fan for 

recirculation. The structure with the fan placed under the cold plate resulted in a fully developed 

flow field. Compared with traditional battery pack cooling methods, the maximum temperature 

was reduced by 3.45 K, and the temperature uniformity coefficient increased by 2.42 times.  

Ling et al. (2015) developed a hybrid system by combining EG/paraffin PCM with forced-air 

cooling. An optimization study was conducted through which the mass of the PCM was reduced 

by 94.1% and the volume by 55.6%. The results also showed that for a battery pack with 20 Li-
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ion cylindrical batteries, the maximum temperature was limited to 37 °C and the temperature 

uniformity to less than 3 °C. Wei and Agelin-Chaab (2018, 2019) conducted an experimental study 

by combining water evaporation, convective, and conductive effects. The water flows through 

capillary action within channel strips placed between the batteries. Airflows axially and is cooled 

by flowing over the channel strips. This allows the air to regain its heat extracting capacity from 

the batteries towards the exhaust of the battery pack. The developed hybrid BTMS showed an 

improvement of 56% in temperature uniformity and 20% in battery pack cooling.  

Shahid and Agelin-Chaab (2021) conducted a study in which a hybrid technique was developed 

by adding liquid jackets to each of the batteries. The liquid within the jacket was in direct contact 

with the batteries. A numerical study was conducted with the inclusion of vortex generators, and 

jet inlet arrays developed earlier (Shahid & Agelin-Chaab, 2017, 2018a, 2018b, 2019) to distribute 

the airflow. The results showed a substantial increase in temperature uniformity. The temperature 

difference was reduced at the pack level to 1.26 °C and at the battery level to 0.36 °C. Zhang et al. 

(2019) developed a hybrid BTMS by combining PCM and liquid cooling. A cold plate was placed 

at the base of the cylindrical batteries, and the liquid was passed axially through the cold plate. 

The results showed that under cyclic working conditions, the maximum temperature of the battery 

was maintained below 50 °C and the temperature uniformity was within 3.4 °C. Additionally, Chen 

et al. (2021) conducted experimental studies on prismatic batteries by combining liquid cooling 

with PCM cooling. A reasonable agreement is required between the flowrate of the liquid and the 

thickness of the PCM is required to achieve an optimum thermal performance of the system. Based 

on the results of their study, this was achieved by setting the liquid flowrate as 54 mL/min and the 

thickness of PCM as 0.65 mm. Using these values, the maximum temperature reached by the 

batteries was 34.8 °C and the temperature uniformity was within 1 °C.  
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Table 2.3: Summary of research on BTMS. 

Cooling 
Medium 

Battery 
Shape 

Type of 
Study Major Findings References 

     

Air Cylindrical Numerical 
Batteries arranged in aligned 

structure are better compared to 
staggered structure. 

(Fan et al., 2019; 
Yang et al., 2015) 

     

Air Cylindrical Numerical & 
Experimental 

Cubic structure of cells provides 
optimum cooling. 

(Wang et al., 
2014) 

     

Air Cylindrical Numerical 
~4 °C of temperature uniformity 
is achieved using reciprocating 

airflow. 

(Mahamud & 
Park, 2011; Liu et 

al., 2015) 
     

Air Cylindrical Numerical & 
Experimental 

Highest cooling is achieved with 
inlet placed at the top and exhaust 

at the bottom. 

(Wang et al., 
2014, 2015; Saw 

et al., 2017; 
Shahid & Agelin-

Chaab, 2018a;) 
     

Air Cylindrical Numerical & 
Experimental 

Temperature uniformity of <5 °C 
is achieved by adding vortex 

generators and jet inlets in the 
unidirectional airflow. 

(Shahid & 
Agelin-Chaab, 

2017, 2019) 

     

Air Cylindrical Numerical & 
Experimental 

Temperature uniformity of 3 °C 
is achieved by adding air tubes 

around every battery. 

(Zhou et al., 
2019) 

     

Liquid Cylindrical Numerical 

Temperature uniformity of < 5 °C 
is achieved by using a variable 
aluminum block with a 3 mm 
gradient of linear relationship. 

(Rao et al., 2017) 

     

Liquid Cylindrical Numerical 
Temperature uniformity of 0.7 °C 

is achieved by increasing the 
contact surface area of batteries. 

(Zhao et al., 
2019) 

     

Liquid Prismatic Numerical 

“Fork” type cold plate is 
developed. It requires flowrate of 

48 mL/s to achieve < 5 °C 
temperature uniformity. 

(Li et al., 2021) 
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Liquid Prismatic Numerical 
Mixing the liquid using Tesla 
valves improves cooling and 

temperature uniformity. 

(Monika et al., 
2021) 

     

Liquid Cylindrical Numerical 

To use nano-fluids the clustering 
should be avoided, wires should 
be protected, and boiling point of 

the nano-fluid should be 
considered. 

(Sefidan et al., 
2017) 

     

PCM Cylindrical Experimental 
7% of EG in a paraffin-based 

CPCM is the optimum 
proportion. 

(He et al., 2018) 

     

PCM Cylindrical Experimental 

Novel PCM, graphene coated 
nickel (GcN) foam saturated with 
paraffin is developed, which has 

a 23 times greater thermal 
conductivity compared to pure 

paraffin. 

(Hussain et al., 
2018) 

     

PCM 
Cylindrical 

& 
Prismatic 

Numerical 

Novel strategy is developed using 
liquid PCM including propane, 

ammonia, R134a, and hydrogen. 
Various combinations of 

pressure, temperature, and 
volume of liquid are required to 
maintain the optimum operating 

temperatures. 

(Al-Zareer et al., 
2017a, 2017b, 
2018a, 2018b, 
2018c, 2018d) 

     

PCM Cylindrical Numerical 
To use refrigerants for cooling 
the superheated state should be 

avoided. 

(Jilte & Kumar, 
2018) 

     
Hybrid 
(Mist 

Cooling) 
Cylindrical Numerical 

3% mist and 5 g/s mass flowrate 
is required to maintain 
temperature < 40 °C. 

(Saw et al., 2018) 

     

Hybrid 
(Air & 
Liquid) 

Cylindrical Experimental 

Novel strategy is developed by 
combining water evaporation, 

convective, and conductive 
effects. 

(Wei & Agelin-
Chaab, 2018, 

2019) 
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Hybrid 
(Air & 
Liquid) 

Cylindrical Numerical 

Liquids jackets were added to 
each battery and passive air-

cooling techniques were used to 
achieve 1.3 °C temperature 

uniformity. 

(Shahid & 
Agelin-Chaab, 

2021) 

     

Hybrid 
(Liquid 
& PCM) 

Prismatic Experimental 

Temperature uniformity of 1 °C 
is achieved by setting the liquid 
flowrate to 54 mL/min and PCM 

thickness to 0.65 mm. 

(Chen et al., 
2021) 
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2.6. Thermal Runaway Mitigation  

There have been various research and developments for the Li-ion BTMS designs to prevent 

thermal runaway. However, there are still chances of thermal runaway occurrences (Hallaj & 

Selman, 2000; He et al., 2017; Saw et al., 2018). Therefore, mitigation strategies are required to 

contain and reduce the damage when thermal runaway occurs.  

2.6.1. Thermal Runaway Mitigation Mechanism 

Thermal runaway in a battery pack can lead to fire hazards. The fire occurs when the mixture of 

battery fuel and oxidizer is exposed to high heat sources. The combustion can be halted through 

the following mechanisms: 

• shielding the fuel mixture from the oxygen, 

• interrupting the reactions causes combustion, 

• segregating the fuel mixture from the ignition area, 

• reducing the temperature of the fuel mixture below the flash point of the mixture, 

• removing the thermal runaway gases from the high temperature areas.  

There are five types of basic extinguishants used to extinguish battery fires. These include water, 

foam, carbon dioxide, powder/dry powder, and halon based extinguishants. The most cost-

effective method is the use of water based extinguishants (Farrington, 2001; Reif et al., 2010). The 

latent heat of evaporation and the high heat capacity of water is advantageous in eliminating battery 

pack fires. There are four different types of water based extinguishants; water jet, water spray or 

sprinkler, water with added surfactants, and water mist. The water jet applies a jet stream of water 

to the battery directly. Water spray or sprinkler forms water droplets. Each droplet is surrounded 
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by air which reduces the risk of short circuits when applied to electrical components. The droplets 

should have enough momentum so that they can penetrate the fire plume and interact with the 

burning surface. Water mist consists of water droplets that are smaller than that from the spray. 

These smaller droplets have a larger ratio of surface area to volume, which result in increased heat 

absorption. Finally, surfactants in the water reduce the surface tension of water, increasing the 

efficacy of the extinguisher by coating the burning materials and cooling them. However, water is 

an electrical conductor and can cause ESC in the battery, which can result in the propagation of 

thermal runaway (Ghiji et al., 2020).  

Foam-based extinguishants use foam to place a battier between the high temperature surface and 

flammable vapors/gases. However, to be effective, the foam must completely cover the surface of 

the battery and eliminate any air to pass through the foam barrier and ignite. Powder-based 

extinguishers chemically alter the reactions causing the fire. This method does not provide any 

form of cooling, and therefore, it has a high risk of re-ignition of the fuel. Carbon dioxide based 

extinguishers replace oxygen with carbon dioxide and are safe to use in electrical components. 

However, due to its low cooling capacity, it is not considered the ideal extinguishant. Additionally, 

if used in closed enclosures, it can cause breathing issues for the occupants of the enclosure. Halon 

based extinguishers also chemically interrupt the fire reactions and do not leave residuals behind. 

However, similar to powder-based extinguishers halon-based extinguishers do not provide any 

form of cooling. Moreover, halons, when exposed to the environment, cause global warming, and 

deplete the ozone layer (Ghiji et al., 2020).   
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2.6.2. Thermal Runaway Mitigation Strategies 

One of the important mitigation strategies is to develop fire extinguishing methods to suppress the 

Li-ion battery fires. Recently, gas extinguishing agents have been used to suppress battery fires. 

These extinguishing agents include dodeca-fluoro-2-methylpenttan-3-one (C6F12O), hepta-

fluoropropane (HFC-227ea), and carbon dioxide (CO2) (Rao et al., 2015; Wang et al., 2015, 2018; 

Liu et al., 2018). These agents can rapidly extinguish the flames without initiating electrical fire. 

Wang et al. (2015) examined the effect of HFC-227ea. It was found that the agent was able to 

quickly extinguish the fire, however, the temperature did not decrease as the exothermic reactions 

were still in progress. This resulted in re-ignition of the batteries. Liu et al. (2018) examined the 

effects of C6F12O extinguishing agent, and the results showed that the fire was extinguished 

quickly without re-ignition of the battery. However, the cooling was insufficient, and the 

temperature was very high. This high temperature could cause thermal runaway propagation to 

neighboring batteries as well.  

Some studies have found that water and aqueous agents have the potential to extinguish fires and 

improve the cooling effect on Li-ion batteries (Larsson et al., 2014; Blum & Long, 2015; Zhu et 

al., 2018; Liu et al., 2020; Xu et al., 2020; Zhang et al., 2021). Zhang et al. (2021) examined the 

effects of water spray (mist cooling) on the thermal runaway of Li-ion batteries. The results 

concluded that it could effectively extinguish the fire and reduce the surface temperature of the 

batteries as well. To prevent the propagation of the thermal runaway 20.8 g W/h consumption was 

required. Similarly, a study by Liu et al. (2020) found that to prevent thermal runaway propagation 

in 18650 cylindrical batteries, water consumption of 0.195 g W/h is required. Xu et al. (2020) 

conducted a study on mist cooling as well. It was found that the water spray can reduce the 

maximum temperature of the battery by 133 °C. This was a superior agent in terms of cooling 
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when compared with the CO2 and HFC-227ea extinguishing agents. Zhu et al. (2018) also 

conducted a similar study and found that by adding a ratio of surface-active agents to the water 

spray, the temperature can reduce rapidly, and the fire extinguishing time can be greatly reduced. 

Liu et al. (2019) conducted an experimental study on water mist cooling of Li-ion batteries at 

various SOC. The results concluded that the thermal runaway could be controlled and contained if 

the water spray was released before the battery temperature reached the critical temperature. The 

critical cooling rate of water mist is 1.87 times the critical heating rate at 25% SOC, whereas, at 

100% SOC, this rate goes up to 4.98 times. However, once the critical temperature is reached, the 

results show that thermal runaway is unstoppable.  

Mist cooling can be effective in containing thermal runaway fires; however, its drawbacks were 

outlined in the study conducted by Larrson et al. (2014). It was reported for prismatic Li-ion 

batteries that when the power of the fire is small, then water mist is very effective in reducing the 

maximum temperature of the battery and extinguishing the fire. But when the power of the fire is 

large, then due to the generation of a thermal plume, it is difficult for the water mist particles to 

penetrate the smoke and reach the fire base. To counter this problem, Zhang et al. (2020) combined 

the gas extinguishing agent, C6F12O, CO2, and HFC-227ea, with water mist to contain thermal 

runaway. The results showed that the combination of C6F12O and water mist provided the optimum 

cooling of the battery and extinguishing of the fire. Additionally, when considering the economic 

benefits, then CO2 combined with water mist was the best choice.  

Various research has also been conducted on the application of PCM to contain thermal runaway 

(Wu et al., 2017; Zhi & Jian, 2020; Zhang et al., 2021). Weng et al. (2019) used PCM with aerogel 

to contain thermal runaway in battery packs. Multiple experiments were performed by the authors 

to investigate the dissipation capacity of heat and thermal insulation capacity. The results 
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concluded that PCM with EG extinguished the flame effectively and reduced the maximum 

temperature of the battery; however, the thermal runaway propagation accelerated. Implementing 

the aerogel felt results in better thermal performance as it delays the thermal runaway propagation. 

Moreover, the aerogel felt is better at thermal insulation when compared to aerogel powder. The 

drawback is that it marginally reduces the maximum temperature of the battery. A combination of 

the PCM and aerogel provides better mitigation of thermal runaway by delaying the propagation 

by 173 s.  

Wilke et al. (2017) used PCM to mitigate thermal runaway during nail penetration. In scenarios 

where the short circuit between parallel batteries was not induced by nail penetration, a gap of 2 

mm was sufficient between the batteries. In this case, the temperature of the neighboring battery 

reached 189 °C, which is still at dangerous levels. By using the PCM, the temperature of the 

neighboring battery was reduced to 109 °C. Even with a short circuit, by using the PCM, the 

temperature of the neighboring battery was maintained below 120 °C, thereby containing thermal 

runaway propagation. Kshetrimayum et al. (2019) integrated PCM with cold plates for cylindrical 

cell battery packs to mitigate thermal runaway. The results concluded that to prevent heat 

propagation to the neighboring batteries, a 3.9 L/min flowrate of water and counter-current flow 

between the cold plates was required.  

Weng et al. (2022) developed and experimentally studied CPCM with flame retardant additives, 

as majority of the PCM currently used are flammable and can burn in thermal runaway scenarios 

where fire occurs. Due to a higher mass fraction of flame-retardant additives in the PCM, the 

cooling performance is reduced. However, the flame-retardant additives are capable of reducing 

the heat release rate of the batteries and delaying the ignition once thermal runaway occurs.  
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Mohammed et al. (2019) designed a cooling plate for prismatic batteries with a staggered pin 

arrangement to disperse the coolant over the surface of the cooling plate. The coolant used in the 

cooling plate is 60% ethylene glycol mixed in water. With an inlet temperature of 20 °C, the 

surface temperature of the battery can be maintained below 25 °C with a flowrate of 0.2 L/min. 

However, during thermal runaway, the flowrate needs to be increased to 30 L/min to contain it.  
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2.7. Gaps in the Literature 

Extensive research has been conducted in developing advanced battery thermal management 

strategies for preventing and mitigating thermal runaway. In industry, currently, liquid cooling is 

being used in BEVs with cylindrical cells. The power requirements for pumping liquid through 

the battery pack are high. This power requirement is fulfilled by the battery pack, thereby reducing 

the range of the BEV. Additionally, the cooling pipes usually run in series through the cells in the 

battery pack. This can result in temperature non-uniformity in the battery pack as the cells near the 

inlet of the cooling pipe are cooler compared to cells near the outlet of the battery pack. Moreover, 

a secondary cooling system is required to remove heat from the liquid coolant. On the contrary, 

PCM cooling is effective at improving the temperature uniformity of the battery pack by using the 

latent heat, however, a secondary liquid cooling system is required to remove the heat from the 

PCM once the latent heat is completely used up. This increases the weight as well as the power 

requirements of the system. Finally, air cooling has the lowest weight and power requirements, 

however, it has limitations due to low thermal capacity and low heat transfer rates. To overcome 

these challenges with individual cooling systems, research is being conducted into hybrid cooling 

systems. Evaporative cooling systems that introduce water vapors in the airflow have shown 

promising results during the normal operations of the batteries (Wei & Agelin-Chaab, 2018, 2019). 

Even though these systems reduce the power requirements of the system, the temperature non-

uniformity is not significantly reduced when applied to a large number of cells as these are series 

systems. Therefore, research needs to be conducted on hybrid cooling strategies that are capable 

of reducing the power requirements of the cooling system and simultaneously maintaining the 

temperature of the cells within the optimum operating range to improve temperature uniformity 

both at the cell and pack levels.  
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CHAPTER 3:     METHODOLOGY 

This chapter presents the proposed hybrid thermal management strategies followed by various 

proposed configurations based on the hybrid strategies. This is followed by the experimental and 

numerical techniques. The experimental setups are given that clarify the types of equipment that 

were utilized, followed by the procedures adopted to conduct successful experiments. Two 

different types of experiments were undertaken. In the first experiment, a single Li-ion cell was 

used to measure the heat flux at the surface of the cell. In the second experiment, the battery module 

was manufactured, and the temperature measurements were obtained. An uncertainty analysis is 

conducted to record the errors and uncertainties in the experimental equipment. Finally, the 

numerical methodology is described that includes the governing equations, mesh generation and 

the boundary conditions used for all the studies. The contents of this chapter have been partially 

taken from the candidate’s published work (Shahid & Agelin-Chaab, 2023a, 2023b, 2023c, 

2023d). 
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3.1. Proposed Hybrid Thermal Management Strategies 

Based on the objectives set in Section 1.3, novel hybrid thermal management strategies are 

designed and developed. The strategies consist of a combination of air cooling, liquid cooling, and 

PCM cooling systems. PCM is considered as the primary coolant whereas liquid and air are 

considered as the secondary coolants. The strategies are described in the following sub-sections. 

In order to develop the strategies, the following design considerations and assumptions are 

considered: 

• The battery module should have a high temperature uniformity.  

• The fluid pumping power should be eliminated.  

• It should have modularity for scalability.  

• Airflow through the duct is incompressible and the temperature of air at battery module 

inlet is at ambient temperature.   

• The fluid in liquid cooling is incompressible and the temperature of the fluid at the start of 

the discharge process is at ambient temperature.  

• There is no leakage of fluid from liquid cooling components.  

• The battery module is kept at atmospheric pressure.   

3.1.1. Strategy 1: Liquid Channels  

Strategy 1 is designed as shown in Figure 3.1. The fluid is placed in a reservoir that sits at the base 

of the module. Liquid channels are connected to this reservoir. The cells are placed above the 

liquid reservoir. The PCM is filled into the empty cavity surrounding the cells and liquid channels. 

Finally, an air duct is placed on top of the cells and PCM through which the airflows.  
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Strategy 1 will work in three stages. In the first stage, the heat generated from the cells is absorbed 

by the PCM material using latent heat during the phase change process. In the second stage, the 

heat from the PCM is extracted by the fluid within the liquid channels. In the third stage, the 

airflow within the air duct then removes any vapors from the battery module into the environment 

and cools the fluid in the liquid channels. The fluid in the channel will also be topped up through 

capillary action if required.  

 
Figure 3.1: Three-dimensional (3D) schematic of proposed hybrid thermal management strategy 1. 

3.1.2. Strategy 2: Cold Plates  

Strategy 2 is designed by modifying Strategy 1 as shown in Figure 3.2. The liquid reservoir and 

channels are replaced with a cold plate. The fluid is enclosed and sealed within the cold plate. The 

PCM is filled into the empty cavity surrounding the cells and the cold plates. Finally, the placement 

of the air duct is the same as in Strategy 1. However, in Strategy 2 the cold plate protrudes into the 

air duct.  
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Strategy 2 will also work in three stages. In the first stage, the heat generated from the cells is 

absorbed by the PCM material using latent heat during the phase change process. In the second 

stage, the heat from the PCM is extracted by the fluid within the cold plate. In the third stage, the 

heat within the fluid is extracted through air cooling within the air duct. Since the fluid is enclosed 

within the cold plate therefore, the fluid selection is not limited to environmentally friendly fluids. 

Moreover, there is no consumption of the fluid in this strategy, which eliminates the requirement 

of the reservoir and the pump.  

 
Figure 3.2: 3D Schematic of proposed hybrid thermal management strategy 2. 
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3.2. Battery Module Configurations  

The proposed strategies in Section 3.1 are utilized to develop the configurations for the battery 

module. Each battery module consists of nine commercial cylindrical 18650 Li-ion cells. The 

specification of the cell is provided in Table 3.1. The primary PCM is paraffin as its phase change 

temperature is suitable for Li-ion cells, it is non-toxic and non-corrosive, and it has a high latent 

heat capacity and chemical stability (Mishra et al., 2022). The configurations are developed 

according to the specific studies and are provided in the sub-sections below. 

Table 3.1: Samsung INR18650-25R cell specifications (SSDICo., 2014). 

Parameters Specifications 

  
Nominal discharge capacity (mAh) 2,500 
Nominal voltage (V) 3.6 
Standard charge (A) 1.25 A, (0.125 A cut-off) 
Maximum continuous discharge (A) 20 
Discharge cut-off voltage (V) 2.5 
Cell weight (g) 45 
Cell height (mm) 65 
Cell diameter (mm) 18 
Cathode material LiNiMnCoO2 
Anode material Graphite 
  

 

3.2.1. Feasibility Study of Strategy 1 

In order to establish the feasibility of the proposed Strategy 1 three types of configurations are 

developed and investigated. The baseline battery module configuration (BM1) is a passive 

configuration and consists of cylindrical cells that are surrounded by paraffin (PCM), as shown in 

Figure 3.3. The material properties of air, water, and paraffin are shown in Table 3.2. This 
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configuration is purely based on PCM cooling with no additional form of liquid and air cooling to 

take the heat away from the PCM.  

Table 3.2: Material properties of air, water, and paraffin (Peng et al., 2022). 

Material Properties Air Water Paraffin 

    
Density (kg/m3) 1.225 998.2 880 
Specific Heat (J/kg.K) 1,006 4,182 2,150 
Thermal Conductivity (W/m.K) 0.0242 0.6 0.21 
Viscosity (kg/m.s) 0.000018 0.001003 0.00312 
Latent heat (J/kg) - 334,000 245,000 
Solidus Temperature (K) 58 273.15 303.15 
Liquidus Temperature (K) 61 273.15 305.15 
    

 
Figure 3.3: (a) Top view and (b) A-A section view of BM1 computer aided-design (CAD) model. 

For configuration BM2, BM1 has been modified to a hybrid BTMS by introducing liquid channels 

in between the cell columns and rows, as shown in Figure 3.4. The liquid used in these channels 

is water, and the physical properties of the water are provided in Table 3.2. In BM2, the liquid 

within these channels is stationary. 
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Figure 3.4: (a) Top view and (b) A-A section view of BM2 CAD model. 

For configuration BM3, BM2 has been modified, and an air duct is added at the top of the battery 

pack as shown in Figure 3.5. The properties of air are provided in Table 3.2. BM3 is the true 

representation of Strategy 1 described in Section 3.1.1. 
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Figure 3.5: (a) Isometric view, (b) top cross-section view, (c) A-A section view, and (d) B-B section view 

of BM3 CAD model. 

3.2.2. Comparison Study of Configurations of Strategy 1  

In order to further evaluate the proposed Strategy 1, three distinct battery module configurations 

of configuration BM3 are developed. In all three configurations, the PCM surrounds the cells and 

is in direct contact with the surface of the cells. An outer case of the battery pack ensures that the 
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PCM stays within the bounds of the battery pack. An air duct is placed at the top of the cells, and 

a liquid reservoir is placed at the bottom of the cells. The first configuration (BM3-C1) is shown 

in Figure 3.5 and is described in Section 3.2.1 The liquid channels in this configuration are placed 

in between the PCM material and run vertically from the liquid reservoir to the air duct.  

The second configuration (BM3-C2) is shown in Figure 3.6. In this configuration, the location of 

the liquid channel is modified. A portion of the liquid is connected directly to the cells. The rest 

of the portions are connected to the PCM. This configuration allows the liquid to extract heat from 

the cell and the PCM simultaneously.  

 
Figure 3.6: CAD model for BM3-C2: (a) top view, (b) A-A section view. 

The third configuration (BM3-C3) is shown in Figure 3.7. The liquid channels are simplified by 

connecting them from one cell to the subsequent cell. This is a simpler form of BM3-C2 and should 

allow enhanced heat transfer from the cell to the liquid and the PCM as well. For comparison, the 

volume of liquid used in all three instances was kept the same by modifying the dimensions of the 

liquid channels. 
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Figure 3.7: CAD model for BM3-C3: (a) top view, (b) A-A section view. 

3.2.3. Comparison Study of Primary Cooling Mediums in Strategy 1 

This study is conducted to compare the impact on the thermal performance of the battery module 

by considering different primary cooling mediums. Three different configurations were developed 

for this study to compare the PCM and liquid cooling mediums. The primary cooling medium in 

BM3-C1 is the PCM as described previously and the properties of the PCM are provided in Table 

3.2. Since the phase change temperature of PCM used in BM3-C1 is low and at higher ambient 

temperatures it will easily melt therefore, for BM3-C4, a different PCM was used with a higher 

phase change temperature. The properties of this PCM are provided in Table 3.3. In the final 

configuration (BM3-C5), the primary cooling medium used is Poly-Alpha-Olefin (PAO), which is 

an electrically insulating fluid. Since the primary cooling medium is in direct contact with the 

surface of the cells, therefore, an electrically insulating fluid is required. Additionally, PAO has a 

low density and high thermal conductivity and specific heat compared to other electrically 

insulating fluids available in the market (Roe et al., 2022). It is to be noted that in all configurations, 

the secondary cooling mediums were water and air.  

(a) (b)
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Table 3.3: Material properties of Paraffin (BM3-C4) and PAO (BM3-C5) (Roe et al., 2022). 

Material Properties Paraffin (BM3-C4) Poly-Alpha-Olefin (BM3-C5) 

   
Density (kg/m3) 880 800 
Specific Heat (J/kg.K) 2,150 2,241 
Thermal Conductivity (W/m.K) 0.21 0.14 
Viscosity (kg/m.s) 0.00312 0.0051 
Latent heat (J/kg) 245,000 - 
Solidus Temperature (K) 315.15 204 
Liquidus Temperature (K) 317.15 204 
   

 
3.2.4. Development of Strategy 2 and Comparison with Strategy 1 

Strategy 2 (BM4-C1) was developed by modifying Strategy 1 (BM3-C1) and is shown in Figure 

3.8 (a) and (b). The circular liquid channel in between the PCM was changed to the rectangular 

cold plate, which is completely filled with fluid and protrudes in the air duct. This cold plate is 

sealed and closed from all sides so that there is no leakage of fluid. Two of these cold plates are 

placed in between each cell row in the longitudinal direction such that the larger surface area of 

the protrusion in the air duct is in line with airflow. The working principle behind this strategy is 

similar to Strategy 1, with a few key differences. The initial stage is the same as the PCM will 

extract heat from the surface of the cells. In the intermediary stage, the fluid within the cold plates 

will extract heat from the PCM. In the final stage, rather than removing fluid vapors from the 

system, the air will pass over the protruded cold plate and will be used to cool the fluid within it. 

For comparison purposes, the volume of fluid within the liquid channels in Strategy 1 (BM3-C1) 

and cold plates in Strategy 2 (BM4-C1) was kept the same. Since the fluid in this strategy is sealed, 

therefore, no pumping power is required to top up the fluid, which eliminates the requirement for 

a fluid pump and reservoir.  
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BM4-C1 was further modified to develop an alternate configuration of Strategy 2 (BM4-C2) and 

is shown in Figure 3.8 (c) and (d). The geometry of the cold plate was changed so that it could be 

placed in between each cell column as well. As shown in Figure 3.8 (d), the cold plates are all 

connected to each other, and the fluid within this is considered a single body of fluid. The 

protrusion of the cold plate within the air duct is, however, the same as Strategy 2, as shown in 

Figure 3.8 (c). Due to a single fluid body, the same protrusion geometry will allow the fluid in 

between the columns to cool as well. The working principle for BM4-C2 is identical to BM4-C1. 

Since BM4-C2 is an improvement of BM4-C1 therefore, the volume of fluid was increased at the 

expense of PCM volume.  

 
Figure 3.8: (a) Isometric view and (b) top cross-section view of BM4-C1; (c) isometric view and (d) top 

cross-section view of BM4-C2. 
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3.2.5. Addition of Property Enhancing Materials to Paraffin based PCM in Strategy 2 

Pure paraffin usually has a low thermal conductivity, as can be seen in Table 3.2 and Table 3.3. In 

order to improve the cooling of the Li-ion batteries, researchers have worked on increasing the 

various properties of paraffin, including thermal conductivity, using different types of property 

enhancing materials (PEM). These PEM include expanded vermiculite, graphene oxide, carbon 

foam, copper foam, porous graphite foam, and expanded graphite. A review study by Mishra et al. 

(2022) has reviewed paraffin based PCM equipped with various PEM for the past 17 years that 

were developed by researchers. For this study, different types of CPCM were selected that could 

be applied to the developed strategies based on their thermal conductivity and solid to liquid phase 

change temperature. The thermal conductivity of the selected CPCM ranges from low to high, as 

provided in Table 3.4.  

Table 3.4: Thermal properties of CPCM with a paraffin base and different types of PEM (Mishra et 
al., 2022). 

PEM 
(Composition%) 

Thermal 
Conductivity 

(W/m.K) 

Latent heat 
(J/kg) 

Phase Change 
Temperature 

(°C) 

    
CPCM-1 - Expanded Vermiculite (33) 0.545 135,500 48.00 
CPCM-2 - Graphene Oxide (51.7) 0.985 63,760 53.57 
CPCM-3 - Carbon Foam (-) 1.198 164,980 52.10 
CPCM-4 - Copper Foam (2.7) 3.11 170,400 42.24 
CPCM-5 - Porous Graphite Foam (20) 4.98 142,000 51.40 
CPCM-6 - Expanded Graphite (25) 14.7 168,100 43.00 
    

It can be seen from Table 3.4 that by adding different types of PEM to paraffin the thermal 

conductivity, latent heat, and phase change temperature changes simultaneously. Therefore, actual 

CPCM was considered for this study rather than artificially changing a thermal property and 



56 

examining the effects of it. Additionally, it can be seen that by adding PEM to paraffin the latent 

heat reduces as the latent heat of pure paraffin is 245 kJ/kg (Table 3.2) whereas, the highest latent 

heat is of CPCM-4 with 170.4 kJ/kg.  

3.2.6. Increasing the Thermal Conductivity of Water through Nanoparticles 

The fluid within the cold plate is required to remove heat from the PCM. Hence, thermal 

conductivity is one of the defining factors for the amount of heat removal. A high thermal 

conductivity will result in increased heat removal from the PCM. To study this, two configurations 

are devised. BM4-C3 is developed by modifying BM4-C2. In this, the PCM material has been 

changed to CPCM-4 (paraffin base combined with copper foam) and water is still used as the fluid. 

For the second configuration BM4-C3 is modified to BM4-C4 by changing the fluid to water 

combined with nanoparticles. In order to select the nanoparticle recent studies in open literature 

were reviewed (Corasaniti et al., 2021; Ghasemi et al., 2021; Jabbari et al., 2021; Pourrajab et al., 

2021; Bioucas et al., 2022; Amburi et al., 2023) and it was found that 0.04% of silver and 0.16% 

multi-walled carbon nano-tubes combined with water base (H2O-AG-MWCNT) provided the 

highest thermal conductivity of 0.92 W/m.K at 42.24 °C (Pourrajab et al., 2021). 42.24 °C was 

selected as it is the phase change temperature of CPCM with copper foam. 

3.2.7. Parametric Study on the Volume of Paraffin based CPCM Combined with Copper Foam 

This parametric study is conducted with the objective of reducing the amount of the CPCM-4 in 

the battery module as this will assist in reducing the volume of the CPCM-4 resulting in a feasible 

size of the battery module. For this study, BM4-C3 was used to develop six test configurations. 

The parameter under investigation is the volume of CPCM-4. The details are provided in Table 

3.5 and Figure 3.9. The first five configurations were developed by reducing the amount of CPCM-
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4 that is in between the cells and the module housing as shown in Figure 3.9 (a) to (e). For the 

sixth configuration the amount of CPCM-4 between the cell and the cold plate was reduced as 

shown in Figure 3.9 (f).  

 
Figure 3.9: Schematic of Test Configuration No. (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, and (f) 6 (Note: All 

dimensions are in mm). 

(a) (b)

(c) (d)

(e) (f)
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Table 3.5: Total volume of CPCM-4 in developed test configurations. 

Test Configuration No. CPCM-4 Volume (mm3) Volume Difference (%) 

   
1 116,438.00 - 
2 100,871.00 13.4 
3 93,270.20 7.5 
4 85,791.60 8.0 
5 78,435.00 8.6 
6 58,485.51 25.4 
   

 
3.2.8. Parametric Study on the Inlet Size of Battery Module 

The objective of this parametric study is to find the feasible inlet size of the air duct in the battery 

module. The inlet width is dependent on the volume of the CPCM-4. Based on the dimensions of 

test configuration 6 the inlet width is 60 mm, and the height is 10 mm. Since the width is fixed, 

therefore, to reduce the size of the air duct the parameter under investigation in this study is the 

height of the air duct. It was varied as shown in Table 3.6. With the reduction in the cross-section 

area of the inlet, the velocity increased in order to keep the same Reynolds number of 1950.  

Table 3.6: Variation of the air duct inlet height in developed test configurations. 

Test Configuration No. Height of Air Duct Inlet (mm) Inlet Velocity (m/s) 

   
6 10 2.17 
7 8 2.53 
8 6 3.12 
9 4 4.31 
10 2 7.87 
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3.2.9. Parametric Study on the Airflow Reynolds Number 

In addition to determining the feasible size of the battery module, there is a need to determine the 

feasible Reynolds number which is obtained through this parametric study. The general intuition 

is that as the airflow Reynolds number increases, the cooling and temperature uniformity will 

increase. However, a compromise is needed as one of the objectives of this research is to reduce 

the amount of fan power which is directly dependent on the airflow Reynolds number. Therefore, 

this parametric study is conducted, and the parameter under investigation is the Reynolds number 

for this study. The details of the developed test configuration are provided in Table 3.7. The initial 

test configuration 8 was selected from the previous parametric study of inlet size. This test 

configuration was then modified with varying Reynolds number from 0 to 31,200.    

Table 3.7: Variation of Reynolds number in developed test configurations. 

Test Configuration No. Reynolds Number Inlet Velocity (m/s) 

   
8 1,950 3.12 
11 0 0 
12 243.75 0.39 
13 487.5 0.78 
14 975 1.56 
15 3,900 6.25 
16 7,800 12.5 
17 15,600 24.99 
18 31,200 49.97 
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3.2.10. Study on Adding Fins to Improve the Heat Transfer 

In this study an attempt is made to further improve cooling by increasing the heat transfer from 

the fluid in the cold plate to the airflow. This is done through the addition of fins to the cold plate 

within the air duct. Configuration BM4-C3 with 6 mm of inlet air duct height was modified to 

BM5-C1 by adding one fin of thickness 0.5 mm parallel to the airflow in the middle of the air duct 

as shown in Figure 3.10 (a). For comparison, BM5-C1 was modified to BM5-C2 by adding two 

fins parallel to the airflow as shown in Figure 3.10 (b). In order to keep the same Reynolds number 

of 1,950 the velocity increased at the inlet and the details for the three configurations are provided 

in Table 3.8.  

 
Figure 3.10: Schematic of front view of (a) BM5-C1 and (b) BM5-C2. 

(a) (b)

Fins in Air Duct

Battery Module Housing



61 

Table 3.8: Number of fins and corresponding inlet velocity for the developed configurations. 

Battery Module 
Configuration Number of Fins Inlet Velocity (m/s) 

   
BM4-C3 0 3.12 
BM5-C1 1 5.93 
BM5-C2 2 9.28 

   
 
3.2.11. Scalability Study of Battery Module 

For this study BM4-C3 module was used to scale the battery module to the entire battery pack. For 

reference a Tesla 75 kWh battery pack was used (Tesla Model S/X Pack - 75kWh / 214Ah / 350V, 

n.d.). The physical dimensions of the Tesla battery pack include a length of ~1660 mm, width of 

~964 mm, and height of 174 mm. The total number of cylindrical cells is 5,880. In order to 

accommodate the BM4-C3 within the same dimensions 25 modules were connected in series (in 

terms of airflow) which amounts to 1600 mm of length as shown in Figure 3.11 (a). Each series 

setup of modules (BMA) was connected 15 times in parallel (in terms of airflow) which amounts 

to a width of 960 mm as shown in Figure 3.11 (b).  
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Figure 3.11: (a) Schematic of battery module assembly (BMA) in series; (b) schematic of BMA 

connections in parallel.  

Finally, two arrays of series and parallel modules were placed vertically to amount for a height of 

154 mm. Therefore, the total number of BM4-C3 modules in the battery pack is 750 which contains 

a total of 6,750 cylindrical cells. Since the modules in width and the height directions are in parallel 

airflow therefore, 1 series configuration of 25 modules, as shown in Figure 3.11 (a), was used for 

the evaluation of the scalability of the module. As shown in Figure 3.9 (f) the spacing in between 

the cells and cold plate is tight with 0.5 mm so it was not feasible to conduct the simulation for all 

25 modules at once due to high computational requirements. Therefore, results were obtained for 

(a)

(b)

M# 1 M# 2 M# 3 M# 4 - - - - - - - - - - - M# 24 M# 25

1600 mm

1600 mm

BMA # 1
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2, 3, and 4 modules in series and the pressure drop, and maximum temperature of airflow and the 

cells was extrapolated. Moreover, a simulation was conducted for airflow only across the 25 

battery modules to verify the pressure drop through the air duct. The schematic for the airflow 

domain is shown in Figure 3.12. The domain is based on a single channel of airflow within the air 

duct. 

 
Figure 3.12: Airflow domain for a single series air duct channel of battery pack. 

 

 

 

 

 

 

 

 

 

(a)

(b)

(c)
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3.3. Experimental Setup and Procedures 

In this study, two separate experiments were performed. In the first experiment, a single Samsung 

INR18650-25R cell was used to measure the heat flux at the surface of the cell. The heat flux was 

obtained to be used as a boundary condition in the numerical modeling. In the second stage, the 

battery module was manufactured, as shown in Figure 3.5, with nine Samsung INR18650-25R 

cells and the temperature measurements were obtained. The detailed experimental setup and 

procedure are described in the following sub-sections.  

3.3.1. Experiment 1 - Heat Flux Measurement  

Experiment 1 was conducted to obtain the heat flux measurements at the surface of the cell. This 

heat flux measurement will then be used as the boundary condition in the numerical modeling. The 

setup of this experiment is shown in Figure 3.13 (a), and the schematics are shown in Figure 3.13 

(b). The Samsung INR18650-25R Li-ion cell with Aluminum tabs attached to positive and 

negative terminals was used to measure the heat flux. The properties of the cell are provided in 

Table 3.1. The electrical insulation was removed from the surface of the cell to get accurate 

measurements, as the non-insulated cells are used in the battery module. To charge the lithium-ion 

batteries, a Turnigy Reaktor Quadkore charger is used. This is capable of charging 4 cell groups 

simultaneously up to 300W and 20A. This has a high power, high current, and high-performance 

power conversion circuit. A direct current (DC) power supply (Jesverty SPS-3010N) was used to 

power the Turnigy Reaktor. To discharge the batteries a multi-functional load discharger (TDI 

RBL488) is used. It has high power draining load capacities of up to 800W and 120A. It 

incorporates variable speed forced air cooling to ensure a quiet environment. An Omega HFS-5 

sensor was used for the heat flux measurements. To measure the readings from the HFS-5 sensor, 



65 

a National Instrument (NI) data acquisition device (DAQ) NI-9211 combined with NI cDAQ-9174 

chassis was used. Finally, LabView software was used to capture the reading from the DAQ 

module.  

As shown in Figure 3.13 (a), alligator clips were connected to the positive and negative tabs of the 

Li-ion cell. The cell was charged in two stages. The first stage of the charging process consisted 

of a constant current (CC) charge at 1 A charging current. During this stage, the voltage of the cell 

increased gradually. Once the voltage reached 4.2 V then the second stage of the charging process 

started. In the second stage, the cell was charged at constant voltage (CV). The voltage was 

maintained at 4.2 V, and the charging current was reduced from 1 A to 0 A. Once the cell was 

completely charged, then the cell was kept at room temperature of 25 °C for 1 hour. Then the 

discharge process started, and the cell was discharged at 2.5 A CC discharging rate (which 

corresponds to 1 C discharge rate) until the voltage dropped to the cut-off voltage of 2.5 V. During 

the discharge process, the data was recorded using the LabView software. For the charging and 

discharging the IEC 62133 and IEC 61960 were employed, respectively. 
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Figure 3.13: Experiment 1 - (a) top view and (b) schematic of the experimental setup. 
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3.3.2. Experiment 2 – Temperature Measurement 

Experiment 2 was conducted to measure the temperature of all the cells within the battery module. 

The setup of this experiment is shown in Figure 3.14 (a), and the schematics are shown in Figure 

3.14 (b). The details of the cell charger and discharger, NI DAQ module, power supply and 

LabView software are already provided in the previous section. For this experiment, a battery 

module was manufactured identical to the CAD design shown in Figure 3.5. The outer casing of 

the battery module was made from wood. Nine cylindrical Samsung INR18650-25R cells were 

placed within the module and connected in series. Aluminum liquid channels were filled with 

water and placed in between the PCM material. An axial fan (GDSTIME AXIAL Fan 12038) was 

used to force air through the air duct in the battery module, and the velocity of the airflow was 

measured using the Proster Anemometer. Finally, the temperature of the cells was measured using 

nine T-type thermocouples attached to each cell.  

To manufacture the battery module, the panels of the wooden housing were laser cut, including 

the holes in the bottom and the top plates to hold the cells and liquid channels in place. The wooden 

panels were then glued together. All nine cells were then placed inside the housing. Four aluminum 

liquid channels were placed inside the housing and filled with water.  Thermocouples were then 

attached to each cell using adhesive tapes. Then the PCM blocks (paraffin wax) were melted using 

a wax melt warmer, and the melted PCM was then poured into the battery pack. The melted PCM 

was poured to ensure that the complete surface area of the cell was in direct contact with the PCM 

once it solidified. The wires were then connected to the tabs of the cells to connect them all in 

series. Finally, the air duct was placed on top of the battery module.  
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Figure 3.14: Experiment 2 - (a) top view and (b) schematic of the experimental setup. 
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The procedure for Experiment 2 consisted of charging all the cells in the battery module using the 

Turnigy Reaktor charger. The cells were charged with CC-CV process as described in Section 3.1. 

Since all the cells are connected in series, therefore, the total voltage of the battery module at the 

end of the charging cycle was 37.8 V (the voltage of each cell was 4.2 V). The battery module was 

then kept at a room temperature of 25 °C. The fan was then turned on, and the velocity was 

measured at the inlet of the battery module using a Proster anemometer. Once the readings from 

the thermocouples were measured to be 25 °C, then the discharge process was started. The cell 

was discharged at CC discharging rate, and the temperatures from the thermocouples were 

recorded using the LabView software. The discharge process was terminated when the voltage of 

the battery module reached 22.5 V. Note that for the charging and discharging the IEC 62133 and 

IEC 61960 were employed, respectively. The properties of the different materials used for this 

experiment are shown in Table 3.2.  

Table 3.9: Physical properties of materials used for Experiment 2.  

Material Properties Aluminum Wood Air Water Paraffin 

      
Density (kg/m3) 2,719 700 1.225 998.2 880 
Specific Heat (J/kg.K) 871 2,310 1,006 4,182 2,150 
Thermal Conductivity (W/m.K) 202.4 0.173 0.0242 0.6 0.21 
Viscosity (kg/m.s) - - 0.000018 0.001003 0.00312 
Pure Solvent Melting Heat (J/kg) - - - 334,000 245,000 
Solidus Temperature (K) - - 58 273.15 315.15 
Liquidus Temperature (K) - - 61 273.15 317.15 
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3.4. Uncertainty/Error Analysis 

An uncertainty/error analysis was performed for the experimental measurements and is described 

in this section. The method described by Moffat (Moffat, 1988) is used to calculate the 

uncertainties. Based on this method, the result, R, of the experiment is calculated as: 

𝑅 = 𝑅(𝑋D, 𝑋A, 𝑋J, … , 𝑋K)     (3.1) 

Each separate measurement is denoted by 𝑋! ± 𝛿𝑋! where 𝛿𝑋! is the uncertainty. The effect of the 

𝛿𝑋! term on each measurement is analyzed using: 

𝛿𝑅 = LB
LM!

𝛿𝑋!      (3.2) 

Therefore, the overall uncertainty of the results is: 

𝛿𝑅 = T∑ F LB
LM!

𝛿𝑋!G
A

K
!ND V

D/A
     (3.3) 

If R is described by an equation in the form of  

𝑅 = 𝑋D,𝑋AP𝑋J- ……	𝑋K0     (3.4) 

then the overall uncertainty of the result can be determined using the set individual measurement 

uncertainties directly using the following equation: 

LB
B
= TF𝑎 LM,

M,
G
A
+ F𝑏 LM"

M,
G
A
+⋯+ F𝑚 LM-

M,
G
A
V
D/A

   (3.5) 

Since random errors also known as “precision” errors occur during the course of the experiment, 

therefore, a relative standard deviation (RSD) term is used to account for these precision errors. 

This is calculated the standard deviation, s, and the following equation:  

𝑅𝑆𝐷 = 7
@̅
	100%     (3.6) 

Finally, the bias error and precision error, are combined using the root mean square method.  
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The uncertainties in the heat flux and temperature measurements are calculated using the method 

described above. The details are tabulated in Table 3.10. The average percentage uncertainty in 

the heat flux and temperature measurements is ± 3.59%.  

Table 3.10: Calculated values of relative bias and precision errors and total uncertainty. 

Parameters Reference 
Value 

Absolute 
Bias Error 

Relative 
Bias Error 

(%) 

Relative 
Precision 
Error (%) 

Total 
Uncertainty 

(%) 

      
Min. Temp. 25.00 ºC 1.00 ºC 4.00 2.22 4.57 
Max. Temp. 47.00 ºC 1.00 ºC 2.13 1.49 2.60 
Min. Heat Flux 18.99 W/m2 1.27 W/m2 6.69 1.90 6.95 
Max. Heat Flux 584.16 W/m2 1.27 W/m2 0.22 0.05 0.22 
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3.5. Numerical Modeling Methodology 

3.5.1. Governing Equations 

The numerical model was developed using ANSYS Fluent by replicating the battery module and 

experimental conditions of Experiment 1 as described in Section 3.1. Three different models were 

coupled to develop the numerical model. These models include the flow model, energy, and 

solidification/melting model. The turbulence model was only used and coupled with the three 

models when the airflow velocity was in turbulent flow range. It should be noted that the governing 

equations were not changed for CPCM and nano-materials. Rather, their effective properties (such 

as the thermal conductivity and latent heat) were obtained from the open literature and were used 

for the numerical modeling.  

3.5.1.1. Flow and Energy Modeling 

The governing equations for the flow and energy models are provided below (ANSYS, 2020).  

Continuity Equation 

8R
89
+ ∇ ∙ (𝜌𝑣) = 𝑆0     (3.7) 

Where; 

Sm  represents any user defined sources.  

 

Momentum Conservation Equation 

8
89
(𝜌�⃗�) + ∇ ∙ (𝜌�⃗�𝑣) = −∇𝑃 + ∇ ∙ 𝜏̿ + 𝜌�⃗� + �⃗�   (3.8) 

Where;  

�⃗� consists of external body forces and user defined sources. 

𝜏̿  is the stress tensor and is represented by Equation (17).  
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�̿� = 𝜇 `(∇�⃗� + ∇�⃗�() − A
J
∇ ∙ �⃗�𝑈a     (3.9) 

Where; 

U  is the unit tensors which represent the molecular viscosity.   

Energy Equation 

8
89
(𝜌𝐸) + ∇ ∙ b�⃗�(𝜌𝐸 + 𝑃)c = ∇ ∙ F𝑘(∇𝑇 − ∑ ℎS𝐽SS + b𝜏&̿'' ∙ �⃗�cG + 𝑆/ (3.10) 

Where; 

𝑘( is the effective thermal conductivity,  

ℎS,3   is the enthalpy of species in the specified phase.  

𝑆/  represents the volumetric heat sources.  

3.5.1.2. PCM Solidification/Melting Modeling 

The solidification/melting model was only applied to the PCM region. The enthalpy-porosity 

technique is used to model the phase change process. In this technique, the interfaces where the 

solid melts are not explicitly tracked. Instead, a liquid fraction (𝛽) quantity is introduced, which 

provides the fraction of each cell volume that is in liquid form. This liquid fraction is based on the 

enthalpy balance (ANSYS, 2020). The enthalpy of the PCM is based on the latent heat and sensible 

enthalpy, as shown below (ANSYS, 2020). 

𝐻 = ℎ + ∆𝐻     (3.11) 

where; 

ℎ = ℎ+&' + ∫ 𝑐*𝑑𝑇
(
(.()

    (3.12) 

The liquid fraction is 0 if the temperature (T) is less than the solidification temperature (Tsolidus) of 

the PCM. Additionally, the liquid fraction is 1 if the temperature (T) is more than the melting 
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temperature (Tliquidus) of the PCM. The equation for the liquid fraction during the change of phase 

is provided below (ANSYS, 2020). 

𝛽 = (E(&/+!01&
(+!21!01&E(&/+!01&

     (3.13) 

The latent heat equation in terms of the liquid fraction and latent heat of material (L) is shown 

below (ANSYS, 2020). 

∆𝐻 = 𝛽𝐿)     (3.14) 

Therefore, the energy equation is as follows (ANSYS, 2020).  

8
8(
(𝜌𝐻) + ∇ ∙ (𝜌�⃗�𝐻) = ∇ ∙ (𝑘∇𝑇) + 𝑆   (3.15) 

3.5.1.3. Turbulence Modeling 

The governing equations for the turbulence modeling was only activated where turbulent flows 

occurred. The turbulence model used for the numerical simulations is the k-𝜔 Shear Stress 

Transport (SST) model. Menter (1994) introduced the k-𝜔 SST model, where a blended function 

alternates between k-𝜔 model and k-𝜖 model. The k-𝜔 model is better for solving the freestream 

flow whereas, the k-𝜖 model is better for solving flow near the wall. Therefore, the combination 

of both these models result in a more accurate and reliable model that is capable of being utilized 

for a wide range of flows (ANSYS, 2020). The transport equations are shown in below equations 

(ANSYS, 2020): 

8
89
(𝜌𝑘) + 8

8@!
(𝜌𝑘�⃑�!) =

8
8@3

jΓT
8%
8@3
k + 𝐺% − 𝑌% + 𝑆% + 𝐺P    (3.16) 

8
89
(𝜌𝜔) + 8

8@!
(𝜌𝜔�⃑�!) =

8
8@3

jΓU
8$
8@3
k + 𝐺$ − 𝑌$ + 𝑆$ + 𝐺$P      (3.17) 

The production of turbulent kinetic energy and specific dissipation rate are represented by 𝐺% and 

𝐺$, respectively. Furthermore, the dissipation of turbulent kinetic energy and specific dissipation 
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rate are represented by 𝑌% and 𝑌$, respectively. ΓT and ΓU, represent the effective diffusivities 

which can be obtained through following equations (ANSYS, 2020).  

ΓT = 𝜇 + V4
W5

     (3.18) 

ΓU = 𝜇 + V4
W6

     (3.19) 

Where the turbulent Prandtl numbers, 𝜎% and 𝜎$ for k and 𝜔, respectively, are characterized by 

following equations (ANSYS, 2020). 

𝜎% =
D

7,
85,,

1,*7,85,"

     (3.20) 

𝜎$ =
D

7,
86,,

1,*7,86,"

     (3.21) 

Where the blending function, F1, is given in Equation (3.22), and 𝜙D is characterized by Equation 

(3.23) (ANSYS, 2020).  

𝐹D = tanh(𝜙DX)    (3.22) 

𝜙D = min rmax F √%
Z.Z\$]

, ^ZZV
R]"$

G , XR%
W6,"_6*]"

t             (3.23) 

Where the value of y is defined as the nearest wall distance. The positive portion of the cross-

diffusion term, 𝐷$1, can be obtained through following equation (ANSYS, 2020).  

𝐷$1 = max r2𝜌 D
W6,"

D
$
8%
8@3

8$
8@3

, 10EDZt         (3.24) 

Equation (3.25) defines the turbulent viscosity (𝜇(), a term used in the k-𝜔 SST model (ANSYS, 

2020). 

𝜇9 =
R%
$

D

`abc ,9∗,
;.7"
<,6

d	
         (3.25) 

Where; 

𝑆+  is the strain rate magnitude,	 
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𝛼∗  is the turbulent viscosity damping coefficient. 

Where 𝐹A can be determined through Equation (3.26) and 𝜙A can be determined through Equation 

(3.27) (ANSYS, 2020).  

𝐹A = tanh(𝜙AA)    (3.26) 

𝜙A = max `2 √%
Z.Z\$]

, ^ZZV
R]"$

a    (3.27) 

3.5.2. Mesh Independence and Time Independence Studies 

The developed mesh is shown in Figure 3.15. A combination of tetrahedral and hexahedral mesh 

was used. Inflation layers were added to the air duct walls so that the boundary layer within the 

airflow could be captured. 

 
Figure 3.15: (a) Isometric view and (b)cross-section view at the center of the battery module mesh. 

A mesh independence study was conducted to ensure that the results of the numerical model were 

independent of the size of the developed mesh. For this study, four meshes were developed. Each 

(a) (b)
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subsequent mesh had an increment of approximately 50% elements. The velocity profile at the 

middle of the air duct was obtained and compared, as shown in Figure 3.16 (a). An average velocity 

was also calculated and plotted against the number of elements, as shown in Figure 3.16 (b). Based 

on the results, there is no significant difference beyond the mesh size of 614,024 elements; 

therefore, the medium mesh was selected. 

Furthermore, a time independence study was performed to ensure that the results of the numerical 

model were independent of the size of the time step. This is required to reduce the computation 

power while maintaining the accuracy of the results. The result of this study is shown in Figure 

3.16 (c). Based on the results, the time step size of 0.5 s was selected. 
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Figure 3.16: (a) Velocity profiles at the center of the air duct for the different mesh sizes; (b) Comparison 
of the average velocity for the different mesh sizes; (c) Temporal velocities at the center of the air duct for 

the different time step sizes. 
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3.5.3. Boundary Conditions 

3.5.3.1. Feasibility Study, Comparison Study of Configurations, and Comparison Study of 

Primary Cooling Mediums of Strategy 1 

The phase change phenomenon is based on time dependent conditions; therefore, transient 

simulations were performed. These studies were initially performed to establish the feasibility of 

Strategy 1. Thus, the heat generation of the cell already obtained through the experimental study 

conducted in the authors’ previous research (Shahid & Agelin-Chaab, 2017) was used. The 

transient heat generation rate was obtained at the surface of the single insulated cell. The details 

of the experimental study along with the uncertainty analysis are provided in the authors’ previous 

research (Shahid & Agelin-Chaab, 2017); therefore, it will not be repeated here. The average 

percentage uncertainty was calculated to be ±6.2%.  

The heat generation source term was used as the boundary condition at the surface of the cells. A 

third order polynomial trendline was fitted to the transient heat generation results, and the equation 

obtained for the trendline is shown below. It is vital to include all the decimal places when defining 

the boundary condition to ensure that the trendline follows the experimental curve precisely.   

𝐻𝑒𝑎𝑡	𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛	𝑅𝑎𝑡𝑒 = 0.000353690857406608(𝑡J) − 0.900549870961498(𝑡A) +

716.501371877188(𝑡) + 9309.34367960598                (3.28) 

Moreover, the ambient conditions for all configurations were set to 20 °C at atmospheric pressure. 

The airflow occurs in Strategy 1 (BM3-C1 to BM3-C5); hence, the inlet airflow velocity was set 

to 1.65 m/s based on the Reynolds number of 1,950. The characteristic length considered for the 

Reynolds number calculation was the hydraulic diameter of the air duct. 



80 

3.5.3.2. Validation of Numerical Model and Multiple Discharge Cycles 

For this study, the heat flux at 1 C discharge rate was used as the boundary condition at the surface 

of the cells. This heat flux profile was obtained from Experiment 1. The ambient condition was set 

to 25 °C at atmospheric pressure. The inlet airflow velocity was set to 1.6 m/s based on the velocity 

obtained from the anemometer in Experiment 2 (Section 3.3.2). The material properties were 

applied to respective materials, as shown in Table 3.9.  

Furthermore, six additional discharge cycles were run for a total of 7 discharge cycles. The results 

and conditions at the end of the preceding discharge cycle were used as the initial starting point 

for the start of the subsequent discharge cycle.   

3.5.3.3. Analysis of Strategy 1 at Different Battery Module Discharge Rates  

In this analysis, BM3-C1 configuration was considered, and the validated numerical model was 

used. The transient heat flux at the surface of the cell was changed based on the 1 C, 2 C, 3 C, 5 

C, and 7 C discharge rates that were obtained through Experiment 1. The ambient condition was 

set to 25 °C at atmospheric pressure. The inlet airflow velocity was set to 1.6 m/s based on the 

velocity obtained from the anemometer in Experiment 2 (Section 3.3.2).   

3.5.3.4. Development of Strategy 2 and Comparison with Strategy 1 

In this study, all the simulations were conducted at atmospheric pressure with 25 °C ambient 

temperature. The inlet velocity of airflow for Strategy 1 (BM3-C1) was set to 1.6 m/s, which was 

obtained through Experiment 2. For Strategy 2 (BM4-C1 and BM4-C2), the velocity was set to 

2.17 m/s. The Reynold number was kept the same for all the configurations at 1,950 and was based 

on the hydraulic diameter of the air duct. Since the cross-section area in BM4-C1 and BM4-C2 
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was reduced due to the cold plate protrusion, therefore, the velocity of airflow was increased to 

maintain the same Reynolds number. Finally, the heat flux boundary condition for 7 C discharge 

rate was used at the surface of the cells, which was obtained through Experiment 1.  

3.5.3.5. Analysis on the Impact of Ambient Temperature on Strategy 2 

In this study, the simulations were conducted at atmospheric pressure. The inlet velocity of airflow 

was set to 2.17 m/s. The heat flux boundary condition at 7 C discharge rate was considered as the 

worst-case scenario with the highest heat flux and was applied at the surface of the cells, which 

was obtained through Experiment 1. In order to investigate the effect of ambient temperature on 

Strategy 2, it was varied from 25 °C to 40 °C in increments of 5 °C.  

3.5.3.6. Addition of Property Enhancing Materials to Paraffin based PCM in Strategy 2 

In this analysis, the simulations were conducted at atmospheric pressure with 25 °C ambient 

temperature. The inlet velocity of airflow was set to 2.17 m/s. The heat flux boundary condition at 

7 C discharge rate was applied at the surface of the cells, which was obtained through Experiment 

1. Moreover, to evaluate the impact of the latent heat of the CPCM, the ambient temperature was 

set to the phase change temperature of the respective CPCM provided in Table 3.4. The CPCM 

was solid at the beginning of the discharge cycle and once the discharge process started the PCM 

started to melt due heat absorption from the cells.  

3.5.3.7. Increasing the Thermal Conductivity of Water through Nanoparticles 

For this analysis the ambient temperature was set to 42.24 °C to evaluate and compare the phase 

change of CPCM-4 with different fluid thermal conductivities. This is the temperature at which 

the CPCM-4 will start to change its phase. The CPCM-4 was solid at the beginning of the discharge 
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cycle and once the discharge process started the CPCM-4 started to melt due heat absorption from 

the cells. The inlet velocity of airflow was set to 2.17 m/s. The heat flux boundary condition at 7 

C discharge rate was applied at the surface of the cells. Additionally, the configurations were also 

simulated at ambient temperature of 25 °C to evaluate the reduction in maximum temperature by 

the two configurations.  

3.5.3.8. Parametric Study on the Volume of Paraffin based CPCM Combined with Copper Foam 

For this parametric study the ambient temperature was set to 42.24 °C to evaluate and compare the 

phase change of CPCM-4 with different CPCM-4 volumes. The inlet velocity of airflow was set 

to 2.17 m/s. The heat flux boundary condition at 7 C discharge rate was applied at the surface of 

the cells.  

3.5.3.9. Parametric Study on the Inlet Size of Battery Module 

For this parametric study the ambient temperature was set to 42.24 °C. The heat flux boundary 

condition at 7 C discharge rate was applied at the surface of the cells. The inlet velocity was 

changed for test configurations as per Table 3.6.  

3.5.3.10. Parametric Study on the Airflow Reynolds Number 

For this parametric study the ambient temperature was set to 25 °C. The heat flux boundary 

condition at 7 C discharge rate was applied at the surface of the cells. The inlet velocity was 

changed for test configurations as per Table 3.7.  
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3.5.3.11. Study on Adding Fins to Improve the Heat Transfer 

For this study the ambient temperature was set to 25 °C. The heat flux boundary condition at 7 C 

discharge rate was applied at the surface of the cells. The inlet velocity was changed for the three 

configurations as per Table 3.8.  

3.5.3.12. Scalability Study of Battery Module 

For this study the inlet air velocity was set to 3.12 m/s which is based on the Reynolds number of 

1950. The heat flux boundary condition at 7 C discharge rate was applied at the surface of the 

cells. The ambient temperature was set to 25 °C. Moreover, For the airflow simulation only the 

inlet velocity was set to 3.12 m/s at an ambient temperature of 25 °C.  
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CHAPTER 4:     RESULTS AND DISCUSSIONS 

This chapter presents the results and discussions that were obtained from the experiments and 

numerical simulations. It is divided into 16 subsections. Subsection 1 provides the numerical 

model validation. Subsection 2 provides the discussion on the feasibility of Strategy 1 through 

thermal analysis, PCM melting analysis, and airflow analysis. Subsection 3 compares the different 

types of configurations developed for Strategy 1. Subsection 4 provides a comparison on the 

different types of primary coolants. Subsection 5 provides the experimental results. Subsection 6 

provides an analysis of Strategy 1 and different discharge rates obtained through experiments. 

Subsection 7 discusses the results of Strategy 2 and its comparison with Strategy 1. Subsection 8 

provides an analysis on the impact of changing ambient temperatures on Strategy 2. Subsection 9 

provides the effect of adding performance enhancing materials (PEM) to PCM. Subsection 10 

compares the effect of changing the fluid in the cold plates with nano-fluids to enhance thermal 

properties. Subsections 11, 12, and 13 provides the results of the parametric study used to reduce 

the amount of CPCM, fluid, and the airflow Reynolds number. Subsection 14 provides an analysis 

on increasing the heat transfer area of the cold plate within the air duct. Subsection 15 discusses 

the scalability aspect of the battery module and developed hybrid strategy. Finally, Subsection 16 

provides a comparison of the developed strategy with results in open literature. The contents of 

this chapter have been partially taken from the candidate’s published work (Shahid & Agelin-

Chaab, 2023a, 2023b, 2023c, 2023d). 
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4.1. Numerical Model Validation 

4.1.1. Heat Flux Profile 

The heat flux profile for 18650 Li-ion cell at 1 C charge rate is shown in Figure 4.1. At 1 C 

discharge rate, a 2,500 mAh cell discharges at 2.5 A for 3,600 s (or 1 h). Therefore, the discharge 

cycle in Figure 4.1 ends at 3,600 s. It can be seen that the heat flux initially increases gradually up 

to ~83 W/m2 until ~1,240 s, and then it decreases slightly to ~70 W/m2 at 2,000 s. It increases 

again, and then the curve plateaus at approximately 3,000 s. In the final discharge stages, from 

3,400 to 3,600 s, the heat flux increases sharply to the highest point of 170 W/m2. This heat flux 

profile was used as the boundary condition at the surface of the cells for the numerical modeling. 

A sixth order polynomial trendline was fitted to the transient results, as shown by the dotted line 

in Figure 4.1. The R2 – value of the fitted trendline was 0.9889, which confirms that the trendline 

follows closely to the actual heat flux measurements.  

 
Figure 4.1: Transient heat flux at 1 C discharge rate. 
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4.1.2. Numerical Model Validation 

Since the numerical model is based on the battery module developed for Experiment 2, therefore, 

the results of Experiment 2 were used for validation. The validation results are shown in Figure 

4.2. Between the range of 1,400 – 2,400 seconds the numerical model slightly over-predicts the 

temperature of the cells. It can be seen in Figure 4.1 that the heat flux reduces and then increases 

slightly between this range. Since the experimental values for the heat flux were measured through 

Experiment 1 and temperature values were measured in Experiment 2. Therefore, the reduction in 

heat flux is a bit higher in Experiment 2 than the values obtained through Experiment 1 due to the 

experimentation error. Since the numerical model is based on the heat flux measurements from 

Experiment 1 therefore, it slightly over-predicts during this range. Moreover, towards the end of 

the experiment the temperature increased at higher rate compared to the numerical results. This is 

because there may be slight differences in the state of charge of cells due to multiple charging and 

discharging cycles as there was no battery management system which results in slightly early 

termination of the discharge cycle and marginally higher temperatures. However, the numerical 

results follow the experimental results closely and stays within ± 2% which is below the 

experimental error of ± 3.59%. Therefore, the results of the numerical model agree with the 

experimental results and the model is considered to be validated.   
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Figure 4.2: Comparison of numerical and experimental results for model validation. 
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4.2. Feasibility Study of Strategy 1 

4.2.1. Thermal Analysis of Battery Module 1, 2, and 3 

The thermal requirements for the Li-ion cells to perform effectively are to keep the maximum 

temperatures within the optimum operating temperature range of 25 – 40 °C and to keep the 

temperature uniformity below 5 °C. The temperature uniformity in terms of BTMS is the 

difference between the maximum and minimum temperature experienced by the cells within the 

battery pack. The temperature uniformity increases when the temperature difference decreases and 

vice-versa. Maintaining the temperature uniformity is essential for the proper regulation of the 

electrical balance within the battery pack and to prolong the life of the cells. The maximum and 

minimum temperatures of a cell and the battery module takes precedence over the average 

temperature. For example, a cell or the battery module may have a lower average temperature 

however, its temperature uniformity could be lower with a higher maximum temperature. 

Therefore, average temperature is not an effective parameter to analyze the cooling and the 

temperature uniformity of the cell and battery module.  

A summary of the thermal performance of all three configurations is shown in Table 4.1. It 

provides the maximum and average temperature increase within the battery pack along with the 

temperature uniformity at the end of the discharge cycle. It can be seen that the maximum 

temperature increase in all three configurations stays within a difference of 0.1 °C. Similarly, the 

average temperature increase stays within a slight difference of 0.2 °C. This is primarily due to the 

latent heat of the PCM. Any heat generated that can increase the temperature of the cells beyond 

the limit of ~11.5 °C gets transformed into latent heat and is used to melt the PCM. Additionally, 

it can be seen that the temperature uniformity in BM1 and BM2 are very close, with a minute 
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difference of 0.03 °C. Whereas, the temperature uniformity of BM3 is approximately half of that 

of those at BM1 and BM2. This factor will be explained in the subsequent thermal analyses.  

Table 4.1: Summary of thermal performance of BM1, BM2, and BM3. 

Parameters BM1 BM2 BM3 

    
Maximum Increase in Temperature (°C) 11.56 11.53 11.46 
Average Increase in Temperature (°C) 11.15 11.14 10.94 
Temperature Uniformity (°C) 0.85 0.82 1.75 
    

The maximum and minimum temperatures experienced by the three configurations over time are 

shown in Figure 4.3. The effect and impact of the PCM can be clearly seen in all three graphs as 

the temperature of the cells increases at a high rate. However, once the melting temperature of the 

PCM is attained, it starts to change its phase from solid to liquid, and the rate of temperature 

increase drops down significantly as the additional heat generated is used for the latent heat of 

phase change. Considering the maximum temperature trend, it can be seen that in BM1 (Figure 

4.3 (a)), the phase change of the PCM starts at approximately 500 s; in BM2 (Figure 4.3 (b)), it 

starts at approximately 530 s, and in BM3 (Figure 4.3 (c)) starts at approximately 550 s. Moreover, 

at 600 s the maximum temperature reaches approximately 30.5 °C in all the three configurations. 

Since the primary coolant is PCM material therefore, once the melting of the PCM starts the 

temperature stabilizes at ~30.5 °C and then it increases slightly to maximum temperature towards 

the end of the discharge cycle. Additionally, it can be seen that the temperature difference between 

the maximum and minimum temperature towards the end of the discharge is low, hence the high 

temperature uniformity, as shown in Table 4.1. However, considering the temperature uniformity 

over time, it can be seen that in all three cases, the temperature uniformity is initially low (or poor 

uniformity), and when the temperature approaches the liquefication temperature of the PCM (30 
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°C) then the temperature uniformity begins to improve. A comparison of transient temperature 

uniformity is shown in Figure 4.4.  

It can be seen from Figure 4.4 that the temperature difference increases in the first ~500 s, which 

reduces the temperature uniformity. At the peak of the curves in Figure 4.4, the phase change of 

the PCM starts and then the temperature difference begins to reduce. This is because the PCM 

restricts the maximum temperature to its melting temperature whereas, the minimum temperature 

within the battery pack keeps on increasing. This results in an increase in the temperature 

uniformity and the temperature difference reduces below the threshold of 5 °C.    
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Figure 4.3: Transient maximum and minimum temperatures for (a) BM1, (b) BM2, and (c) BM3. 
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Figure 4.4: Comparison of transient temperature uniformity between BM1, BM2, and BM3. 

In order to compare the three configurations, the temperature contours were extracted for all the 

configurations at the vertical planes, as shown in Figure 4.5 and Figure 4.6. There were two vertical 

planes created; one at the center of the battery module and the other in between the cells (at the 

center of the liquid channels). From Figure 4.4, it can be seen that the lowest temperature 

uniformity in all three configurations occur around 500 s; therefore, the temperature contours at 

500 s are shown in Figure 4.5, and the temperature contours at the end of the discharge cycle are 

shown in Figure 4.6. Comparing BM1 (Figure 4.5 (a) and (b)) and BM2 (Figure 4.5 (c) and (d)), 

it can be seen that the PCM in BM1 exhibits higher temperatures compared to the PCM in BM2. 

This is because in BM2, there are liquid channels that extract some of the heat from the PCM, 

therefore, the temperature of the PCM is slightly lower. A similar result can also be observed in 

Figure 4.6.  

 

BM1 BM2 BM3
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Figure 4.5: Temperature contours at the (a) center of BM1, (b) between the cells of BM1, (c) center of 

BM2, (d) between the cells of BM2, (e) center of BM3, (f) between the cells of BM3 at 500 s.  

(a) (b)

(c) (d)

(e) (f)
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Figure 4.6: Temperature contours at the (a) center of BM1, (b) between the cells of BM1, (c) center of 

BM2, (d) between the cells of BM2, (e) center of BM3, (f) between the cells of BM3 at the end of 
discharge. 

(a) (b)

(c) (d)

(e) (f)
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Although the fluid in the liquid channels extracts some heat from the PCM, an additional system 

is required to take the heat away from the fluid because the fluid is stationary and not moving. This 

is why BM3 was developed, which allows continuous moving airflow to extract heat away from 

the fluids. Comparing the contours of BM2 and BM3 from Figure 4.5 and Figure 4.6, it can be 

seen that the temperature of the PCM further reduces in BM3 as the red zones are eliminated, and 

the orange zones in the contours are reduced. In BM3, the fluid extracts heat from the PCM, similar 

to BM2; however, the airflow extracts heat from the fluid, which renews the heat extraction 

capacity of the fluid. Therefore, the fluid extracts additional heat from the PCM and reduces its 

temperature. This then allows the PCM to extract more heat from the surface of the cells. From 

Figure 4.5 (d) and (f) and Figure 4.6 (d) and (f), it can be seen that the temperature of the fluid is 

lower, indicating the effective heat extraction from the fluid through airflow. A similar deduction 

can also be made from the results shown in Figure 4.7. The difference in this is that the plane 

selected for the contour is a horizontal plane placed at the center of the battery pack. It can be seen 

that BM1 has the most contours of the red zone and BM3 has the least, which confirms that BM3 

provides the most effective cooling compared to BM1 and BM2.  
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Figure 4.7: Temperature contours at the center of the battery pack; (a) BM1 at 500 s, (b) BM1 at the end 

of discharge, (c) BM2 at 500 s, (d) BM2 at the end of discharge, (e) BM3 and 500 s, (f) BM3 at the end of 
discharge.  

(a) (b)

(c) (d)

(e) (f)
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Finally, the contours at the surface of all the cells in an isometric projection are shown in Figure 

4.8. This is required to understand the temperature uniformity within the cells. In all three 

configurations, the minimum temperature occurs at the top and bottom cell regions that are in 

direct contact with the aluminum battery pack enclosure. These have low temperatures because 

the heat generated from these surfaces is transferred to the aluminum enclosure. Therefore, in 

Figure 4.3, we have a region where the heat is directly transferred to the PCM (maximum 

temperature lines) and a region where the heat is transferred to the aluminum enclosure and then 

to the PCM from that enclosure (minimum temperature line).  

Since BM1 and BM2 have no airflow; therefore, all the heat is subsequently extracted through the 

PCM. This is also evident in Figure 4.3 where the PCM at the minimum temperature area also 

starts to change phase. However, in BM3, a portion of the heat in the aluminum enclosure is also 

transferred to the airflow that flows through the duct, which is an extension of the aluminum 

enclosure. This further reduces the temperature of the enclosure, and the enclosure extracts extra 

heat from the top and bottom surfaces of the cells. This causes a reduction in the temperature 

uniformity of the battery pack compared to BM1 and BM2, which can be seen in Figure 4.8.  
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Figure 4.8: Temperature contours of the cells in (a) BM1 at 500 s, (b) BM1 at the end of discharge, (c) 
BM2 at 500 s, (d) BM2 at the end of discharge, (e) BM3 and 500 s, (f) BM3 at the end of discharge. 

(a) (b)

(c) (d)

(e) (f)
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4.2.2. PCM Melting Analysis of Battery Module 1, 2, and 3 

The improvement in the BTMS through the development of the configurations is examined by 

studying the amount of PCM that transforms in the liquid phase. The less the PCM gets used up 

and changes its phase, the more effectively the configuration performs. Also, a lower PCM 

utilization allows multiple charge-discharge cycles. Whereas a high PCM utilization in a single 

discharge cycle would result in less PCM availability for the subsequent charge-discharge cycles. 

Moreover, once the PCM changes phase then the latent heat is no longer effective, and the heat 

extraction reduces resulting in an increase in the cell temperature. Hence, the target is to utilize the 

least amount of PCM using the secondary coolants.  

The result of this study is shown in Table 4.2. It can be seen that BM1 has the highest percentage 

that transforms into liquid phase with 10.33%. This is followed very closely by BM2 with 10.27%, 

a difference of 0.06%. This negligible difference in BM1 and BM2 is because the heat is not 

expelled into the environment in these two BTMS but trapped within the system. Finally, BM3 

has the lowest percentage, 6.13%. This shows that approximately 69% less PCM was used by 

adding an air duct and allowing the airflow to extract heat from the fluid. Therefore, BM3 is the 

most effective strategy based on the phase change analysis.  

Table 4.2: Comparison of liquid fraction present at the end of the discharge cycle. 

Parameters BM1 BM2 BM3 

    
Liquid Phase Volume (mm3) 13,987.26 13,991.84 8,303.97 
Liquid Fraction Percentage (%) 10.33 10.27 6.13 
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4.2.3. Airflow Analysis of Battery Module 3 

A final analysis is done for the airflow. Since BM3 is the only configuration in which airflow is 

introduced, therefore, for this analysis, only BM3 is considered. Figure 4.9 provides the velocity 

and temperature of the airflow within the air duct. It can be seen that flow develops as it passes 

through the air duct. The flow near the wall is stationary, and the boundary layer develops at the 

top surface and the bottom surface of the air duct. Additionally, it can be seen from Figure 4.9 (b) 

that the airflow extracts heat from the aluminum enclosure and fluid in liquid channels, as 

discussed previously. However, there is a large portion of airflow in between the lowest 

temperatures. This portion of the airflow is completely unused as it is not extracting any form of 

heat.  

 
Figure 4.9: (a) Airflow velocity contour and (b) temperature contour of BM3 at the end of the discharge 

cycle. 
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4.3. Comparison Study of Configurations of Strategy 1 

The maximum and minimum temperatures with respect to time for all the configurations are 

provided in Figure 4.10 (a), (b), and (c). Additionally, the temperature contours at the end of the 

discharge cycle for all the configurations are provided in Figure 4.10 (d), (e), and (f).  

As shown in Figure 4.10, in all the configurations the maximum temperature of the cells is limited 

by the phase change temperature of the PCM material, therefore, the temporal curve of maximum 

temperature is almost identical. Once the phase change temperature of the PCM is reached at ~500 

s, then the maximum temperature curve flattens out, and the temperature is maintained. The 

minimum temperature in BM3-C1 is higher than the minimum temperatures in BM3-C2 and BM3-

C3. This is because, in BM3-C2 and BM3-C3, the minimum temperature occurs in the region 

where the cell is in contact with water. Due to the higher thermal conductivity and specific heat 

capacity of water low temperatures are observed. The airflow with the duct allows the air to extract 

some of the heat from water as well, which increases the heat extraction capacity of water, allowing 

more heat transfer from the surface of the cell that is in contact with water. The reduced minimum 

temperature in BM3-C2 and BM3-C3 results in a decrease in the temperature uniformity, as shown 

in Figure 4.11.  

Additionally, from Figure 4.10 it can be seen that in BM3-C1 the surface of the cells in facing the 

neighbouring cells have higher temperatures, whereas the surface of the cell facing the battery 

pack housing and liquid channels have slightly lower temperatures. Moreover, in BM3-C2 and 

BM3-C3 it can be seen that the surface of the cell in contact with water has the lowest temperatures 

as discussed earlier.  
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Figure 4.10: Transient maximum and minimum temperature for (a) BM3-C1, (b) BM3-C2, (c) BM3-C3, 
and temperature contours at the end of discharge cycle for (d) BM3-C1, (e) BM3-C2, and (f) BM3-C3. 
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Figure 4.11:  Comparison of transient temperature uniformity between BM3-C1, BM3-C2, and BM3-C3. 

It can be seen from Figure 4.11 that the temperature uniformity in all three configurations decreases 

until the temperature reaches the point where the phase change of the PCM begins. At this point, 

the maximum temperature is limited, however, the minimum temperature of the cell keeps on 

increasing, which reduces the temperature difference. This then allows the hybrid BTMS to 

increase the temperature uniformity of the battery pack. Moreover, the highest temperature 

uniformity is exhibited by BM3-C1 when compared to BM3-C2 and BM3-C3.  

Finally, the amount of PCM that was converted into liquid was extracted from the numerical 

results. The liquid fraction was 6.13% for BM3-C1 and 5.93% for BM3-C2 and BM3-C3. Since 

some of the heat from the surface of the cells was directly extracted by the fluid in BM3-C2 and 

BM3-C3, therefore, a slight decrease in the liquid fraction percentage was exhibited. However, 

due to a hybrid design by which water and air extract heat from the PCM, a low usage of 

approximately 6% is achieved.  

BM3-C1 BM3-C2 BM3-C3
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4.4. Comparison Study of Primary Cooling Mediums in Strategy 1 

The transient temperature profiles for BM3-C1, BM3-C4, and BM3-C5 are shown in Figure 4.12 

(a), (b), and (c), and the temperature contours at the end of the discharge cycle are shown in Figure 

4.12 (d), (e), and (f). The analysis of BM3-C1 has been discussed in previous sections. In BM3-

C4 both the maximum and the minimum temperatures do not reach the phase change temperature 

of PCM during the discharge cycle, therefore, the gap between the maximum and minimum 

temperature keeps increasing. This results in a reduced temperature uniformity throughout the 

discharge cycle. Towards the end of discharge there is a temperature non-uniformity of 10 °C.  

For BM3-C5, the maximum temperature increases throughout the discharge cycle and follows the 

heat generation rate of the cell. As the rate of heat generation reduces between 600 s and 1200 s, 

the rate of temperature increase also reduces and then increases, corresponding to an increase in 

the rate of heat generation. Since there is no continuous flow of fluid within the battery pack, the 

maximum temperature of the fluid also increases, and the secondary cooling medium (airflow) on 

top of the battery pack is not sufficient to provide enough cooling to keep the temperatures within 

the desired ranges. The maximum temperature goes beyond 60 °C, and the minimum temperature 

increases to more than 40 °C.  
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Figure 4.12: Transient maximum and minimum temperature for (a) BM3-C1, (b) BM3-C4, (c) BM3-C5, 
and temperature contours at the end of discharge cycle for (d) BM3-C1, (e) BM3-C4, and (f) BM3-C5. 
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It can be seen from Figure 4.12 (d), (e), and (f) that in all the configurations the temperature of the 

surface of the cell that faces the neighbouring cells is higher and the surface facing the battery pack 

housing is lower. Moreover, the lowest temperature is experienced by the part of the cell that in 

contact with the top plate and bottom plate of the housing. This is due to higher heat transfer 

through conduction between the cell and the top and bottom plates. Additionally, the airflow 

extracts some heat from the surface of the top plate which allows additional heat transfer from the 

cell surface, and it results in reduced temperatures at the top surface of the cell.  

 
Figure 4.13: Comparison of transient temperature uniformity between configurations BM3-C1 and BM3-

C5. 

The difference between the maximum and minimum temperatures is shown in Figure 4.13. It can 

be seen that in BM3-C5 the temperature difference goes beyond 20 °C, which is not favourable 

for the operation of the Li-ion cells. Whereas, in BM3-C1, the temperature difference increases 

initially until phase change temperature is reached, and then it starts to reduce. Beyond ~500 s, the 

maximum temperature is maintained within a constant phase change temperature range, and the 

minimum temperature keeps increasing, which reduces the temperature difference and increases 

the temperature uniformity.  

BM3-C1 BM3-C5
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4.5. Experimental Temperature Profile and Multiple Discharge Cycle Analysis 

4.5.1. Temperature Profile of Battery Module 

Experiment 2 was conducted at a 1 C discharge rate. Since the cells were connected in series, 

therefore, the battery module was discharged at 2.5 A at an ambient of 25 °C. The transient 

temperature profile is shown in Figure 4.14. It can be seen that the temperature increases in all the 

cells follow the same trend. This trend corresponds to the heat flux profile shown in Figure 4.1. In 

areas where the heat flux reduces, the temperature increase rate also reduces and where the heat 

flux increases, the temperature increase rate also increases. At the end of the discharge cycle, the 

maximum temperature of the battery module was ~32.5 °C, and the minimum temperature was 

~31.3 °C. This corresponds to a temperature uniformity of 1.2 °C.  

The highest temperatures are exhibited by cell numbers C5, C6 and C8. Cell C5 is in middle of the 

battery module; therefore, the heat from the surrounding cells impacts the cell in the middle 

resulting in the highest temperature of the battery module. Moreover, for cells C6 and C8 the 

thermocouple was placed facing the center of the battery module; therefore, the surface of the cell 

that is facing towards the center of the battery module has a higher temperature. In contrast, cells 

C1 and C2 show the lowest temperatures, and this is because the thermocouple in these cells is 

placed on the surface of the cell facing the housing of the battery module. Additionally, cells C4 

and C7 show intermediate temperature values of the battery module. In the case of cells C4 and 

C7 the thermocouple was placed on the surface facing each other. This is how temperature non-

uniformity occurs at the cell level. The surface of the cell facing the center of the battery module 

has the highest temperature, whereas the surface of the cell that is facing the neighboring cells 

have intermediate temperatures, and the surface of the cell facing the housing of the battery module 
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has the lowest temperatures. Also, the temperature difference between the different cells shows 

the temperature non-uniformity within the battery module as well. As stated earlier, the primary 

objective of developing this configuration is to maintain the temperature uniformity to within 5 

°C. However, due to the limited measuring capabilities of the experimental setup, it was not 

possible to measure the temperature of each cell at different surface points. Therefore, a numerical 

model was developed, and numerical simulations were performed to obtain the surface contours 

of all the cells within the battery module.  

 
Figure 4.14: Temperature profile at 1 C discharge rate of Experiment 2. 

4.5.2. Thermal Analysis of Single Discharge Cycle 

Using the developed and validated numerical model, simulations were conducted using the 

methodology described in Section 3.5. An overview of the maximum and minimum temperature 

exhibited by the battery module and its temperature uniformity is shown in Figure 4.15.  
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The maximum temperature at the end of the discharge cycles reached 31.5 °C, and the minimum 

temperature reached 27.4 °C. According to Figure 4.15 (a), the maximum temperature increases 

at a higher rate than the minimum temperature increase. Additionally, the temperature uniformity 

also reduces due to the different temperature increase rates. By the end of the discharge cycle, the 

temperature uniformity is still high, with a value of 2.1 °C.  

For an in-depth understanding, the temperature contours at the end of the discharge cycle of the 

cells are shown in Figure 4.16 (a). Moreover, temperature contours for the PCM material at the 

center plane of the battery module are shown in Figure 4.16 (b).  It can be seen from Figure 4.16 

(a) that the locations of high temperature regions are the center of the cells. The surfaces facing 

the neighboring cells have higher temperatures compared to the surfaces facing the battery module 

housing due to the compound heating effect from the neighboring cells. Additionally, the surfaces 

that are in contact with the top plate and the bottom plate of the battery module have comparatively 

lower temperatures due to heat conduction from the cell to the module housing. However, the 

surface of the cell at the top plate exhibits the minimum temperatures due to the air-cooling effect 

that occurs at the top plate. So, the top plate cools due to air cooling, and then this allows additional 

conduction from the cell surface to the top plate.  
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Figure 4.15: (a) Temperature profiles and (b) temperature uniformity profile of the battery module. 

Moreover, the compound heating effect between the cells can be visualized in Figure 4.16 (b). The 

PCM sandwiched between the surfaces of the two adjacent cells has the highest temperature as 

there is no additional heat sink directly between the cells for the heat to dissipate. For all the other 

surfaces there are additional heat sinks in the form of module housing and liquid channels. 

Therefore, the temperature is lower in these areas. Additionally, since the maximum temperature 
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is below the phase change temperature of the PCM the phase change does not occur and latent heat 

of the PCM is not utilized. It is only using the thermal conductivity and heat capacity to transfer 

heat through conduction during this discharge cycle. Therefore, to assess the thermal performance 

of the proposed configuration multiple discharge cycles were simulated.  

 
Figure 4.16: Temperature contours at the end of the discharge cycle for (a) cell and (b) PCM at the mid-

plane of the battery module. 

4.5.3. Thermal Analysis of Multiple Discharge Cycles 

Six more discharge cycles were simulated in addition to the first one described in previous section. 

The final conditions at the end of the first cycle were used as the initial condition for the second 

discharge cycle. This was then repeated for all the subsequent discharge cycles. The temperature 

profiles for the maximum and minimum temperatures for discharge Cycles 2, 3, and 4 are shown 

in Figure 4.17. It can be seen that the maximum temperature increases up to 35.3 °C in discharge 

Cycle 2, and then it increases to 39 °C in discharge Cycle 3, and finally to 41.7 °C in discharge 

Cycle 4. Initially, the heat removal from the PCM is low at lower temperatures, and the rate of 

(a) (b)
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temperature increase is low, however, as the temperatures approach the phase change temperature 

of the PCM, the heat removal of the PCM increases, resulting in a lower temperature increase rate.  

By the end of the fourth discharge cycle, the maximum temperature reached the phase change 

temperature of the PCM. Therefore, three additional discharge cycles were simulated, and the 

temperature profiles are shown in Figure 4.18. The phase change temperature of the PCM ranges 

between 42 – 44 °C as stated in Table 3.2. Hence, it can be seen that the maximum temperature in 

discharge Cycles 5, 6, and 7 stays within the phase change temperature range. From discharge 

Cycle 5 the PCM starts to melt, and any additional heat generated in the cell is extracted by the 

PCM using latent heat. Since the PCM around the cell is melting, therefore, any heat generated in 

the minimum temperature region of the cell is being extracted by the latent heat of the PCM, and 

the temperature increase rate in the minimum temperature profile is low.  
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Figure 4.17: Maximum and minimum temperature profiles for (a) Discharge Cycle 2, (b) Discharge Cycle 

3, and (c) Discharge Cycle 4. 
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Figure 4.18: Maximum and minimum temperature profiles for (a) Discharge Cycle 5, (b) Discharge Cycle 

6, and (c) Discharge Cycle 7. 
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The temperature contours of all the cells at the end of the discharge cycle are shown in Figure 4.19. 

The cooling phenomenon is the same as discussed in the previous section, with the top of the cells 

in contact with the top plate of the module housing exhibiting lower temperatures due to air cooling 

through the air duct. The difference starting from discharge Cycle 3 and through all the subsequent 

cycles can be seen in the cell surfaces that are facing the center cell in the module. The temperature 

on the surface towards the center of the battery module is lower as compared to surfaces facing 

the module housing. This is due to the additional cooling effect that is achieved through liquid 

cooling. Since some of the heat from the PCM is extracted using the water in the liquid channels, 

which is then expelled into the airflow, the PCM regains its heat extracting capability and extracts 

more heat from these surfaces. Whereas there is no additional cooling in the surface area that is 

exposed to the module housing. This can also be seen in Figure 4.20 in which the temperature 

contours of the PCM are shown at the end of discharge cycles. The temperature of the PCM in 

between the cells and the module housing keeps on increasing in each subsequent discharge cycle, 

whereas the temperature of the PCM in the center around the liquid channels is relatively low.  

It can also be seen from Figure 4.20 that the temperature of water in the first column of liquid 

channels is low when compared to the second column of liquid channels. The airflow extracts heat 

from the first columns, and then once it reaches the second columns, it has less capacity for heat 

extraction resulting in a relatively higher temperature of water in the second columns. Since there 

is a lower temperature of the water, it extracts more heat from the surrounding PCM, so the 

temperature of the PCM is lower in this area and higher in the area of the second column of liquid 

channels.  
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Figure 4.19: Temperature contours of cells at the end of (a) Discharge Cycle 2, (b) Discharge Cycle 3, (c) 

Discharge Cycle 4, (d) Discharge Cycle 5, (e) Discharge Cycle 6, and (f) Discharge Cycle 7. 

(a) (b)

(c) (d)

(e) (f)
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Figure 4.20: Temperature contours of PCM at the mid-plane of battery module at the end of (a) Discharge 
Cycle 2, (b) Discharge Cycle 3, (c) Discharge Cycle 4, (d) Discharge Cycle 5, (e) Discharge Cycle 6, and 

(f) Discharge Cycle 7. 
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4.5.4. PCM Melting Analysis 

Since the temperature of the PCM reaches its phase change temperature in the fifth discharge, 

therefore, the amount of PCM that changes phase in discharge Cycles 5, 6, and 7 are shown in 

Figure 4.21. In discharge Cycle 5 the phase change starts to occur at approximately 1,800 s, and 

0.3% of the PCM changed phase. In discharge Cycle 6, the phase change of the PCM continues as 

the heat from the cell is transferred to the PCM, and during this cycle additional 1% of PCM 

changes its phase. Similarly, in Cycle 7, additional 1% of PCM changes its phase. This shows that 

PCM utilization is low, which results in increased availability of PCM for the subsequent charge-

discharge cycles, as stated earlier.   

 
Figure 4.21: Liquid fraction of PCM in discharge Cycle 5, 6, and 7. 

 -

 0.5

 1.0

 1.5

 2.0

 2.5

 -  400  800  1,200  1,600  2,000  2,400  2,800  3,200  3,600

Li
qu

id
 F

ra
ct

io
n 

of
 P

CM
 (%

)

Time (s)

Discharge Cycle 5
Discharge Cycle 6
Dsicharge Cycle 7



119 

4.6. Analysis of Strategy 1 at Different Battery Module Discharge Rates  

4.6.1. Heat Flux Profile at Various Discharge Rates 

The heat flux profile of the 18650 Li-ion cell was obtained through Experiment 2, as described in 

Section 3.3.1. The cell was discharged at 1 C (2.5 A), 2 C (5 A), 3 C (7.5 A), 5 C (12.5 A), and 7 

C (17.5 A) discharge rates. The results of the experiment are provided in Figure 4.22. It can be 

seen that in all the discharge rates, the initial increase in the heat flux is high and then the rate of 

heat flux reduces. Since there is more discharge time for 1 C, 2 C, and 3 C therefore, the rate of 

heat flux increases again. However, the discharge time for 5 C and 7 C is not enough for the rate 

of heat flux to increase again. The maximum heat flux obtained at the end of the discharge cycle 

at 1 C is 170 W/m2; at 2 C, it is 323 W/m2; at 3 C, it is 382 W/m2; at 5 C, it is 540 W/m2; and at 7 

C, it is 584 W/m2. These heat flux profiles were used as the transient surface boundary condition 

for the numerical modeling.  

 
Figure 4.22: Transient heat flux at different discharge rates. 
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4.6.2. Thermal Analysis at Various Discharge Rates 

The developed and validated numerical model was used to conduct numerical simulations at 

different discharge rates. The feasible operating temperature range for the Li-ion cells is from 20 

– 40 °C, and a tolerable range for the operation ranges from 40 – 50 °C. Additionally, the 

temperature difference between the maximum and the minimum temperature (also referred to as 

temperature uniformity) should be maintained within 5 °C. The maximum and minimum 

temperatures and temperature uniformity for all the discharge rates are shown in Figure 4.23.  

It can be seen from Figure 4.23 (a) that at 1 C discharge rate, the maximum temperature increase 

throughout the discharge cycle is up to 29.4 °C by the end of discharge. The phase change of the 

PCM starts at 30 °C (Table 3.2), and in this case, no phase change occurs since the temperature 

does not reach the phase change temperature of the PCM. At the 2 C discharge rate, the maximum 

temperature increases up to 30 °C at 1,390 s. At this point, the phase change of the PCM starts, 

and the maximum temperature increases to 30.3 °C by the end of the discharge rate. Any heat 

generated beyond 1,390 s is extracted through the latent heat of the PCM, which maintains the 

maximum temperature at ~30 °C. Similarly, the maximum temperature reaches 30 °C for 3 C at 

985 s, 5 C at 520 s, and 7 C at 405 s. There is no further increase as the maximum temperature is 

limited by the phase change temperature of the PCM. At higher discharge rates, the maximum 

temperature reaches ~30 °C quicker due to increased heat generation from the cell, however, the 

time it stays at this temperature reduces with increasing discharge rates. At 2 C, it stays at ~30 °C 

for 410 s, at 3 C for 215 s, at 5 C for 200 s, and at 7 C for 109 s. In terms of percentage, at 2 C the 

maximum temperature stays at ~30 °C for 22.8%, at 3 C for 17.9%, at 5 C for 27.8%, and at 7 C 

for 21.2% of the total discharge time. The longer it takes for the maximum temperature to reach 
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the phase change temperature and the least it stays at this temperature until the completion of 

discharge is beneficial for the BTMS as this will result in the lowest utilization of the PCM.  

 
Figure 4.23: (a) Maximum temperature, (b) minimum temperature, and (c) temperature uniformity for all 

the discharge rates. 

(a)

(b)

(c)
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It can be seen from Figure 4.23 (b) that in all the discharge rates, the minimum temperature of the 

battery module does not reach the phase change temperature. It increases throughout the discharge, 

and at the end of discharge at 1 C, it reached 27.5 °C; at 2 C, it reached 28.6 °C; at 3 C, it reached 

28.1 °C; at 5 C, it reached 28.2 °C, and at 7 C it reached 27.7 °C. The maximum temperature 

increases at a higher rate compared to the increase in the minimum temperature. This difference 

in temperature increase rates results in a temperature non-uniformity in the battery module.  

It can be seen from in Figure 4.23 (c) that the temperature uniformity generally reduces with 

increasing discharge rate as expected. At 1 C discharge rate, the temperature difference keeps 

increasing throughout the discharge cycle and its 1.8 °C by the end of the discharge cycle. For all 

the other discharge rates, the temperature uniformity reduces until the phase change temperature 

of the PCM is reached, and then it increases until the end of the discharge cycle. Once the phase 

change temperature is reached, the maximum temperature does not increase, whereas the minimum 

temperature keeps increasing. This reduces the temperature difference, which then increases the 

temperature uniformity.  

The temperature contours of all the cells at the end of the discharge cycle are shown in Figure 4.24. 

It can be seen that the high temperature locations are at the center of the cells, specifically the 

surfaces facing the neighboring cells. Whereas the surfaces facing the housing of the battery 

module have lower temperatures. Moreover, the surfaces of the cells that are in direct contact with 

the top and bottom plate of the battery module have relatively lower temperatures due to heat 

conduction from the cell to the module housing. Compared to the surface in contact with the 

bottom plate, the surface of the cell in contact with the top plate exhibits the minimum temperatures 
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due to the air-cooling effect that occurs at the top plate. Therefore, the top plate cools due to air 

cooling, and then this allows additional conduction from the cell surface to the top plate.  

 
Figure 4.24: Temperature contours at the end of the discharge cycle for (a) 1 C, (b) 2 C, (c) 3 C, (d) 5 C, 

and (e) 7 C discharge rates.  
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Moreover, the compound heating effect between the cells can be visualized in Figure 4.25. The 

temperature contours at the center of the battery module for all the different discharge rates are 

shown in Figure 4.25. Since the contours are extracted at the end of the discharge cycle, therefore, 

they are similar. The highest temperature of the PCM is exhibited at the contact surface with the 

cells. The PCM that is in between the surfaces of the two neighboring cells has higher temperatures 

compared to the rest of the PCM. The effect of the liquid channel can also be seen in Figure 4.25. 

The fluid in the liquid channel acts as a heat sink for the PCM, which reduces the temperature of 

the PCM around the liquid channels. Additionally, the battery module housing also acts as a heat 

sink for the PCM, and the PCM near the housing of the battery module has the lowest temperatures. 

The housing is being cooled by the ambient temperature and the airflow within the air duct, which 

results in the lowest temperatures of the PCM.  
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Figure 4.25: Temperature contours at the center of the battery module at the end of the discharge cycle for 

(a) 1 C, (b) 2 C, (c) 3 C, (d) 5 C, and (e) 7 C discharge rates. 
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4.6.3. PCM Melting Analysis 

As discussed previously, the secondary coolants, which are water in liquid channels and airflow 

within the air duct, have assisted in removing heat from the PCM, resulting in an increase in its 

heat extraction capacity. However, it is necessary to study the amount of PCM that has melted in 

the discharge process. At 1 C, none of the PCM was utilized as the maximum temperature was 

below the phase change temperature of the PCM. At 2 C, the PCM utilization was 0.32%; at 3 C, 

it was 0.14%; at 5 C, it was 0.3%; and at 7 C, it was 0.12%. This shows that due to the secondary 

cooling, the amount of PCM that changes phase is low, and it is capable of extracting additional 

heat energy from the cells. The initial intuition is that the PCM utilization should be monotonic 

and as the discharge rate increases the PCM utilization should increase as well. However, this is 

not always the case as shown through this study. The PCM utilization is dependent on the discharge 

rate, the time interval percentage of maximum temperature at the phase change temperature, and 

the amount of heat flux increase during interval as shown in Table 4.3. It be seen that the highest 

PCM utilization is at 2 C which has the highest increase in the heat flux of 89.76 W/m2 and the 

lowest utilization is at 7 C which has the lowest heat flux increase of 68.22 W/m2 during the 

interval.  

Table 4.3: PCM utilization summary. 

Discharge 
Rate 

Time Interval of Maximum 
Temperature at ~30°C (s) 

Heat Flux Increase During 
Interval (W/m2) 

PCM 
Utilization (%) 

    
1 C 0 (0.0%) -  0.00 
2 C 410 (22.8%) 89.76 0.32 
3 C 215 (17.9%) 76.97  0.14 
5 C 200 (27.8%) 85.58  0.30 
7 C 109 (21.2%) 68.22 0.12 
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4.7. Development of Strategy 2 and Comparison with Strategy 1 

4.7.1. Overview of Thermal Profiles of the Proposed Strategies 

The developed and validated numerical model was used to conduct numerical simulations. The 

maximum and minimum temperatures for BM3-C1, BM4-C1, and BM4-C2 are shown in Figure 

4.26.  

For BM3-C1 it can be seen from Figure 4.26 (a) that the maximum temperature increase reaches 

30 °C, which is the phase change temperature of the PCM by 405 s. At this point, the phase change 

of the PCM starts, and the maximum temperature increases to 30.5 °C by the end of the discharge 

rate at 514 s. Any heat generated beyond 405 s is extracted through the latent heat of the PCM, 

which maintains the maximum temperature at ~30 °C. For BM4-C1, the maximum curve is similar 

to BM3-C1, as shown in Figure 4.26 (b). In this as well, the maximum temperature reaches 30 °C 

by 405 s. For both these strategies, in terms of percentage, the maximum temperature stays at ~30 

°C for 21.2% of the total discharge time. Additionally, it can be seen from Figure 4.26 (c) for 

BM4-C2 that the maximum temperature increase throughout the discharge cycle is up to 29.1 °C 

by the end of discharge. The phase change of the PCM starts at 30 °C, and in this case, no phase 

change occurs since the temperature does not reach the phase change temperature of the PCM. The 

longer it takes for the maximum temperature to reach the phase change temperature and the least 

it stays at this temperature until the completion of discharge is beneficial for the BTMS as this will 

result in the lowest utilization of the PCM. 
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Figure 4.26: Maximum and minimum temperature for (a) BM3-C1, (b) BM4-C1, and (c) BM4-C2.  
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It can be seen from Figure 4.26 that in all strategies, the minimum temperature of the battery 

module does not reach the phase change temperature. It increases throughout the discharge, and at 

the end of discharge, it reaches 27.7 °C. The maximum temperature increases at a higher rate 

compared to the increase in the minimum temperature. This difference in temperature increase 

rates results in a temperature non-uniformity in the battery module and is shown in Figure 4.27.  

 
Figure 4.27: Temperature difference between the maximum and minimum temperature for BM3-C1, 

BM4-C1, and BM4-C2. 

It can be seen from Figure 4.27 that the temperature uniformity (difference between the maximum 

and minimum temperature) generally reduces with increasing discharge time. In BM3-C1 and 

BM4-C1, the rate of maximum temperature compared to the rate of minimum temperature 

increases; therefore, the temperature uniformity reduces at a higher rate until the phase change 

temperature of the PCM is reached, and then it starts to increase until the end of the discharge 
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which then increases the temperature uniformity. For BM4-C2, due to effective cooling from the 

cold plates, the rate of maximum temperature increase is significantly lower; therefore, the 

decrease in temperature uniformity throughout the discharge cycle is significantly lower.   

In order to better understand the cooling phenomenon, the temperature contours of all the cells at 

the end of the discharge cycle are shown in Figure 4.28. In all the strategies, it can be seen that the 

surfaces of the cells that are in direct contact with the top and bottom plate of the battery module 

have relatively lower temperatures due to heat conduction from the cell to the module housing. 

Compared to the surface in contact with the bottom plate, the surface of the cell in contact with 

the top plate exhibits the minimum temperatures due to the air-cooling effect that occurs at the top 

plate. Therefore, the top plate cools due to air cooling, and then this allows additional conduction 

from the cells’ surface to the top plate. For BM3-C1 and BM4-C1, it can be seen that the high 

temperature locations are at the center of the cells, specifically the surfaces facing the neighboring 

cells. Whereas the surfaces facing the housing of the battery module have lower temperatures. For 

BM4-C2, even lower temperature surfaces are the surfaces that are directly facing the cold plates. 

This shows the effectiveness of the cold plate utilization as it extracts a higher amount of heat from 

the PCM material, which increases the heat extraction capacity of the PCM, resulting in increased 

cooling from the surface of the cells. Finally, for BM4-C2, due to the presence of cold plates in 

between all the surfaces of the neighboring cells, the highest amount of cooling is achieved 

compared to the other two strategies. The lower temperature surfaces are the ones that are in front 

of the cold plates, whereas the higher temperature surfaces are the ones that are facing the module 

housing. Since the module housing is cooled through the ambient temperature and the airflow at 

the top of the battery module only as compared to the liquid cooling effect for the other cell 
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surfaces therefore, these temperatures are higher in comparison. This shows the effectiveness and 

importance of the presence of liquid cooling within the proposed battery module.  

 
Figure 4.28: Temperature contours at the end of the discharge cycle for (a) BM3-C1, (b) BM4-C1, and (c) 

BM4-C2.  

 

(a) (b)

(c)



132 

4.7.2. Effects of Secondary Liquid and Air Cooling 

In order to better visualize the effect of liquid cooling, the temperature contours at the center of 

the battery module towards the end of the discharge cycle are provided in Figure 4.29. In all the 

strategies, the highest temperature of the PCM is exhibited at the contact surface with the cells. 

For BM3-C1 and BM4-C1, the PCM that is in between the surfaces of the two neighboring cells 

has higher temperatures compared to the rest of the PCM. In BM3-C1, the fluid in the liquid 

channel acts as a heat sink for the PCM, which reduces the temperature of the PCM around the 

liquid channels. Additionally, the battery module housing also acts as a heat sink for the PCM, and 

the PCM near the housing of the battery module has the lowest temperatures. The housing is cooled 

by the ambient temperature and the airflow within the air duct. Moreover, the cold plates also act 

as a heat sink for the PCM, and the effect of cold plates can be seen in BM4-C1 and BM4-C2. In 

BM4-C1, through the addition of a cold plate, the high temperature region with the PCM in the 

transverse direction is eliminated as all the fluid extracts the heat from the PCM. Similarly, through 

the placement of additional cold plates in the longitudinal direction, the high temperature regions 

between all the neighboring cells have been eliminated in BM4-C2. In BM3-C1 and BM4-C1, the 

high temperature regions in between the cells are the cause of the high temperature increase rate 

and increased temperature uniformity, as shown in Figure 4.26 (a), (b), and Figure 4.27. As a 

result, the melting of the PCM starts in these regions. However, in BM4-C2 these high temperature 

regions are eliminated; therefore, the temperature does not reach the phase change temperature of 

the PCM, and the melting of the PCM does not occur.  
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Figure 4.29: Temperature contours at the center of the battery module at the end of the discharge cycle for 

(a) BM3-C1, (b) BM4-C1, and (c) BM4-C2. 

The temperature contours for the liquid channels and cold plates are provided in Figure 4.30. It 

can be seen that in BM3-C1, due to the minimal contact surface between the liquid channel and 

the PCM, the heat extraction from the PCM is lowest. Whereas, in BM4-C1, there is an increased 

heat extraction through the increased contact surface area. Finally, the highest heat extraction is 

achieved in BM4-C2 as it has the highest contact surface area with the PCM. Moreover, for BM4-

C1 and BM4-C2, the lower portion of the fluid has the highest temperature, and it gradually 

reduces to the minimum towards the top portion of the fluid. This is due to the air-cooling effect 

that occurs at the top of the cold plates that is protruded within the air duct. Additionally, the lowest 
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temperature of the fluid is exhibited near the inlet of the air duct and as the air flows through the 

cold plate, its heat extraction capacity reduces, and the temperature of the fluid increases towards 

the outlet of the air duct. The impact of the single fluid body in BM4-C2 can be seen in Figure 

4.30 (c), as the same airflow allows the fluid to cool in between the cell columns as well.  

 
Figure 4.30: Temperature contours of (a) liquid channel in BM3-C1, and (b) cold plates for BM4-C1, and 

(c) BM4-C2. 
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Since the airflow has a low velocity with a Reynold number of 1,950 therefore, the temperature of 

airflow near the walls of the battery module and the cold plates will be the highest as compared to 

airflow in the center of the air duct. Hence, the temperature contours of airflow at the walls are 

shown in Figure 4.31. In all the strategies, the temperature of airflow near the inlet is the lowest, 

and it increases as it extracts heat and moves toward the outlet of the battery module. It can be 

seen that the lowest heat transfer to airflow occurs in BM3-C1, and the heat transfer increases 

slightly by 1.1% as it flows over the liquid channels. Whereas, in BM4-C1, the heat transfer is 

high as it flows over the cold plates because of the increased contact surface area with the 

protruding cold plates in the air duct. Finally, in BM4-C2, there is increased heat accumulation in 

the cold plates resulting in higher heat extraction from the airflow and the highest cooling achieved.  
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Figure 4.31: Temperature contours of air contact surfaces in (a) BM3-C1, (b) BM4-C1, and (c) BM4-C2. 

4.7.3. PCM Melting Analysis 

In BM3-C1, due to low heat extraction from the circular liquid channels, the highest amount of 

PCM melting occurred at 0.12%. This is followed by BM4-C1 with a PCM melting of 0.07%, and 

finally, due to exceptional cooling from the secondary coolants, none of the PCM was melted in 

BM4-C2. Overall, the melting amount of PCM is very low, even at a high discharge rate of 7 C. 

This shows that due to the secondary cooling, the amount of PCM that changes phase is low, and 

it is capable of extracting additional heat energy from the cells.  
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4.8. Analysis on the Impact of Ambient Temperature on Strategy 2 

Since Strategy 2 exhibits better thermal performance compared to Strategy 1 therefore, it was used 

to analyze the effects of different ambient temperatures. The ambient temperature was changed 

from 25 °C to 40 °C in increments of 5 °C. The maximum and minimum temperatures were 

obtained for all the different ambient temperatures. The result for 25 °C ambient temperature is 

already provided in Figure 4.26 (c), and the results for 30 °C, 35 °C, and 40 °C are provided in 

Figure 4.32. It is to be noted that the phase change temperature of PARAFFIN starts at 30 °C.  

At 25 °C the heat from the surface of cells is extracted using the thermal conductivity of the PCM. 

This results in a maximum increase of only 4.1 °C from the ambient temperature of 25 °C due to 

the impact of secondary coolants. At an ambient of 30 °C the phase change of the PCM starts with 

the discharge of the cells, and it begins to melt. During this process, all the heat generated at 7 C 

discharge rate is extracted through the latent heat of the PCM. This results in the maximum 

temperature increase of 0.83 °C and the minimum temperature increase of 0.51 °C as shown in 

Figure 4.32 (a). Additionally, during the discharge process, 12.2% of the PCM changed it phase. 

This shows that due to the availability of the secondary coolants, a limited amount of PCM and 

the remaining PCM has additional capacity to extract heat from subsequent charge and discharge 

cycles. At ambient temperatures 35 °C and 40 °C, the PCM has completely changed its phase and 

is in liquid form at the beginning of the discharge cycle. Hence, the latent heat of the PCM cannot 

be further utilized, and only the thermal conductivity is used to extract heat from the surface of the 

cells and transfer it to the secondary coolants. Therefore, the results for 35 °C and 40 °C ambient 

temperature shows a similar curve to 25 °C ambient temperature and the maximum temperature 

increases by 4.1 °C. This shows that it is vital to use a PCM or a CPCM with increased thermal 
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conductivity, as outside the phase change temperatures, the thermal conductivity will be used to 

extract the heat from the cells. However, since the temperature increase is limited to 4.1 °C by the 

hybrid BTMS strategy, it can be used at 45 °C ambient temperature as well. At 45 °C ambient 

temperature, the maximum temperature will be limited to less than 50 °C, which is the high end of 

the tolerable temperature range of the Li-ion cell.  
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Figure 4.32: Maximum and minimum temperature for Strategy 2 at (a) 30 °C, (b) 35 °C, and (c) 40 °C 

ambient temperature.  
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4.9. Addition of Property Enhancing Materials to Paraffin based PCM in Strategy 2 

The details of the selected CPCM are provided in Table 3.4. It can be seen that through the addition 

of various PEM to a paraffin base PCM the thermal conductivity can be increased, which results 

in improved cooling outside the phase change temperature regions of the PCM. The results for 

Strategy 2 with the selected CPCM are shown in Figure 4.33. Since the ambient temperature was 

25 °C and due to the hybrid BTMS the maximum temperature of the cells remained below the 

phase change temperature of the PCM. Therefore, thermal conductivity is used to extract heat from 

the cells below the phase change temperature. It can be seen that the rate of maximum temperature 

increase for the CPCM increase with reducing thermal conductivity. The lowest thermal 

conductivity is of CPCM with expanded vermiculite which results in the highest maximum 

temperature of 28.2 °C at the end of the 7 C discharge rate.  

Additionally, the maximum temperatures reduce with the subsequent PCM with higher thermal 

conductivities. However, it can be seen that after a certain point, the maximum temperature and 

the rate of temperature increase do not reduce significantly with an increase in thermal 

conductivity. This is shown in Figure 4.33 (c). The increase in the maximum temperature at the 

end of the discharge cycle is plotted against thermal conductivity. It can be seen that beyond the 

thermal conductivity of ~3 W/m.K, which corresponds to the thermal conductivity of paraffin with 

copper foam, there is no significant reduction in the maximum temperature. By increasing the 

thermal conductivity from ~3 W/m.K to ~14 W/m.K (an increase of 367%) the increase in the 

maximum temperature is only reduced by 3.2%. Therefore, the thermal conductivity of ~3 W/m.K 

is considered the feasible thermal conductivity for Strategy 2.  



141 

 
Figure 4.33: Variation of (a) maximum temperature and (b) temperature uniformity with time; (c) 

Variation of maximum temperature with thermal conductivity for different CPCM. 
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Moreover, the temperature uniformity of all the CPCM is provided in Figure 4.33 (b). The 

temperature uniformity by using paraffin was limited to 1.2 °C. Since the thermal conductivity of 

the CPCM is higher compared to paraffin, therefore, the lowest temperature uniformity is limited 

to 0.64 °C, which is of paraffin combined with expanded vermiculite. By increasing the thermal 

conductivity, the rate of maximum temperature increase reduces whereas the rate of minimum 

temperature increase is not significantly affected, therefore, the difference between the maximum 

temperature and the minimum temperature reduces, which increases the temperature uniformity 

further, as shown in Figure 4.33 (b). 

By adding the PEM to paraffin base PCM, the latent heat also changes in addition to the change in 

thermal conductivity. The melting heat capacities for all the CPCM is also provided in Table 3.4. 

Since the latent heat is utilized when the phase change of the CPCM occurs, therefore, the ambient 

temperature for all the numerical simulations was set to the phase change temperature. It was setup 

such that the PCM is solid at the beginning of the discharge rate, and as soon as the cells start to 

discharge and heat is released, the CPCM uses its latent heat and changes its phase. Due to the 

CPCM changing its phase, the maximum and minimum temperatures do not increase and stay 

within the phase change temperature range. Hence, to evaluate the impact of the latent heat of the 

PCM, the amount of PCM that changed its phase during the discharge cycle was obtained and 

compared. This is shown in Figure 4.34. Paraffin combined with graphene oxide has the lowest 

latent heat, and it exhibited the highest phase change percentage of 18.2%. As the latent heat 

increased with subsequent CPCM, the phase change percentage reduced. The highest latent heat 

was of paraffin with copper foam which exhibited the lowest phase change percentage of 6.87%. 

Since paraffin with copper foam has the feasible thermal conductivity and highest latent heat 
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therefore, it provides the feasible thermal environment for the battery module both outside and 

within the phase change temperature ranges.   

 
Figure 4.34: Temporal phase change percentage of different CPCM. 
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Figure 4.35: Temperature contours of (a) cells, (b) CPCM, and (c) fluid at 25 °C ambient temperature; 

Temperature contour of (d) cells, (e) CPCM, and (f) fluid at 42.24 °C.  

It can be seen that due to the presence of cold plates in between all the surfaces of the neighboring 

cells, the highest amount of cooling is achieved. The lower temperature surfaces are the ones that 

are in front of the cold plates, whereas the higher temperature surfaces are the ones that are facing 
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(b) (e)

(c) (f)
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the module housing. Since the module housing is cooled through the ambient temperature and the 

airflow at the top of the battery module only, as compared to the liquid cooling effect for the other 

cell surfaces therefore, these temperatures are higher in comparison. This shows the effectiveness 

and importance of the presence of liquid cooling within the proposed battery module.  

Moreover, it can be seen from Figure 4.35 (b) that the cold plates also act as a heat sink for the 

CPCM. Through the addition of a cold plate, the high temperature region within the CPCM in 

between the neighboring cells is eliminated as the fluid extracts heat from the CPCM. Since the 

high temperature regions are eliminated, therefore the temperature does not reach the phase change 

temperature of the CPCM, and the melting does not occur.  

Additionally, it can be seen in Figure 4.35 (c) that the lower portion of the fluid has the highest 

temperature, and it gradually reduces to the minimum towards the top portion of the fluid. This is 

due to the air-cooling effect that occurs at the top of the cold plates that is protruded within the air 

duct. Additionally, the lowest temperature of the fluid is exhibited near the inlet of the air duct and 

as the air flows through the cold plate, its heat extraction capacity reduces, and the temperature of 

the fluid increases towards the outlet of the air duct. The impact of the single fluid body can be 

seen in Figure 4.35 (c), as the same airflow allows the fluid to cool in between the cell columns as 

well. 

Finally, at the ambient temperature of 42.24 °C, the phase change of the CPCM begins, and it can 

be seen from Figure 4.35 (d), (e), and (f) that all temperatures for the entire battery pack are within 

the range of 42.2 to 42.3 °C, as the phase change of the CPCM limits the temperature of the cells 

and PCM and the airflow at the same temperature limits the cooling of the fluid to the ambient 

temperature of 42.24 °C.  
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4.10. Increasing the Thermal Conductivity of Water through Nanoparticles 

In the previous discussions, paraffin with copper foam was selected as the feasible CPCM, 

therefore, it was used as the primary coolant in BM4-C3 and BM4-C4. The thermal conductivity 

of the water is increased to 0.92 W/m.K (in BM4-C4) from 0.6 W/m.K (BM4-C3) through the 

addition of nanoparticles (0.04% of silver and 0.16% multi-walled carbon nano-tubes). To 

compare the two configurations, the amount of CPCM phase change at 42.24 °C ambient 

temperature and the maximum temperature at 25 °C ambient temperature was evaluated, and the 

results are provided in Figure 4.36. It can be seen that there is no difference in the graphs of BM4-

C3 and BM4-C4 as they overlap each other. This shows that the cooling from the fluid is not 

sensitive enough to capture the change of 0.32 W/m.K thermal conductivity.  
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Figure 4.36: CPCM phase change comparison of BM4-C3 and BM4-C4. 

(a)

(b)
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4.11. Parametric Study on the Volume of Paraffin based CPCM Combined with Copper 

Foam 

In this parametric study the volume of CPCM-4 was changed by modifying the battery module 

dimensions. The results of this study are provided in Table 4.4. The total volume of CPCM-4 that 

changes its phase is 8,045 mm3 and is the same in all the test configurations as expected. This is 

the maximum volume of phase change that will occur as the cooling achieved through secondary 

coolants is the minimum due to high ambient temperature of 42.24 °C. In term of the total CPCM-

4 volume the test configuration 6 results in 13.76% utilization of CPCM-4. This shows that at the 

highest utilization of CPCM-4 the test configuration 6 can sustain seven discharge cycles one after 

another at a 7 C discharge rate. Compared to test configuration 1, the total CPCM-4 volume is 

reduced by approximately half in test configuration 6.  

Table 4.4: Utilization of CPCM-4 in the different test configurations.  

Test Configuration No.  CPCM-4 Utilization (mm3) CPCM-4 Utilization in terms 
of Total CPCM-4 Volume (%) 

   
1 8,045 6.91 
2 8,045 7.98 
3 8,045 8.63 
4 8,045 9.38 
5 8,045 10.26 
6 8,045 13.76 
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4.12. Parametric Study on the Inlet Size of Battery Module 

In this parametric study the height of the air duct inlet was varied. Since the Reynolds number was 

the same for all the test configurations therefore, constant CPCM-4 phase change of 8,045 mm3 

was obtained in all. Hence, to evaluate the impact of the inlet height the pressure drop across the 

air duct was compared. The fan power is dependent on the pressure drop of the airflow. A high 

pressure drop will result in a high power requirement of the fan. The results are shown in Figure 

4.37. It can be seen that as the inlet height increases the maximum pressure drop reduces. The 

maximum pressure drop reduces at a high rate initially until 6 mm height and then the rate does 

not drastically reduce beyond this. Therefore, beyond 6 mm height of the air duct the reduction in 

the maximum pressure drop is not significant enough and it is considered as the feasible height.  

 
Figure 4.37: Variation of maximum pressure drop with increase in the inlet height.  
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4.13. Parametric Study on the Airflow Reynolds Number 

In this parametric study the Reynolds number of the airflow was increased by a factor of 2 as 

provided in Table 3.7. This study is important as by increasing the Reynolds number of the airflow 

the cooling increases, however, after a certain point the increase in cooling is not significant 

enough compared to the Reynolds number increase. The results of this study are provided in Figure 

4.38. It can be seen that the rate of reduction in the maximum and minimum temperatures of the 

battery module is high initially, however, beyond the Reynolds number of 1,950 and pressure drop 

of ~10 Pa the reduction is not significant enough. Moreover, a Reynolds number of 1,950 has a 

lower pressure drop compared to a turbulent flow. Therefore, the feasible Reynolds number is 

considered as 1,950.  
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Figure 4.38: Maximum and minimum temperature variation with (a) Reynolds number and (b) maximum 

pressure drop of airflow. 
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4.14. Study on Adding Fins to Improve the Heat Transfer 

Based on the parametric studies BM4-C3 with 6 mm height of air duct inlet and 1,950 Reynolds 

number is considered as the feasible configurations. Therefore, this configuration was used as the 

base configuration for this study. This configuration was then modified to BM5-C1 and BM5-C2 

configurations. The fins will assist in improving the heat transfer to airflow as through the fins the 

contact area with the airflow will increase. However, this increase in heat transfer will come at a 

cost of higher pressure drop. The results for this study are shown in Figure 4.39. It can be seen that 

compared to the pressure drop increase the cooling achieved is not significant. With one fin BM5-

C1 the pressure drop increases from ~11 Pa to ~38 Pa, whereas, the maximum temperature reduces 

by only ~0.6 °C. Similarly with two fins the pressure drop increases by ~70 Pa and the maximum 

temperature reduces by ~0.5 °C. Therefore, the addition of fins does assist in improving the 

cooling, however, the pressure drop increase is much higher which will result in higher fan power 

requirements.  

 
Figure 4.39: Variation of maximum and minimum temperatures with the maximum pressure drop for the 

three developed configurations. 
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4.15. Scalability Study of Battery Module 

For this study four different numerical simulations were performed. The first simulation consisted 

of one battery module only, the second consisted of two battery modules in series, the third 

consisted of three battery modules in series and the fourth consisted of four battery modules in 

series. The maximum temperature of the airflow and cells was obtained and is provided in Figure 

4.40. As expected, it can be seen that the temperature of the airflow and cells increase as the 

number of the modules increase in series. This is because the air extracts a higher amount of heat 

from the initial battery modules and as it moves along in series its heat extraction capacity reduces 

which results in an increase in the temperature. However, due to hybrid design of the developed 

battery module the impact of this phenomenon has significantly reduces as temperature difference 

for battery modules is approximately 0.31 °C across the four battery modules. This is mainly 

because the CPCM is used for the primary coolant, and it extracts the heat and maintains 

uniformity. This can also be seen in the temperature contours provided in Figure 4.41.  
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Figure 4.40: Maximum temperature with increasing battery modules for (a) airflow and (b) module. 
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Figure 4.41: Temperature contours of the cells in four battery modules connected in series. 

In order to extrapolate the results over the 25 battery modules in series the equations obtained from 

the trendlines for both the airflow and cell temperature was used and are provided below. The R2 

values for airflow trendline is 0.9953 and battery module trendline is 0.9963. 

𝐴𝑖𝑟	𝐹𝑙𝑜𝑤	𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 = 0.293122289793738 ln𝐵 + 28.3571103960402 (4.1) 

𝐵𝑎𝑡𝑡𝑒𝑟𝑦	𝑀𝑜𝑑𝑢𝑙𝑒	𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 = 0.226234840293359 ln𝐵 + 28.7252533748119 (4.2) 

Where B is the number of modules attached in series. 
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The result of this extrapolation is provided in Figure 4.42. It can be seen that the temperature 

difference between the maximum temperature of the final module and the initial module is 0.72 

°C. Whereas, the difference in the airflow is 0.94 °C. Moreover, the overall temperature uniformity 

across the entire battery pack is 1.14 °C. This shows that even with 25 modules stacked in series 

the temperature uniformity is still high. Therefore, the developed thermal management strategy is 

capable of being scaled up or down according to the vehicle requirements.  

 
Figure 4.42: Maximum temperature across 25 battery modules for (a) airflow and (b) modules. 
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Similarly, the pressure drop was also obtained using the numerical simulations and the results for 

up to 4 battery modules is provided in Figure 4.43(a). A trendline was obtained and the results 

were extrapolated for entire 25 battery modules in series as shown in Figure 4.43(b) . The trendline 

equation is provided below.  

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒	𝐷𝑟𝑜𝑝 = 	−0.0459999999999923(𝐵A) + 2.89520000000002(𝐵) +

7.92099999999991                     (4.3) 

 
Figure 4.43: Pressure drop across increasing battery modules (a) through numerical simulations and (b) 

through extrapolation.   
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Furthermore, to verify a numerical simulation was conducted over the entire 25 battery modules 

in series and the pressure contours for the single air duct channel are provided in Figure 4.44. For 

a single battery module, the maximum pressure drop was ~ 10 Pa (Figure 4.37). Whereas, for the 

25 battery modules the maximum pressure drop increases to ~51 Pa. Additionally, for a single 

channel of 19 mm width and 6 mm height the airflow in terms of cubic feet per minute (CFM) at 

3.12 m/s amounts to ~0.75 CFM. Hence for the complete battery pack the total CFM requirement 

will be ~68 CFM.  

 
Figure 4.44: Pressure contours for the air duct channel for 25 battery modules in series. 
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4.16. Comparison with Open Literature 

The results obtained from the scalability study was compared with maximum temperature and 

temperature uniformity of various thermal management strategies developed by researchers in 

open literature. The comparison is provided in Figure 4.45. Zeng et al. (2022) developed the hybrid 

strategy by combining liquid cooling and micro heat pipe arrays. Liu et al. (2023) developed the 

hybrid strategy by combining CPCM and copper tube liquid cooling. Xu et al. (2023) developed a 

liquid cooling strategy by using a wrench-shaped cold plate with a bifurcation structure. Xiong et 

al. (2023) developed a novel liquid cooling bionic flow channel in the shape of spider-web and the 

results were compared with honeycomb and helical flow channels. Ling et al. (2023) designed 

various configurations of mini-channel cold plates and optimized the designs.  

 
Figure 4.45: Comparison of results with thermal management results in open literature. 
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the scaled battery pack is higher when compared to the studies in open literature. Additionally, the 

open literature studies require flowing fluid through the entire battery modules which result in 

power consumption, however, the improved thermal performance obtained from the strategy 

developed in this research is achieved without flow of fluid and pumping power requirements.  
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CHAPTER 5:     CONCLUSIONS AND FUTURE WORK 

This chapter presents the concluding remarks for the research work done in this thesis. This is 

followed by a list of the novelties and contributions from this research. Finally, the limitations and 

recommendations for future work are presented.  

5.1. Summary of Results and Conclusions 

Lithium-ion batteries are the most promising batteries for electric vehicles, but they have problems 

associated with their thermal performance. In this research, the issues of thermal performance and 

temperature non-uniformity in lithium-ion batteries were investigated. A comprehensive literature 

review of the literature identified some gaps including a lack of thermal management strategies 

that can reduce the power requirements and improve the cooling and temperature uniformity of 

the lithium-ion batteries. To contribute in overcoming these challenges, multiple hybrid cooling 

strategies have been developed and proposed that combine air, liquid, and phase change material 

cooling. Based on the developed strategies distinct battery module configurations have been 

designed and developed. Experimental studies were conducted on the developed battery module 

to obtain heat flux and temperature profiles of the cells. Additionally, the numerical model was 

developed and validated using the experimental results. Numerical simulations were then 

conducted for all the battery module configurations proposed. The effectiveness of the new 

strategies was examined, and the results suggest that the primary coolant (composite phase change 

material) improves the temperature uniformity within the battery module, and the secondary 

coolants (fluid in cold plates and airflow in the air duct) increases the cooling within the battery 

module by extracting heat from the composite phase change material simultaneously. A summary 

of the results and the conclusions drawn are as follows: 
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• The results of the transient feasibility study concluded that the phase change percentage of the 

paraffin in configurations with PCM cooling only and hybrid of PCM and liquid cooling was 

~10.3%. Whereas the phase change percentage of paraffin in hybrid configuration of PCM, 

liquid, and air cooling (Strategy 1) was ~6.1% and it exhibited a better thermal performance.  

• When comparing different configuration of liquid channels within Strategy 1 the maximum 

temperature was maintained at approximately 31.5 °C in all the configurations, however, the 

highest temperature uniformity of 1.75 °C was exhibited by the configuration in which the 

liquid channels were placed in between the PCM.  

• The results indicated that a single discharge cycle was not enough to completely analyze the 

thermal performance of Strategy 1 with a PCM of higher phase change temperature as the 

maximum temperature did not reach the phase change temperature of the PCM. Based on 

further investigation, it was found that the maximum temperature reached the phase change 

temperature of PCM in the fifth discharge cycle, and through the use of latent heat, the 

maximum temperature of the battery module was maintained between 42 – 44 °C. Moreover, 

the temperature uniformity started to increase once the phase change temperature of the PCM 

was reached. Finally, by the end of the last discharge cycle, phase change occurred in only 

2.3% of the PCM.  

• Thermal performance of Strategy 1 was obtained for 1 C, 2 C, 3 C, 5 C, and 7 C discharge 

rates. Based on the results, the maximum temperatures were limited to ~30 °C since, at this 

point, any additional heat from the cell is extracted using the latent heat of the PCM.  

• When comparing Strategy 1 and Strategy 2 the results show that the highest cooling was 

achieved through Strategy 2 (with cold plates in between the cell columns and rows) as the 

maximum temperature was limited to 29.1 °C and a high temperature uniformity was achieved 
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by the end of the discharge cycle with the difference between the maximum and minimum 

temperature limited to 1.2 °C. Additionally, none of the PCM was melted as the maximum 

temperature was maintained below the phase change temperature of the PCM.  

• Strategy 2 was then used to investigate the impact of different ambient temperatures on the 

thermal management system. The results concluded that it is vital to use a composite PCM 

with increased thermal conductivity as outside the phase change temperatures, the thermal 

conductivity will be used to extract the heat from the cells. Since the temperature increase is 

limited to 4.1 °C, it can be used at 45 °C ambient temperature and the maximum temperature 

will be limited to less than 50 °C, which is the high end of the tolerable temperature range of 

the Li-ion cell. Furthermore, various composite PCM were used to investigate the variations 

of the thermal conductivity. It was found that beyond a thermal conductivity of ~3 W/m.K, 

which corresponds to the thermal conductivity of paraffin combined with copper foam, there 

is no significant reduction in the maximum temperature. Since paraffin with copper foam has 

the feasible thermal conductivity and highest latent heat therefore, it provides the feasible 

thermal environment for the battery module both outside and within the phase change 

temperature ranges. Moreover, at a 7 C discharge rate, it exhibited the lowest phase change 

percentage of 6.87%.  

• When comparing the addition of nanoparticles to increase the thermal conductivity of water 

the results concluded that the cooling from the fluid is not sensitive enough to capture the 

increase of 0.32 W/m.K thermal conductivity through the use of nanoparticles. 

• Through the parametric studies the composite PCM volume requirement was reduced by 

~50%. With the modified volume the battery module is capable of sustaining seven discharge 

cycles one after another at a 7 C discharge rate. Additionally, beyond 6 mm height of the air 
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duct the reduction in maximum pressure drop is not significant enough and it is considered as 

the feasible height. Furthermore, beyond the Reynolds number of 1,950 and pressure drop of 

~10 Pa the reduction in the maximum and minimum temperatures is not significant enough.  

• In order to enhance the cooling in the airflow Strategy 2 was modified by adding fins to the 

protruded cold plate section in the air duct. The results showed that the addition of fins does 

assist in improving the cooling, however, the pressure drop increase is much higher which will 

result in higher fan power requirements. 

• When scaled up to an entire battery pack the overall temperature uniformity across the pack is 

1.14 °C with a maximum temperature of 29.45 °C, which is within the feasible operating 

temperature and uniformity ranges. Therefore, the developed thermal management strategy is 

capable of being scaled up or down according to the energy and power requirements.  

The hybrid thermal management strategies developed and used in this study was able to limit the 

maximum temperature of the battery module to below ~29 ºC, which is a significant improvement 

over battery modules developed for similar batteries in the open literature. The developed battery 

module also achieved the desired temperature uniformity to less than 5 ºC.  Furthermore, the 

proposed strategy eliminates the requirement of a pump and reservoir since there is no flow of 

liquid within the battery module. This reduces the energy required for the operation of the thermal 

management system, thereby increasing the available energy for propulsion. Therefore, it can be 

concluded that the proposed battery module is capable of maintaining the thermal environment 

required by the Li-ion cells for effective performance with the ability to be scaled up to an entire 

battery pack for an electric vehicle.  
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5.2. Novelty  

The novelty of this research are as follows: 

• A novel hybrid thermal management strategy is developed by incorporating air cooling, liquid 

cooling, and phase change material.  

• A novel configuration is developed that uses secondary coolants (air and liquid) to extract heat 

simultaneously from the phase change material which results in increased heat extraction 

capability of the phase change material and the thermal performance of the battery module.  

• A novel configuration of hybrid thermal management strategy is developed which utilizes 

stationary fluid and does not require any pumps or reservoirs which increases the energy 

availability for the propulsion of the electric vehicle.  

• A novel design of cold plate is developed for hybrid thermal management strategy which is 

capable of being placed in between the cell rows and columns and contains a single fluid body 

to improve thermal performance of the battery module.  

• A novel modular battery pack design is developed which is capable of scalability in power and 

energy. 
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5.3. Contributions 

The contributions from this research are as follows: 

• The developed hybrid thermal management strategy is compared with traditional phase change 

cooling and liquid cooling strategies. 

• Multiple configurations of the hybrid thermal strategies are developed and compared.  

• Heat flux profiles are obtained for the Lithium-ion cell at various cell discharge rates ranging 

from 1 C to 7 C.  

• New high-fidelity numerical models are developed and validated with experimental data to 

accurately predict the thermal performance of the developed hybrid thermal management 

strategies.  

• The hybrid battery module is examined under various ambient conditions.  

• Several composite phase change materials with property enhancing materials are added to the 

hybrid battery module and the results are compared and analyzed.  

• Environmentally friendly fluid such as water is used to improve sustainability and eliminate 

the emission of harmful gases and vapors into the environment.  
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5.4. Limitations  

The limitations of the research performed in this thesis are as follows: 

• The research was conducted on 18650 Li-ion cells and it is not applicable to larger cells without 

further investigation.  

• The research was conducted on cylindrical Li-ion cells and it is not applicable to different cell 

geometries without further investigation. 

• The research is done on Li-ion cells and may not be applicable to cells with different battery 

chemistries without further investigation.  

• The research is not applicable to discharge rates higher than 7 C without further investigation.  

• The structural integrity of various developed components has not been investigated.  
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5.5. Future Directions and Outlook 

As concluded above, the hybrid thermal management strategy is capable of maintaining the battery 

module temperatures within the feasible operating range while significantly reducing the energy 

requirements for the operation of the thermal management system. However, gaps still remain 

which require further investigation and research in order to apply this strategy to practical 

applications. Therefore, several recommendations can be made for future research as listed below: 

• Experiments should be conducted to obtain heat flux profiles of Lithium-ion cells at high 

charging rates and at various drive cycles and use it to obtain and improve the thermal 

performance of the hybrid battery module.  

• The developed numerical model should be modified by coupling the electrochemical model as 

well and comparing its impact in order to further improve the developed model.   

• Experiment should be conducted by developing a prototype of the scaled-up battery pack to 

improve the numerical simulations for scaled battery pack and further validate it.  

• A study should be conducted for the developed hybrid battery module with larger Lithium-ion 

cells such as the 26650 and 42120 cylindrical cells.  

• A study should be conducted to evaluate the performance of the developed hybrid thermal 

management strategies with different cell geometries such as the prismatic and pouch cells.  

• An experimental and numerical study should be conducted to evaluate the performance of the 

developed hybrid thermal management strategies and battery module in instances of thermal 

runaway.  

• The developed hybrid strategy should be modified to withstand thermal runaway and its 

propagation.  
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