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ABSTRACT 
 
 
 

Battery Thermal Management Systems are necessary for the overall efficiency and 

life cycle of vehicle as well safety of passengers and vehicle, as elevated operating 

temperatures have adverse effect on the efficiency, life cycle and safety of the Li-ion 

battery packs. The operating temperature prescribed by many studies for improved 

performance and better life cycle of Li-ion batteries is around 25°C. In some worst case 

scenarios, high operating temperature may lead to thermal runaway in the battery, causing 

immense amount of heat generation, even leading to an explosion. To avoid all these 

dangerous events, battery thermal management is utilized to regulate the temperature of 

the battery pack. 

In this thesis, a novel battery thermal management system based on liquid cooling 

principle is proposed. The system involves dual purpose cooling plate for prismatic Li-ion 

batteries, which can maintain the temperature under normal conditions as well as mitigate 

the heat generated during thermal runaway. An experiment was performed on the prismatic 

Li-ion battery to measure the heat generation trends. The battery was discharged at 5C to 

replicate aggressive conditions. The data for maximum heat flux generated in the Li-ion 

battery was obtained. An estimated amount of heat generated during thermal runaway was 

calculated. A conjugate heat transfer method was used to simulate the cooling plates for 

normal operation and thermal runaway. The plates were simulated with two flow rates for 

normal operation and three flow rates for thermal runaway. Three different designs of 

cooling plates were compared on the basis of surface temperature, pressure drop and flow 
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rate. The final design was selected based on the comparison with the rest of the cooling 

plates. The selected cooling plate can: 

• Maintain the temperature of battery below 25°C during normal operation. 
 

• Dissipate the maximum possible heat generated during thermal runaway and bring 

the temperature to less than 80°C. 

• Maintain least possible pressure drop in both conditions. 

 
A stress and modal analysis was performed on the final cooling plate to analyze the 

structural integrity of the design. The selected cooling plate porotype was manufactured. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background 
 

With the development of electric vehicles, the governments and automotive 

industry around the world are working towards making electric vehicles the primary mode 

of transportation to reach the goal of clean and green environment. The current research is 

now focused on developing safe, inexpensive and more reliable electric vehicles. Another 

area of research is the aviation industry where small electric aircraft have already have 

garnered the interest of hobbyists and start-ups. Aviation giants like Boeing and Airbus etc. 

across the globe are the supporting the new start-ups that are venturing to develop hybrid 

electric aircraft. Scientists and engineers are developing batteries which have more power 

capacity and are cheaper than the current batteries present in the market. As the power in 

the batteries increases, the vehicle’s range increases. 

As these vehicles and aircraft require an immense amount of power to operate, the 

Li-ion batteries are generally coupled in series or parallel to deliver the required amount of 

power. The performance of these vehicles and aircraft is primarily dependent on the Li-ion 

batteries, hence Li-ion batteries have become a crucial component of research and 

development. Li-ion batteries generate heat during their operation and are susceptible to 

degradation, if the operating temperatures exceed the manufacturer specified conditions. 
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In the hybrid electric vehicles and aircraft, Li-ion batteries are stacked in an array 

to form a battery pack. The Li-ion batteries release around 8-10% of their total energy as 

heat energy and as the number of the batteries increases inside the battery pack, the amount 

of heat generated from the battery pack also increases. Elevated temperatures can affect 

adversely on the efficiency, durability, power, and safety of the batteries. For this very 

reason, thermal management is vital for the battery packs to maintain and control the 

operating temperatures around the batteries. The primary aim of the battery thermal 

management system is to dissipate the heat generated in the battery pack. A battery thermal 

management system can incorporate various techniques such as air cooling, liquid cooling, 

phase-change materials PCM, or heat pipes or even a combination of the two or more of 

above techniques. However, the task of removal of heat generated from the battery pack is 

not simple. An efficient battery thermal management system not only involves 

cooling/heating techniques but also various monitoring systems to analyze the health of the 

batteries. 

In this chapter, a brief introduction of heat generation in the Li-ion battery is 

explained and the vitality of the battery thermal management systems is discussed. A 

review of the current technologies available for battery thermal management is studied to 

recognize the gaps and scope for the work of this thesis. 

1.2 Li-Ion Battery 

With the advent of 21st century, the Li-ion batteries have become an important 

source of power with applications ranging from communication to transportation. Sony 

released the first battery in 1991 and over the years, Li-ion batteries replaced every other 

rechargeable power source due to their high power density and long life cycles But due to 
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the complexities, hybrid electric vehicles required batteries with more power and better life 

cycles The current research is focused on increasing the energy and power density of the 

Li-ion batteries while providing longevity, improved safety, and cost-effectiveness. 

A typical Li-ion battery has a cathode (positive charges electrode), an anode 

(negative charge electrode), a separator and an electrolyte packed inside a metal casing. 

The electrons move from anode to cathode through the electrolyte. The anode oxidizes, 

releases electrons to the electrolyte and cathode accepts the electrons from the electrolyte. 

The Li-ion batteries are rechargeable which correlates that the electrochemical reactions 

occurring are reversible. In batteries, the chemical energy is converted into electrical 

energy and according to the second law of thermodynamics, any conversion between two 

forms of energy (chemical energy to electrical energy) occurs with an energy (heat) loss. 

Heat is produced in the batteries due to three fundamental process such as activation of 

interfacial kinetics, species transport phenomenon and joule heating from the movement of 

charged particles [1]. The heat generated in the small batteries is negligible but as the size 

of the battery increases, there is a significant increase in the amount of heat energy 

generated. 

The failure mechanisms of Li-ion battery are thermal abuse, physical damage, short 

circuit and charge and discharge failures which generally lead to internal short-circuit in 

the battery. Internal short-circuit is one of the catastrophic failures to prevent. During 

internal short-circuit current passes internally through the cell causing many scenarios like 

decomposition of electrodes and separator. This also leads to excessive heat generation, 

the release of toxic, explosive and carcinogenic gases and in some unfortunate cases, 

causing an explosion [2]. 
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1.3 Battery Thermal Management 
 

Li-ion batteries generate heat during the conversion process of chemical energy to 

electrical energy. Another source of heat generation in Li-ion batteries is Joule heating 

effect, where the energy of an electric current is converted into heat as it flows through a 

resistance. The heat energy generated during the charging and discharging and if the heat 

generated is not removed from the system, it gets accumulated causing an increase in the 

temperature of the battery pack. As the operating temperature increases, the rate of 

degradation in all the components of the Li-ion battery increases [3]. Khateeb et al. studied 

the effect of operating temperature on the performance and life cycle of the Li-ion batteries 

and concluded that the electrochemical process, charge acceptance rate, power, and energy 

density, life cycle and cost are governed by the operating temperature [4]. T.M. Bandhauer 

et al. discussed various thermal issues of Li-ion batteries and the effect of operating 

conditions on recoverable power and capacity of the battery and concluded that the LIB 

show a reduction in recoverable power and capacity if the batteries are stored at ~50°C and 

the capacity of Li-ion battery reduces if the cycling temperature is below -10°C [1]. The 

optimum operating temperature for Li-ion batteries as suggested by various studies is 25- 

40 °C for maximum performance and better life [5] [2]. 

Another cause of concern for the safety of the Li-ion batteries is batteries 

undergoing thermal runaway. Thermal runaway is a phenomenon that occurs in the battery 

at elevated surrounding temperatures, initiating series of exothermic side reactions[6] [7] 

with a rapid increase in the internal temperature in a short span of time. This leads to a 

much-accelerated rate of reactions inside the battery casing electrodes to decompose, 

generating excessive heat energy in the process. If the heat generated is not dissipated 
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effectively, it will lead to an increase in the overall temperature of the battery pack. During 

thermal runaway, the temperature inside the battery can rise to 870°C and the temperature 

difference (hottest region vs coldest region) within the battery can reach 520°C [8]. The 

process of thermal runaway occurs in less than 10 seconds [9] and the amount of heat 

generated is in the magnitude of 10^7 W/m^3 [10]. During the process, excessive amount 

of highly explosive, hazardous and carcinogenic gases are released, which can lead to 

ignition in adjacent cells [11]. This is a catastrophic effect on battery pack as one cell 

undergoing thermal runaway can cause a chain reaction on rest of the cells in the battery 

pack, thus initiating thermal runaway in the adjacent cells which can lead to an explosion. 

An ideal battery thermal management system should maintain the battery pack’s 

temperature in the optimal range and enhance the lifetime of the battery pack without 

compromising on the safety of the entire system. It should be able to maintain the 

minimum temperature difference between different cells in the battery pack. The battery 

thermal management system should also be compact, lightweight, and cost-effective 

without sacrificing the functionality of the system. The BTMS should perform cooling, 

heating, ventilation, or insulation operations depending on the operating requirement. 

A traditional BTMS comprises of cooling, heating, and insulation components 

along with a control unit to monitor the status of each cell. The amount of heat generated 

determines the size and intensity of the BTMS. Khan et al. have compiled the current 

standards and literature available to design an ultimate battery thermal management system 

and provided recommendations on enhancing the thermal performance of the batteries and 

improving the lifetime, reliability and efficiency of the BTMS [12]. 
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Jeremy Neubauer and Eric Woods studied the effects of real-world climatic 

conditions on the batteries of electric vehicles. The study concluded that hot climates 

increase the battery wear leading to a reduction in the efficiency of the vehicle whereas 

cold climatic conditions have minimal effect on the utility of the vehicle. The cold climates 

cause difficulty in cabin heating and hot climates cause high peak on-road 

temperatures[13]. 

1.4 Techniques of Battery Thermal Management 
 

Over the years, researchers developed different techniques to dissipate heat from 

the battery pack and maintain the temperatures within an optimal range. Air cooling, liquid 

cooling, phase change material (PCM) and heat pipes are some of the techniques. The focus 

has always been to attain maximum efficiency and cost-effectiveness without affecting the 

safety of the system. Depending upon the operating requirements, any of the above 

techniques or a combination can be utilized for cooling and heating the battery pack. 

1.4.1 Air Cooling Method 

 
Air cooling system utilizes air as the medium of heat transfer. Air cooling is of two 

types, natural air cooling which implies allowing air its natural speed and forced air cooling 

where the air is forced into the battery pack by a blower. The air can be from the atmosphere 

or HVAC system of the vehicle. This is the cheapest method available but the temperature 

difference between air and cell can be greater than 15°C, which is a limitation of this 

method [12]. 

The effectiveness of the air cooling depends on the arrangement of the battery cells. 

Wang et al. studied different cell arrangements for cylindrical battery cells and concluded 
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that the cubic arrangement is the best option. The cooling ability of air-cooled BTMS is 

influenced by speed, length, and cross-sectional area of air flow path. The placement of the 

fan on top significantly increase the effectiveness of the air cooling system as generally 

maximum heat in the battery is generated on the upper region [14]. Chen et al. performed 

a comparative study on four different configurations of cooling methods namely air 

cooling, fin cooling, indirect liquid cooling, and direct liquid cooling. The study concluded 

that the air cooling draws maximum power and indirect cooling has the least temperature 

gradient for increasing mass flow rate [15]. 

Fan He and Lin Ma proposed an active temperature control and reciprocating 

cooling air flow method for cylindrical cells. They developed a reduced order model of the 

thermal behavior of the battery studied the core and surface temperature of the cell. The 

study also concluded that the active control and reciprocating flow can reduce the 

temperature gradient significantly and observed a reduction in the quantity of air required 

for cooling [16]. Xu et al. designed a U-type duct for forced air cooling with results 

indicating the improvements in the heat dissipation by changing the longitudinal battery 

pack to horizontal battery pack. They also concluded that improper heat dissipation reduces 

the SOC, charge and discharge rate of the battery [17]. Giuliano et al. conducted an 

experiment to evaluate ambient air as the fluid for BTMS for 50 Ah Lithium Titanate cells 

and dissipate heat through natural convection. The design maintained the temperature of 

the battery pack 10°C above ambient temperature (22°C) [18]. Mohammadian and Zhang 

proposed a design for a novel pin-fin heat sink and concluded that pin-fin heat sinks have 

improved efficiency than conventional heat sinks. The increase in inlet velocity decreases 
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the maximum temperature of the battery and increase in the inlet air temperature increases 

the maximum temperature of the battery [19]. 

1.4.2 Phase Change Materials 

 
Phase change materials (PCM) is a passive thermal management system. PCM 

eliminates the requirement of cooling equipment and increases the available power for 

utilization by the vehicle. The PCM can be incorporated in the battery pack and they act as 

heat sinks. The PCM are materials with the high latent heat of fusion which enables them 

to absorb large quantities of heat. The PCM starts to melt when the battery cell's 

temperature exceeds the melting point of PCM preventing a steep rise in the temperature 

of battery pack [20]. The PCM can be effective in cold climates as heat absorbed by PCM 

is stored as latent heat and released during normal temperature, thus maintaining a higher 

temperature compared to the surroundings [21]. Wang et al. proposed paraffin and 

paraffin/aluminum foam composite as PCM and proved that composite PCM has more heat 

absorption compared to pure paraffin. The addition of aluminum foam increased the 

melting rate of PCM. The battery showed increased temperature during discharging in the 

absence of aluminum foam and paraffin in the PCM [22]. 

1.4.3 Heat Pipes 

 
Heat pipes are metallic structures placed in between cooling fins and batteries and 

utilizes capillary structure to drive the liquid to the evaporator. The battery (heat source) is 

on the evaporating side of heat pipe and the cooling fins (heat sinks) are on condensing 

side [23]. Q. Wang et al. conducted experiment on the heating and cooling of batteries with 

heat pipes. The study concluded that the heat pipes successfully maintained the temperature 
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below 40°C and could heat the batteries right after been exposed to -15°C for 14 hours 

[24]. Mao-Sung Wu et al. proposed aluminum fins with heat pipes and concluded that a 

temperature difference of 20°C was noticed at the end of discharge. The heat pipe in direct 

contact cannot efficiently dissipate the heat but the heat pipe with aluminum fins exhibited 

better heat dissipation and the temperature difference was negligible [25]. 

Pulsating heat pipes are similar to heat pipes with a contrast that the liquid flow is 

not driven by capillary structure instead liquid is induced with vapor bubbles rising from 

the evaporator and settling in the condenser. G. Burban et al. studied four fluid for different 

inclinations and achieved the same thermal resistance of 0.13 K/W [26]. 

1.4.4 Liquid Cooling Method 

 
The liquid cooling method involves a liquid as the medium for heat transfer. There 

are two types of liquid cooling methods, direct contact, and indirect cooling. In direct 

cooling, the batteries are submerged in mineral oil and for indirect cooling, water/glycol is 

passed through cooling plates/fins. A liquid cooling system generally consists of a pump, 

a radiator, and cooling mechanism (plates or fins). Jarrett and Kim studied the effects of 

operating conditions and produced an optimum design of cooling plate by comparing four 

different configurations of flow pattern. They optimized the design for temperature 

uniformity for the boundary conditions but the pressure drop was not sensitive to any of 

the boundary conditions [27]. They also proposed another design study with increased 

channel width and performed optimization using CFD analysis. This study concluded that 

pressure drop and average temperature decreases with increase in the width of the channel. 

The study also stated, "The design for temperature uniformity has a narrow inlet channel 
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widening towards the outlet; this balances the effects of coolant velocity, heat transfer area, 

and fluid-solid temperature gradient to equalize the heat transfer from all areas of the plate” 

[28]. L.W. Jin et al. designed a liquid cold plate with oblique fins with ultra-thin 

minichannels. The oblique fin model maintained lower temperatures compared to the 

straight channels. By increasing the flow rate, the cold plate dissipated increased heat loads 

and maintained the temperature below 50°C [29]. 

Dai Haifeng et al. proposed four cooling plates with different cooling channels (S- 

type and linear type) and compared those using CFD simulations. As the area of contact is 

more in S-type channels, they absorb more heat and maintain better temperature 

distribution compared to linear type channel [30]. M. M. Rahman et al. developed a cold 

plate heat exchanger with the flow channel. The results showed that the outlet temperature 

decreased with the increase in mass flow rate of the water [31]. 

Jian Xu et al. proposed a minichannel design to prevent thermal runaway. They 

performed a nail penetration test and caused thermal runaway in the battery. The 

minichannel could not mitigate thermal runaway at the cell level with a flow rate of 10 

L/min but it dissipated the heat, preventing thermal runaway propagation to other cells. It 

also maintained the temperature around 60°C [10] . Chuanjin Lan et al. studied four 

configurations of minichannels and performed a parametric study on them. With the same 

flow rate, the cooling abilities increased significantly by increasing the number of 

minichannels. The minichannels were able to maintain a temperature difference of 1°C for 

1.5C discharge rate and 1.26°C for 2C discharge rate [23]. 
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1.5 Scope of Research 
 

Battery thermal management is a complex subject as the safety and efficiency of 

the electric vehicles along with passengers is at stake. Li-ion batteries have gained 

importance due to their high power density and longer life cycles. Li-ion batteries generate 

heat during the conversion process of chemical energy to electrical energy. Another source 

of heat generation in Li-ion batteries is Joule heating effect, where the energy of an electric 

current is converted into heat as it flows through a resistance. The heat generated can 

inversely affect the durability and efficiency of the battery, hence heat dissipation 

mechanisms are a necessity for batteries and battery packs. The optimum operating 

temperature for Li-ion batteries as specified by many studies and manufacturers is between 

20°C – 40°C. 

Different techniques of BTMS can be utilized to perform heating and cooling 

operations depending upon the requirement of the battery pack. The passive cooling 

methods are effective in heat dissipation, but they maintain the temperatures around the 

higher scale of operating temperature. The active cooling methods require cooling 

equipment and maintain the temperature around ~25°C. 

Thermal runaway is a deleterious phenomenon causing Li-ion batteries to 

decompose within few seconds releasing a huge amount of heat with toxic gases and may 

even cause an explosion. It is difficult to prevent thermal runaway in a battery, but it can 

be stopped from spreading across the battery pack by containing the heat generated during 

this phenomenon. 
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Most of the studies and research focused on heat dissipation during normal 

operation of the battery but only one design could dissipate heat during and after thermal 

runaway [10]. A majority of the current battery thermal management systems are focused 

on cylindrical batteries. The particular area of battery thermal management systems for 

large prismatic Li-ion batteries was not much explored due to the complexities and safety 

hazards related to thermal runaway. 

1.6 Objective of Thesis 
 

This work contributes to the area of liquid cooling methods for thermal 

management of Li-ion batteries. The goal is to develop of a novel design of dual-purpose 

cooling plate for a large prismatic Li-ion battery pack. The cooling plate should be able to 

maintain the surface temperature of battery around manufacturer's specified operating 

conditions as well as dissipate the heat generated in the battery during thermal runaway. 
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CHAPTER 2 

EXPERIMENT AND MODELLING 

2.1 Thermal Model of Li-ion Battery 
 

As Li-ion batteries generate heat during operation, it is necessary to identify the 

trends and obtain the amount of local heat flux generated at different states of charge 

(SOCs). For this reason, an experiment was designed and conducted on large prismatic Li- 

ion battery. The objective of this experiment was to determine the heat generated in the 

battery at 5C. C-rate is rate of charge and discharge of the battery and it’s denoted by “C”. 

It implies that that the battery at 1C rate will discharge completely in one hour and the also 

means the battery of 10 Ah will discharge 10 amps of current in one hour. It is noted that 

5C is the maximum continuous discharge rate of the LIB studied as suggested by the 

manufacturer. 

2.1.1 Heat Flux Experiment 

 
A prismatic Li-ion battery with graphite anode and LiFePO4 cathode was equipped 

with seven heat flux sensors. One thermocouple is attached to each heat flux sensor. The 

battery was cycled using BCS-815 Biologic battery cycler. The location of the sensors was 

chosen to accommodate maximum area and crucial spots such as battery terminals. The 

sensors were placed as shown in Figure 2. 

. 
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To activate the battery, it was charged and discharged 10 times at 1C. In order to simulate 

aggressive thermal conditions, a higher rate of discharge (5C) was utilized, i.e. 90 amps 

The experiment was monitored and controlled in a real time situation [32], [33] with the 

help of battery cycler. 

 
 

 
Fig 1. Sensor placement on the front side of commercial prismatic Li-ion Battery. 

Table 1. Thermal properties of heat flux sensors. 

Thermal Resistance 0.004 °C/(W/m2) 

Thermal Capacitance 1000 W.s / m2. °C 

Response Time 0.7 seconds 
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Fig. 2. LabVIEW VI 
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A custom LabVIEW VI was developed to collect data from heat flux sensors and 

thermocouples during the operation of battery at 5C for discharge and 1C for charge. The 

same experiment was performed on the other side of the same battery. The heat flux and 

temperature data were collected at the rate of 1Hz for 720 seconds (from the battery SOC 

of 0 to 100%). As the test begins, the LabVIEW displayed the data for temperature and 

heat flux and stored the data in a text file. After the completion of the test, the values of 

local heat fluxes from SOC of 0 to 100% at every 0.14% change of SOC are available and 

were used for designing cooling plates. We observed from the experimental results that 

there is a SOC at which the local heat generation in the battery is the highest [34]. 

Since the cooling plates should control the battery temperature even at the highest 

rate of heat generation, we found the highest heat flux from the recorded data and 

performed the cooling plate design based on the rate of heat generation. Table 1 shows the 

value of maximum heat generation recorded by each heat flux sensor. The volumetric heat 

generation (W/m3) was calculated from the recorded heat flux (W/m2) by dividing it with 

half of the battery thickness. The heat flux sensors are very thin and their thermal 

impedance is negligible compared to the thermal impedance of the battery. 
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Table 2.Maximum heat generation in the battery based on the seven sensors 
 
 

Sensor/Zone Maximum Heat Generation (W/m3) 

1 212,705 

2 277,014 

3 286,491 

4 199,166 

5 209,750 

6 152,305 

7 195,186 

 
 

From Table 1 and Fig.1, it is evident that the top region of the battery (near 

terminals) generates much more heat flux compared to the bottom and mid region. To 

simulate the worst case-scenario, the above heat generation was applied as constant heat 

source in the simulation. The overall error of the experimental results including the errors 

of sensor and data acquisition system is less than 8%. In the experiment we assumed that 

the effect of radiation heat transfer is negligible and all heat generated in the battery is 

dissipated by convection. It was also assumed that the heat flux measured by each sensor 

represents the average heat flux in the region of the battery that the sensor is mounted. The 

thermal impedance of the heat flux sensor is also neglected [35]. 
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2.1.2 Thermal Model of Li-ion battery 

 
After collecting the data and calculation the maximum heat generated in all the 

seven zones of the battery, a computational model was created in COMSOL, a commercial 

CAE software to simulate the worst-case scenario. The heat flux equation obtained were 

used as input to determine the temperature distribution along the surface of the battery. As 

the experiment was conducted on each side separately, only half of the battery was 

simulated for accurate results. A time dependent study was performed for 720 seconds. The 

results reported the maximum temperatures at the top of the battery near terminals. To 

simulate the worst case scenario, the maximum heat flux generated were used as input. The 

maximum temperature was 79.4°C (fig.3), which significantly above the specified 

operating temperature of the battery (i.e.) around 25°C. 

 
 
 
 

Fig. 3. Battery maximum surface temperature – Worst case scenario 
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2.1.3 Thermal Runaway Model of Li-ion Battery 

 
A model of Li-ion battery undergoing thermal runaway was created to understand 

the heat generation and simulate the design of cooling plate for thermal runaway. The 

amount of energy stored in the battery was calculated and the time a battery undergoes 

thermal runaway is approximately 10 seconds. This phenomenon drains the total battery at 

an accelerated speed releasing heat energy as the materials inside the battery decompose 

due to chemical reaction with each other. An estimate on amount of energy released during 

the process was calculated. 

Capacity of the prismatic Li-ion battery: 
 

20 𝐴𝐴𝐴𝐴ℎ, 3.3 𝑉𝑉𝑉𝑉 

 
(1) 

 
Volume of the battery under study: 

 
160 × 225 × 7 × 10−9 𝑚𝑚𝑚𝑚3 

 
(2) 

 
Total Energy Stored in battery: 

 
20 𝐴𝐴𝐴𝐴ℎ  × 3.3 𝑉𝑉𝑉𝑉  = 66 𝑊𝑊𝑊𝑊ℎ 

 
(3) 

 
𝐽𝐽𝐽𝐽 

66 𝑠𝑠𝑠𝑠 × 3600 𝑠𝑠𝑠𝑠 = 237600 𝐽𝐽𝐽𝐽 

 
(4) 
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  𝑚𝑚𝑚𝑚 

3 

237600 𝐽𝐽𝐽𝐽 
 

 

160 × 225 × 7 × 10−9 𝑚𝑚𝑚𝑚3 
= 0.943 × 109 𝐽𝐽𝐽𝐽

 
𝑚𝑚𝑚𝑚3 

 
(5) 

 

For 10 seconds:  
0.943 × 109   𝐽𝐽𝐽𝐽

3 

10 𝑠𝑠𝑠𝑠 

 

= 94.3 × 106 𝑊𝑊𝑊𝑊
 

𝑚𝑚𝑚𝑚3 

 
(6) 

 
The amount of energy released during 10 seconds of thermal runaway is 

 

approximately 100 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 
𝑚𝑚𝑚𝑚 

. The surface temperature on the battery can reach to 1000°C 
 

depending upon the capacity of the battery and rate of reaction during thermal runaway. 
 
 

 
 

Fig. 4. Battery maximum surface temperature after thermal runaway 
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2.2 Simulation of Plate and Battery 
 

2.2.1 Computational Model 

 
The computational model consists of single cooling plate and battery cell. The 

actual dimensions of the plates are 225mm (height), 162mm (width) and 7mm (thickness) 

and the battery cell are 204mm (height), 153mm (width) and 7mm (thickness). The fluid 

flows inside the plate through the path described by geometry, performing the cooling 

action. The components are sectioned along the thickness to cut through half and 

simulation is performed on one section of cooling plate (i.e.) cooling action of half battery 

and half plate because of the symmetric conditions. For the computational model, the 

thickness of the plate and battery was reduced to 3.5mm. This was done to decrease the 

number of elements in the simulation to half, thus reducing the computation time 

drastically. For Normal Operation simulation, the battery is divided into seven sections as 

discussed above but instead of using average heat flux equations as input, the maximum 

heat flux was used to simulate the worst case scenario. The maximum heat flux generated 

in each zone is listed in Table 1. The flow rates used were 0.2 L/min and 0.3 L/min to 

simulate the Normal Operation. 

For thermal runaway, the battery was considered as one part and heat source was 

applied using step functions. To simulate a real time scenario, the battery was initialized 

for 200 seconds with heat of 0.3 MW/m^3 and warmed up to 23°C. Then, as calculated 

above, a heat of 100 MW/m^3 was applied for 10 seconds to simulate the thermal runaway 

and then the heating was terminated. The coolant flow was also controlled by the step 

functions. The initial flow of 0.3 L/min was applied for 200 seconds, thus maintaining the 

temperate of battery around 23°C. As the thermal runaway was initiated, the flow rate was 
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increased to 20 L/min, 30 L/min and 40 L/min with the help of parametric sweep. The 

coolant was applied for next 30 seconds to allow for the removal of heat generated during 

thermal runaway. The expected result from this simulation is the ability of the cooling plate 

to maintain the temperature of the battery by dissipating the heat even after undergoing 

thermal runaway. The below fig. 5 shows the surface temperature of the battery without 

any cooling effect and the battery temperature increases to 1000°C during thermal 

runaway. From 0 to 200 seconds, the battery operates normally and the sudden rise in the 

temperature at 200 seconds is due to the initialization of thermal runaway. 

 
 

Fig. 5. Battery maximum surface temperature during thermal runaway without cooling 

plate. 

Normal Operation 

Initialization of Thermal Runaway 
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Aluminum 6063 was selected as the material for the cooling plates due to its light 

weight, high strength to weight ratio and high thermal conductivity. The ultimate tensile 

strength of Aluminum 6063 is 260 MPa. The fluid was selected as water for high heat 

capacity and low viscosity. The thermal conductivity, density and heat capacity for the 

plate and coolant were assigned through the predefined library in the simulation. For the 

batteries the following properties were selected. A density of 2100 kg/m3 and heat capacity 

of 1400 J/ (kg-K). The heat generation in the battery was calculated to be anisotropic in 

nature. The constituent components of the battery have different thermal conductivities and 

thicknesses. The thermal conductivity was calculated considering the direction of heat 

flow. The x and y directions had series conduction and z direction had parallel heat 

conduction. The calculated values were 1.68 W/ (m.K) for z direction and 26.9 W/ (m.K) 

for x and y direction. 

Fig. 6. Battery in the computational model and the direction of Thermal conductivities. 

Y-axis = 26.92 W/ (m.K) 

Z-axis = 

1.68 W/ (m.K) X-axis = 

26.92 W/ (m.K) 
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Table 3. Material properties used in all simulations. 
 
 

Material Properties 

 Aluminum 6063 Water Battery 

Heat Capacity (Cp) 900 J/(kg.K) 4185 J/(kg.K) 1400 J/(kg.K) 

Density (ρ) 2700 kg/m³ 1000 kg/m³ 2100 kg/m³ 

 
 
Thermal Conductivity (k) 

 
 
 
 
201 W/(m.K) 

 
 
 
 
0.6 W/(m.K) 

1.68 W/ (m.K) in x 

& y direction. 

26.92 W/(m.K) in 

z – direction 

Dynamic Viscosity (μ)  0.00089 (Pa.s)  

 
 

COMSOL was utilized for the simulation. A Conjugate Heat Transfer Module 

which involves a combination of heat transfer and CFD for the problem was used. A non- 

isothermal flow condition was applied for the convective heat transfer. As the plate and 

cell are halved, symmetric boundary conditions were applied to identify symmetric 

conditions. The parametric sweep was applied at the inlet and the pressure was constrained 

to atmospheric pressure (i.e.) 0 Pa at the outlet. An optimum mesh was generated 

considering the intricacies of CFD and time dependent study for 1000 seconds for Normal 

Operation and 230 seconds for thermal runaway was performed. The optimal desired 

operating temperature for the battery was identified between 22°C – 25°C for normal 

operation. To achieve the desired conditions, the plate was simulated for increasing flow 

rates and the effect of cooling on the surface temperature of battery and pressure drop at 

outlet were studied. 
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Table 4. Boundary Conditions used in Normal Operation and Thermal Runaway 

simulation. 

 

Boundary Conditions 

Entity Location 

Heat Source Battery 

Initial temperature for all bodies 20°C 

Initial Water Temperature 20°C 

Atmospheric Pressure (0 Pa) Outlet 

Laminar Inflow ( Flow rate) Inlet 

Symmetry Symmetric Plane 

 
 

2.2.2 Governing Equations 

 
Heat Transfer in cooling plate and battery: 

 
𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 
+ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 

 
 

 u∙∇𝑇𝑇𝑇𝑇 = ∇∙(𝑘𝑘𝑘𝑘∇𝑇𝑇𝑇𝑇) + 𝑄𝑄𝑄𝑄 
𝑝𝑝𝑝𝑝 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 𝑝𝑝𝑝𝑝 

 
(7) 

 

Heat Transfer in water: 
 

𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 

+ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 
 

 

 
 
 
u∙∇𝑇𝑇𝑇𝑇 = ∇∙(𝑘𝑘𝑘𝑘∇𝑇𝑇𝑇𝑇) + 𝑄𝑄𝑄𝑄 + 𝑄𝑄𝑄𝑄 

 
 
 

+ 𝑄𝑄𝑄𝑄 
𝑝𝑝𝑝𝑝 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑝𝑝𝑝𝑝 

 
(8) 
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Momentum balance equation for water flow: 
 

𝜌𝜌𝜌𝜌 
𝜕𝜕𝜕𝜕u 

+ 𝜌𝜌𝜌𝜌(u∙∇) u = ∇∙ �−𝑝𝑝𝑝𝑝I + 𝜇𝜇𝜇𝜇(∇u+(∇u)T 
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 

 
 

2 
) − 3 𝜇𝜇𝜇𝜇 

 
 
(∇∙u)I� + F 

 
(9) 

 

Mass balance equation for water:  
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 

+ ∇(𝜌𝜌𝜌𝜌.u) = 0 
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 

 
(10) 

 
Inlet boundary condition for water: 

 

 
𝐿𝐿𝐿𝐿 ∇ ∙ �−𝑝𝑝𝑝𝑝I + 𝜇𝜇𝜇𝜇(∇ u+(∇ u)T 

2  
(∇∙u)I� = −𝑝𝑝𝑝𝑝 n 

 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 t t t ) − 3 𝜇𝜇𝜇𝜇 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 
 

(11) 

 
Outlet boundary condition for water: 

 

 
�−𝑝𝑝𝑝𝑝I + 𝜇𝜇𝜇𝜇(∇t 

 
u+(∇t u)T 

2 
) − 3 𝜇𝜇𝜇𝜇 (∇∙u)I� n = −𝑝𝑝𝑝𝑝0 n 

 
(12) 

 
Outlet and symmetry boundary conditions for heat transfer in water, cooling plate and 

battery: 

−𝐧𝐧𝐧𝐧∙(𝑘𝑘𝑘𝑘∇𝑇𝑇𝑇𝑇) = 0 

 
(13) 
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The symmetry boundary condition for water flow in the cooling plate: 

 
u ∙ 𝐧𝐧𝐧𝐧  = 0 

 
Κ − (Κ ∙ 𝐧𝐧𝐧𝐧)𝐧𝐧𝐧𝐧  = 𝟎𝟎𝟎𝟎 

 

Κ = �(∇u+(∇u)T 
2 

) − 3 𝜇𝜇𝜇𝜇 
 
(∇∙u)I� 𝐧𝐧𝐧𝐧 

 
(14) 

 
2.2.3 Mesh Independence 

 
A mesh independent solution is a solution that does not vary with increase or 

decrease in the size of mesh elements. For this simulation, three different mesh sizes were 

studied. A coarse mesh with 201338 elements. A normal mesh with 236792 elements and 

a fine mesh with 250381 elements. The normal mesh size was used in all the simulation. 

The solution was independent of the mesh size. 

Table 5. Mesh Independence Analysis 
 
 

Mesh size Maximum Surface 

Temperature (°C) 

Number of Elements 

Coarse 21.9 201338 

Used 21.9 236792 

Fine 21.9 250381 
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CHAPTER 3 
 

DUAL PURPOSE COOLING PLATES 
 
 

In any design process, there are always constant modifications for improvement of 

the design. The idea was to design a cooling plate which can operate in normal conditions 

as well as during thermal runaway. The criterion for the selection of cooling plate was the 

ability to maintain the temperature of battery below 25°C during normal operations, 

dissipate the maximum possible heat generated during thermal runaway and maintain as 

low as possible pressure drop during both the conditions. All the three plates developed 

were simulated as discussed in the previous chapter. 

3.1 Normal Operation 
 

3.1.1 Normal Operation in Design 1 

 
The first design was a plate with numerous pins arranged in array. The inlet was 30 

mm x 25 mm and the outlet 50 mm x 20 mm. The arrangement of the pins was set in way 

to disperse the fluid thoroughly inside the plate. The first design can be seen in Fig. 7. The 

size of the pin was selected to be 1 mm to have enough strength to withstand the pressure 

from fluid flow while not completely restricting the motion of fluid. During normal 

operation, the Design 1 was able to maintain the surface temperature of the battery below 

23°C for both the flow rates of 0.2 L/min and 0.3 L/min, which is below the manufacturer 

specified operating temperature. 
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Fig. 7. Design 1 – sectioned front view. 
 

The surface temperature for Design 1 with 0.2 L/min and 0.3 L/min can be seen 

below. The maximum temperature for 0.2 L/min was 22.7°C and for 0.3 L/min was 22°C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 (a). Design 1- Normal Operation - Surface Temperature (°C) for 0.2 L/min 

Inlet 

Outlet 

Inlet 

Outlet 
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Fig. 8 (b). Design 1- Normal Operation - Surface Temperature (°C) for 0.3 L/min 

 
The pressure distribution for Design 1 with 0.2 L/min and 0.3 L/min can be seen 

below. The pressure drop for 0.2 L/min was 53.9 Pa and for 0.3 L/min was 82.4 Pa. 

Fig. 9 (a). Design 1- Normal Operation – Pressure Distribution (Pa) for 0.2 L/min. 

Inlet 

Outlet 

Inlet 

Outlet 



31  

 
Fig. 9 (b). Design 1- Normal Operation – Pressure Distribution (Pa) for 0.3 L/min. 

 
3.1.2 Normal Operation in Design 2 

 
The second design was modelled based on mitigating the incompetency of the 

Design 1. The major concern of the Design 1 was the high pressure drop at the inlet. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Design 2 – sectioned front view. 

Inlet 

Outlet 

Inlets 

Outlet 
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To avoid high pressure drop values, a two inlet method was proposed with the same 

flow rate, thus dividing flow rate among two inlets can reduce the pressure drop as the 

pressure drop is directly proportional flow rate. The inlets were of same dimensions as 

Design 1 (i.e.) 30 mm x 25 mm and the outlet was 25 mm x 45 mm. The overall plate 

dimensions were kept constant (i.e.) 162 mm x 225 mm. The flow rate applied at the inlets 

was divided by 2, to keep the uniformity in all the simulations. In the Normal Operation, 

the plate is simulated for two flow rate (i.e.) 0.2 L/min and 0.3 L/min. 

The surface temperature for Design 2 with flow rate 0.2 L/min and 0.3 L/min can 

be seen below. The maximum surface temperature for 0.2 L/min was 24.8°C at the bottom 

and for 0.3 L/min, the temperature was 23.3°C 

 

Fig. 11 (a). Design 2 - Normal Operation - Surface Temperature (°C) for 0.2 L/min. 

Inlets 

Outlet 
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Fig. 11 (b). Design 2 - Normal Operation - Surface Temperature (°C) for 0.3 L/min. 

 
The pressure distribution for Design 2 with flow rate 0.2 L/min and 0.3 L/min can 

be seen below. 

Fig. 12 (a). Design 2 - Normal Operation – Pressure distribution (Pa) for 0.2 L/min. 

Inlets 

Outlet 

Inlets 

Outlet 
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Fig. 12 (b). Design 2 - Normal Operation – Pressure distribution (Pa) for 0.3 L/min. 

 
For 0.2 L/min, the pressure drop was 22.3 Pa and for 0.3 L/min, the pressure drop was 33.7 

Pa. 

3.1.3 Normal Operation in Design 3 

 
After evaluating the results of Design 2, even though the two inlet method reduced 

the pressure drop during Normal Operation, it did not reduce the pressure drop as desired 

in the thermal runaway operation (can be seen in next section). Another concern with the 

two inlet method was running of two pipes and connectors from the pump to the plate. This 

would increase the cost as well as the weight of the battery pack. To reduce the pressure 

drop and the keep the number of pipes to one (1), a large inlet and outlet was proposed. 

The larger inlet provided for extra area for the fluid to enter the plate causing a reduction 

in the pressure drop. The size of inlet was increased to 80 mm x 25 mm and the outlet was 

increased to 30 mm x 60 mm. 

Inlet 

Outlet 
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Fig. 13. Design 3 – sectioned front view. 
 

The surface temperature for Design 3 with 0.2 L/min and 0.3 L/min can be seen below. 

The maximum temperature for 0.2 L/min was 22.8°C and for 0.3 L/min was 21.9°C 

 

Fig. 14 (a). Design 3 – Normal Operation – Surface Temperature (°C) for 0.2 L/min. 

Inlet 

Outlet 

Inlet 

Outlet 
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Fig. 14 (b). Design 3 – Normal Operation – Surface Temperature (°C) for 0.3 L/min. 

 
The pressure distribution for Design 3 with 0.2 L/min and 0.3 L/min can be seen 

below. The pressure drop for 0.2 L/min was 21.4 Pa and for 0.3 L/min was 32.3 Pa. 

 
Fig. 15 (a). Design 3 - Normal Operation - Pressure Distribution (Pa) for 0.2 L/min. 

Inlet 

Outlet 

Inlet 

Outlet 
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Fig. 15 (b). Design 3 - Normal Operation - Pressure Distribution (Pa) for 0.3 L/min. 

 
3.2 Thermal Runaway 

 
The thermal runaway was simulated as mentioned in the previous chapter with 100 

MW/m3 as heat and with flow rates of 20, 30, and 40 L/min. During thermal runaway, the 

temperature of the battery reaches to 1000°C within 10 seconds. From 0 to 200 seconds the 

battery was simulated normal operation. The thermal runaway starts at 200 seconds for 10 

seconds and ends. The increased flow rate of 20, 30, and 40 L/min starts at 200 seconds 

and continues till the end of simulation at 230 seconds. The sudden rise in temperature can 

be seen in the surface temperature graphs at 200 seconds due to initialization of thermal 

runaway. 

3.2.1 Thermal Runaway in Design 1 

 
With the Design 1 and flow rate of 20 L/min, the surface temperature of the battery 

was maintained at 77°C. With 30 L/min, the battery temperature was maintained around 

Inlet 

Outlet 
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66.4°C and with 40 L/min, the battery temperature was kept at 63.1°C. The surface 

temperature variation can be seen in the figure below. 

 

Initialization of Thermal Runaway 

Fig. 16. Design 1 - Thermal Runaway - Surface Temperature (°C). 
 

The pressure drop at the inlet for 20 L/min was 76.35 kPa (fig. 17 (a)) and for 30 

L/min the pressure drop was 169.7 kPa (fig. 17 (b)). For 40 L/min, the pressure drop was 

299.6 kPa (fig. 17 (c)). The maximum pressure values were visible at the start of the pins. 
 

With 20 L/min, the maximum pressure was 91.4 kPa. With 30 L/min, the maximum 

pressure was 204 kPa and with 40 L/min, the maximum pressure was 360 kPa. As the flow 

rate was increased, the maximum surface temperature on the battery decreased and the 

Temperature after Thermal Runaway 

Normal Operation 
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pressure increased. The Design 1 was able to dissipate the heat generated in the thermal 

runaway but due to such high flow rates, the pressure drop at the inlet was extremely high. 

Fig. 17 (a). Design 1 - Thermal Runaway - Pressure Distribution (kPa) for 20 L/min. 
 

Fig. 17 (b). Design 1 - Thermal Runaway - Pressure Distribution (kPa) for 30 L/min. 

Inlet 

Outlet 

Inlet 

Outlet 
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Fig. 17 (c). Design 1 - Thermal Runaway - Pressure Distribution (kPa) for 40 L/min. 

 
3.2.2 Thermal Runaway in Design 2 

 
The Design 2 was simulated as discussed in the previous chapter with flow rates of 

20, 30 and 40 L/min. The maximum surface temperature was 93.2°C and the maximum 

pressure 30.5 kPa (fig. 19 (a)) can be seen when the fluid gets in contact with pins. The 

pressure drop at the inlets was 26.9 kPa. For 30 L/min, the maximum surface temperature 

was 60.5°C and the maximum pressure 66.9 kPa (fig. 19 (b)) is at start of pins, when the 

fluid get in contact with pins. The pressure drop at the inlets was 59.1 kPa. For 40 L/min, 

the maximum surface temperature was 57.3°C and the maximum pressure 117 kPa (fig. 19 

(c)) is at start of pins, when the fluid get in contact with pins. The pressure drop at the inlets 

was 103.6 kPa. 

The surface temperature and pressure distribution of Design 2 for thermal runaway with 

flow rate of 20, 30 and 40 L/min can be seen below. 

Inlet 

Outlet 
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Fig. 18. Design 2 - Thermal Runaway - Surface Temperature (°C) for 20 L/min 

 

Fig. 19 (a). Design 2 - Thermal Runaway - Pressure Distribution (kPa) for 20 L/min 
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Fig. 19 (b). Design 2 - Thermal Runaway – Pressure Distribution (kPa) for 30 L/min 

 
 

 
 

Fig. 19 (c). Design 2 - Thermal Runaway – Pressure Distribution (Pa) for 40 L/min 
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3.2.3 Thermal Runaway in Design 3 

 
The thermal runaway in Design 3 was simulated as mentioned in the previous 

chapter with 100 MW/m3 heat and with flow rates of 20, 30, and 40 L/min for 30 seconds. 

With the Design 3 and flow rate of 20 L/min, the surface temperature of the battery was 

maintained at 76.7°C. With 30 L/min, the battery temperature was maintained around 

70.8°C and with 40 L/min, the battery temperature was kept at 67.8°C. The surface 

temperature variation can be seen in the figure below. 

Fig. 20. Design 3 - Thermal Runaway - Surface Temperature (°C) for 20 L/min. 
 

For 20 L/min, the maximum pressure 21.2 kPa (fig. 21 (a)) can be seen when the 

fluid get in contact with pins while the pressure drop at the inlet was 18.8 kPa. 

Temperature after Thermal Runaway 
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Initialization of Thermal Runaway 
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For 30 L/min, the maximum pressure 46.9 kPa (fig. 21 (b)) is at start of pins, when the 

fluid get in contact with pins while the pressure drop at the inlet was 41.7 kPa. For 40 

L/min, the maximum pressure 82.8 kPa (fig. 21 (c)) and the pressure drop at the inlet was 

73.5 kPa. The pressure distribution for Design 3 can be seen below. 
 
 

Fig. 21 (a). Design 3 - Thermal Runaway - Pressure Distribution (kPa) for 20 L/min. 
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Fig. 21 (b). Design 3 - Thermal Runaway – Pressure Distribution (kPa) for 30 L/min 

 
 
 

Fig. 21 (c). Design 3 - Thermal Runaway – Pressure Distribution (kPa) for 40 L/min. 
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3.3 Comparison of Cooling Plates 
 

Although the designs were improvements of the previous designs, but the 

comparison was essential for selection of the best design. The three cooling plates namely 

Design 1, Design 2 and Design 3 were simulated with the same initial conditions and flow 

rates during both the operations. The selection of the best design was based on the 

following points. 

• Ability to maintain the battery surface temperature below 25°C during normal 

operation. 

• Ability to dissipate maximum heat and keep the temperature as low as possible 

during thermal runaway. 

• Ability to have least pressure drop at the inlet during both the Normal Operation 

and thermal runaway operations. 

A comparative study was done on the three cooling plates on the basis of above 

mentioned criteria. The data was collected from the simulation results and analyzed 

separately. The below table show the comparison of the three cooling plates for maximum 

battery surface temperature and pressure drop during normal operation. 

Table 6. Comparison of cooling plates for Normal Operation. 
 
 

 Maximum Surface Temperature 
(°C) 

 
Pressure drop (Pa) 

Flow Rate (L/min) 0.2 0.3 0.2 0.3 

Design 1 22.7 21.9 53.9 82.4 

Design 2 24.9 23.3 22.3 33.7 

Design 3 22.8 21.9 21.4 32.3 
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Fig. 22. Comparison of cooling plates for Normal Operation. 
 

The surface temperature for the three designs for different flow rate is below 25°C 

with not much difference among the three designs. The pressure drop for Design 2 is very 

less compared to the Design 1, showing a clear improvement in the design. The pressure 

drop values for Design 2 and Design 3 are in very close proximity to each other and the 

pressure drop Design 3 is comparatively less than Design 2. 

From the above analysis, few points can be concluded: 
 

• Design 1 and Design 3 showed similar surface temperature curve and maintained a 

lower surface temperature in comparison with Design 2. 

• The pressure drop is least in Design 3, due to increased surface area at the inlet. 
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• Among the three designs, Design 3 satisfies the design criteria more aptly with a 

balance between the surface temperature and pressure drop. 

A similar study was done for the thermal runaway. The table below shows the 

comparative study of the three designs. 

Table 7. Comparison of cooling plates for Thermal Runaway 
 
 

 Maximum Surface Temperature (°C) Pressure drop (kPa) 

Flow rate (L/min) 20 30 40 20 30 40 

Design 1 73.1 66.4 63.0 76.3 169.7 299.6 

Design 2 93.1 82.1 76.2 13.7 29.9 52.4 

Design 3 76.7 70.8 67.8 18.8 41.7 73.5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 23. Comparison of cooling plates for Thermal Runaway 
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From the above table and figure, the following points can be concluded: 

• Temperature of the battery surface decreases with the increase in flow rate. 
 

• Pressure drop increases with increase in flow rate. 
 

• The pressure drop in Design 2 is least among all the designs. 
 

• Design 3 maintains lower temperatures when compared to other designs. 
 

From the above analysis, Design 3 was concluded to be the best design in terms of 

both surface temperature and pressure drop properties. Design 3 had the lesser pressure 

drop values at the inlet with least surface temperature when compared with the rest of the 

designs. 

3.4 Validation of the model through Numerical Methods 
 

To validate the simulation conducted, the well-known Darcy-Weisbach equation 

was utilized to calculate and verify the pressure drop in the cooling plates. 

𝜌𝜌𝜌𝜌 𝑣𝑣𝑣𝑣2 
Δ𝑝𝑝𝑝𝑝 = 𝑓𝑓𝑓𝑓𝐷𝐷𝐷𝐷 × 2 × 𝐷𝐷𝐷𝐷ℎ  

× 𝐿𝐿𝐿𝐿 

 
(15) 

 
The hydraulic diameter and velocity are calculated with the initial conditions. 

 
Length (l), width (w) are dimensions of the channel/inlet. 

 
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 (𝑣𝑣𝑣𝑣) =    
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ( 𝑠𝑠𝑠𝑠  ) 
(𝜌𝜌𝜌𝜌 × 𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑀𝑀 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝐶𝐶𝐶𝐶ℎ𝑀𝑀𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) 

 
(16) 
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𝐻𝐻𝐻𝐻𝑉𝑉𝑉𝑉𝐻𝐻𝐻𝐻𝑟𝑟𝑟𝑟𝑀𝑀𝑀𝑀𝐻𝐻𝐻𝐻𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝐷𝐷𝐷𝐷𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑚𝑚𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟 (𝐷𝐷𝐷𝐷ℎ ) = 
2 × 𝑉𝑉𝑉𝑉 × 𝐹𝐹𝐹𝐹 

𝑉𝑉𝑉𝑉 + 𝐹𝐹𝐹𝐹 
 

(17) 

 
The friction factor was calculated using the analogy for laminar flow: 

 
𝑓𝑓𝑓𝑓𝐷𝐷𝐷𝐷  𝑥𝑥𝑥𝑥 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅  = 64 

 
(18) 

 
The verification for pressure drop for Design 3 during normal operation was calculated. 

Table 8. Comparison of pressure drop from calculation and simulation for Design 3 

 
 
 
 
 
 
 
 
 

From the above table, the percentage difference in the values obtained from 

calculating pressure drop by Darcy-Weishbach equation and from the simulation 

performed is less than 20%. The values are acceptable as it is very difficult to calculate the 

exact pressure drop for such a complex problem. 

Flow Rate 
 

(L/min) 

Calculated Pressure Drop 
 

(Pa) 

Pressure Drop from 
 

simulation (Pa) 

Percentage 
 

Difference (%) 

0.2 17.8 22.3 19.9 

0.3 39.6 33.6 18.1 
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CHAPTER 4 
 

OPTIMIZATION OF FINAL DESIGN AND MANUFACTURING 
 
 

After the selection of Design 3 as the final design, an optimization process was 

conducted to maximize the efficiency of the plate. This was done by changing the pin 

diameter and the thickness of the plate. The results of the studies are discussed below. 

4.1 Effect of Pin diameter on cooling plates 
 

The pin diameter for all the analysis done in the previous chapter was kept constant 

at 1 mm. Three different pin diameter were chosen namely 1 mm, 1.5 mm and 2 mm. The 

overall dimension of the cooling plate was kept same to maintain the design uniformity. 

The plates were simulated for the flow rates of 0.2 L/min and 0.3 L/min for Normal 

Operation. 

Table 9. Comparison of pin diameter for Normal Operation 
 
 

 Maximum Surface Temperature 

(°C) 

 
Pressure Drop (Pa) 

Flow Rate 0.2 L/min 0.3 L/min 0.2 L/min 0.3 L/min 

1mm 22.8 21.9 21.4 32.3 

1.5mm 22.6 21.7 10.5 19.4 

2mm 22.5 21.7 22.8 34.3 
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Fig. 24. Comparison of Pin diameter for Normal Operation. 
 

From the above table and figure, it can be concluded that the change in pin diameter 

did not affect the surface temperature significantly. However, the pressure drop for 1.5 mm 

was visibly less compared to 1mm and 2mm pin diameter. 

For the consensus, the thermal runaway simulation was also performed on the three 

pin diameters with 20, 30 and 40 L/min flow rates. In the below table and figure, the change 

in pin diameter did not have a significant impact on the surface temperature of battery but 

the pressure drop varied drastically. The pressure drop increased with increasing diameter 

and flow rate. The pin diameter of 1mm had the least pressure drop among all the other 
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diameters. It can be concluded that the 1mm diameter is best option for both normal 

operation and thermal runaway operations. 

Table 10. Comparison of pin diameter for Thermal Runaway 
 

 Maximum Surface Temperature (°C) Pressure drop (kPa) 

Flow rate 20 L/min 30 L/min 40 L/min 20 L/min 30 L/min 40 L/min 

1mm 76.7 70.8 67.8 18.8 41.7 73.5 

1.5mm 72.3 67.2 64.0 28.9 61.4 105.8 

2mm 73.5 67.8 64.9 42.2 93.2 163.9 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 25. Comparison of Pin diameter for Thermal Runaway. 
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4.2 Effect of thickness of plate on cooling plates 
 

In the previous chapter, all the simulation were performed with 1mm thickness. The 

thickness of the cooling plates was changed from 1mm to 2mm to verify the impact of 

thickness on the cooling abilities of the plates. The plate was simulated with two thickness 

accordingly as discussed in the previous chapters for normal operation and thermal 

runaway. 

Table 11. Comparison of thickness of plate for Normal Operation 
 
 

 Maximum Surface Temperature 

(°C) 
 

Pressure Drop (Pa) 

Flow rate 0.2 L/min 0.3 L/min 0.2 L/min 0.3 L/min 

1mm 22.8 21.9 21.4 32.3 

2mm 22.8 21.9 17.7 26.7 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 26. Comparison of thickness of plate for Normal Operation. 
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From the above table and figure, the thickness of the plate did not affect the surface 

temperature. However, the pressure drop was decreased by a small margin. The thermal 

runaway results for different thickness are listed below. 

Table 12. Comparison of thickness of plate for Thermal Runaway 
 
 

 Maximum Surface Temperature (°C) Pressure drop (kPa) 

Flow rate 20 L/min 30 L/min 40 L/min 20 L/min 30 L/min 40 L/min 

1mm 76.7 70.8 67.8 18.8 41.7 73.5 

2mm 76.4 70.2 66.8 26.9 59.1 103.34 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 27. Comparison of thickness of plate for Thermal Runaway. 
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From the above table and figure, the increase in thickness of the plate did not affect 

the surface temperature after thermal runaway. The pressure drop increased with the 

increase in flow rate and thickness. From the above two results, the thickness of 1mm is 

better than 2mm. The thickness was also not changed considering the overall dimensions 

of the battery pack. The increase in the thickness of the plate will increase the overall 

dimensions and weight of the battery pack and to avoid this, the thickness of the plate was 

restricted to 1mm. 

4.3 Structural Analysis of the Plate 
 

After the finalization of thickness and pin diameter, a study was performed to 

determine the structural integrity of the design. A fluid solid interaction (FSI) method was 

used on the cooling plate to determine the stress induced caused by the flow of water inside 

the plate. The outer surface of the plate was constrained replicating the condition of plate 

in battery packs. The flow rate of 50 L/min was used for the flow, giving a factor of safety 

for the design, as the maximum flow rate used in the previous simulations was 40 L/min. 

The maximum stress was generated at the edges of the plate, were the plate was welded 

and bended. 

Table 13. Boundary Condition for Stress analysis 
 
 

Entity Location 

Fixed Constraint Outer surface of plate 

Pressure from fluid Inner surface of plate 

Flow rate 50 L/min 
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Fig. 28 (a). Stress Analysis of the cooling plate. 

 

Fig. 28 (b). Maximum Stress areas of the cooling plate. 



58  

The maximum stress generated due to flow of fluid inside the plate with the flow 

rate of 50 L/min was 32.4 kPa. The ultimate tensile strength of aluminum 6063 is 241 MPa. 

The pressure developed by the flow of fluid in the cooling plate is very much less than the 

ultimate tensile strength, giving a very high factor of safety for the design. 

4.4 Modal Analysis 
 

A modal analysis was performed on the plate to determine the mode shapes of the 

cooling plate. Modal analysis is performed to test the structures under vibrational 

excitation. The dynamic response of the structure is studied during excitation. The plate 

was constrained as shown in the figure 29 on both the sides and was allowed to vibrate at 

its own natural frequency. The deformed mode shapes of the natural frequency of the plate 

are listed below. The sides of the plate were constrained as show in Fig. and was allowed 

to vibrate freely. 

 
 

 

Fig. 29. Constraints for the modal analysis. Sides of the plate are fixed to replicate the 

actual battery pack. 
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The first natural frequency of Li-ion battery was observed to be 274 Hz by Choi et al [36]. 

The first Eigen frequency of Design 3 was 1873 Hz. The first six Eigen frequencies and 

deformed shapes of Design 3 are listed below. 

Table 14. First six Eigen frequency of Design 3 
 
 

Mode Shape Eigen frequency (Hz) 

1 1873 

2 1885 

3 2032 

4 2038 

5 3226 

6 3255 
 
 
 

Fig. 30 (a). Surface Displacement (mm) for Eigen Frequency 1 = 1873 Hz 
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Fig. 30 (b). Surface Displacement (mm) for Eigen Frequency 2 = 1885 Hz. 

 

Fig. 30 (c). Surface Displacement (mm) for Eigen Frequency 3 = 2032 Hz 
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Fig. 30 (d). Surface Displacement (mm) for Eigen Frequency 4 = 2038 Hz 

 

Fig. 30 (e). Surface Displacement (mm) for Eigen Frequency 5 = 3226 Hz 
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Fig 30 (f). Surface Displacement (mm) for Eigen Frequency 6 = 3255 Hz. 

 
4.5 Manufacturing 

 
After the studying the final design by varying different parameters such as diameter 

of pin and thickness of plate, the Design 3 with 1mm pin diameter and 1mm thickness of 

plate was selected as the best design. A structural and modal analysis was performed on 

the selected design to test the structural integrity before manufacturing. The plate was 

manufactured in two parts and welded together. The process selected for manufacturing 

was CNC machining due the intricate design. The below figures show plate after 

manufacturing. 
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Fig. 31 (a). Cooling plate – bottom 

 

Fig. 31 (b). Cooling plate – top 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

 

5.1 Conclusions 
 

Lithium ion batteries are the power house of modern day electronic products. With 

their high energy and power density, the Li-ion batteries are becoming the most reliable 

option as a source of power for modes of transportation. With the advancements in electric 

vehicles and battery technology, the hybrid electric aircraft is the next step towards change. 

The possibility of powering electric motors and propulsion systems by Li-ion battery packs 

for heavy duty aircrafts is under study. 

A Li-ion battery typically consists of cathode (positive charges electrode), an anode 

(negative charge electrode), a separator and an electrolyte packed inside a metal casing. 

The working principle of Li-ion battery is the conversion of chemical energy to electrical 

energy while heat is released as a byproduct of this energy conversion. The heat generated 

by a single cell can be dissipated into the atmosphere due to its low magnitude, but in 

hybrid and electric vehicles, numerous batteries are stacked together and the heat generated 

by the batteries is required to be removed from the system with an external agent or 

mechanism. 
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Thermal issues of Li-ion batteries affect the battery life, efficiency and overall 

safety of the battery pack. The efficiency and battery life cycle are affected by the increased 

operating temperatures. The rate degradation of the battery constituent components also 

increases at elevated temperatures. Thermal runaway is a disastrous phenomenon causing 

battery to decompose and generate excessive heat and poisonous gasses. Thermal runaway 

occurs in a time period of 10 seconds releasing massive amount of heat, hence increasing 

the surrounding temperatures. 

Thermal management of Li-ion batteries implies to maintain the overall 

temperature of the battery pack to manufacture’s specified operating range, dissipate 

excessive heat from the battery pack and increase the safety of the batteries. The optimal 

operating temperature as suggested by many studies for proper functioning of the battery 

and to improve the battery life cycle is between 22°C ~ 40 °C. Researchers and engineers 

around the world developed various methods and mechanisms to dissipate the heat 

generated by the Li-ion batteries. Studies showed the effect of temperatures on the battery 

life cycle and efficiency and also the causes and effect of thermal runaway. The focus of 

these studies was to attain maximum efficiency and cost-effectiveness without affecting 

the safety and reliability of the system. The studies were mostly developed around 

cylindrical batteries, as these are vastly used in the industry and very few on the large 

prismatic battery. 

The aim of thesis was to develop a dual purpose cooling plate for prismatic Li-ion 

batteries which can dissipate heat during normal conditions and as well as during thermal 

runaway. For this, an experiment was designed to identify the trends and amount of local 

heat flux generated in the large prismatic battery. The battery was continuously charged 
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and discharged at a C-rate of 5C, for aggressive conditions. Heat flux sensors and 

thermocouples were used to measure the heat flux generated and temperatures across the 

surface of the battery. The results from this experiment were used as a baseline to design 

the cooling plates. The amount of heat generated during thermal runaway was also 

calculated. 

Three designs of cooling plates namely Design 1, Design 2 and Design 3 were 

presented in this thesis with different geometric features. Each design is modelled upon the 

shortcoming of the previous designs. A numerical model of the cooling plates and battery 

was created in simulation software COMSOL. A combined heat transfer and laminar flow 

study was performed on all the cooling plate designs. 

As the cooling plates are dual purpose, two sets of simulations were performed on 

the cooling plates (i.e.) Normal Operation with flow rate of 0.2 and 0.3 L/min and for 

Thermal Runaway with 20, 30, 40 L/min. The parameters under consideration for the 

selection of the best cooling plate design were: 

• Ability to maintain the temperature below 25°C during Normal Operation. 
 

• Ability to dissipate maximum heat during thermal runaway. 
 

• Ability to maintain least pressure drop during both the operations. 

 
From the results, during Normal Operation all the three designs were able to 

maintain the temperature below 25°C. During thermal runaway, Design 3 maintained the 

least temperature among all the other designs. The pressure drop for Design 3 was least as 

well for both the conditions. An optimization of Pin diameter and thickness of plates was 
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performed on Design 3. The analysis proved that Design 3 with 1mm diameter and 1mm 

thickness is the best option for the cooling plate. 

At the end, this thesis proposed three designs of cooling plates and simulated them 

for two conditions and performed a comparative analysis of the three designs to select the 

best design which can maintain the temperature of the battery around 25°C as well as 

dissipate the heat generated during thermal runaway. A stress analysis and modal analysis 

was performed on the final design to test the structural integrity. The final design was 

manufactured. 

5.2 Future works 
 

For the continuation of this work: 

 
• An experiment can be performed on the manufactured plate to examine its abilities 

as discussed in the thesis. 

• The design can be made simpler for ease of manufacturing by adding slot to insert 

the top of the plate in the bottom. 

• A combination of pin diameters can be simulated for better cooling capabilities. 
 

• A complete battery thermal management with the designed cooling plates can be 

developed and tested. 

• A control system which can detect thermal runaway can be designed to monitor the 

health of the Li-ion batteries in battery packs. 
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