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Abstract 

Thermal management is crucial in many engineering applications because 

it affects the electrical, material, and other properties of the system. Heat pipes 

have been used extensively for thermal management because of high effective 

thermal conductivity under two-phase heat transfer, low cost, lightweight, and 

the flexibility in size and shape options. A recent study focuses on the use of 

heat pipes for battery thermal management (BTM) in electric vehicles (EVs), 

which explores a new area for heat pipe applications and will be covered in 

this thesis.  

The battery, as one and only energy source in an EV, establishes a vital 

barrier for automotive industry because it can make the car more expensive 

and less reliable. The electro-thermal characterisation of lithium-ion batteries 

becomes today’s forefront topic, and suitable models are needed in order to 

control and manage battery safety and thermal behaviour. A commonly used 

battery model for control-oriented applications is through an equivalent circuit 

analogy approach. This leads to phenomenological models, which do not 

capture the physical principles of the battery cell, but a representation of the 

input/output relationship (typically voltage as a function of a current input). An 

assumption of temperature uniformity throughout the whole system is usually 

made for such model. In a real case, however, a battery cell has an internal 

temperature distribution due to thermal resistance and internal heat generation. 

Therefore, for BTM system designs and optimisations, it is desired to use a set 

of governing equations describing first principle physical and chemical 
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properties of the battery (e.g. kinetics, transport phenomena, energy dissipation 

of a cell) to account for internal temperature dynamics.  

The modelling methodology developed in this thesis is a one-dimensional 

electrochemical model, decoupled and coupled with a three-dimensional flow 

and heat transfer model. Decoupling serves as an effective tool to evaluate 

cooling/preheating solutions by eliminating the dependency of temperature in 

battery heat generation. It relies on experimental measurements to capture the 

thermal effects of electrochemical processes within a cell. Coupling, on the 

other hand, is achieved by creating the dependency of the generated heat 

source and the cell temperature obtained from lumped heat transfer. This 

approach allows for a complete mapping of a lithium-ion battery cell 

temperature with respect to time and space.  

Using finite element method (FEM) to evaluate battery models, coupled or 

decoupled with BTM, helps validate the development of model and 

experimental prototype. A prototype for a 2-cell prismatic battery cooling and 

preheating using heat pipes is therefore developed. The model is general and 

flexible in structure, which allows cooling parameters such as flow velocity, 

cooling temperature, element geometry, etc., to be easily defined and adjusted. 

A full experimental characterisation based on this model has been performed. 

The experimental results are used to characterise system thermal performance 

as well as validating material properties/parameters for simulation inputs. The 

battery cells used in this experiment are two surrogate cells filled with atonal 

324. The eligibility of substituting atonal 324 for lithium-ion battery 

electrolytes has been assessed and confirmed. It is expected that a prototype 

can cover a wide range of operating conditions and simulate a much more 



iii 

 

dynamic thermal response. This indicates that the cooling/heating solution will 

not be limited to one type of battery but suits for various batteries with a 

broader range of cooling/heating needs. Significantly, the consistency shown 

between the FEM and the experiment based on the 2-cell model facilitates 

BTM simulation at pack level, which is a scale-up model containing 30 

lithium-ion batteries. The work described in this study demonstrates that heat 

pipes can be very beneficial to reduce thermal stress on batteries leading to 

thermally homogenous packs.  

Additionally, an attempt of integrating biomimetic wicks for ultra-thin flat 

plate heat pipes (FPHPs) is made in response to space limitations in 

microelectronics cooling. To date, no one has devised an ultra-thin FPHP with 

enough vapour space by constructing different wicks for each heat pipe 

segment, especially under anti-gravity condition. It is thus interesting to see 

whether a new type of wick structure can be made to achieve an optimum heat 

transfer potential without jeopardising vapour zone or hindering heat transfer 

in evaporator and condenser.   
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Chapter 1   

Introduction 

 

Heat pipes offer passive strategies to effectively facilitate heat transfer 

over a long distance with minimal temperature difference from one end to the 

other. They represent an essential field in effective cooling as many 

applications in science, industry, and domestic practises rely on them. In a 

recent study [1], heat pipe was proposed for battery thermal management 

(BTM) in electric vehicles (EVs). As electrical energy storage such as lithium-

ion batteries play an essential role in EVs, their potential life and safety are 

strongly affected by thermal state. Problems such as high temperatures leading 

to premature failure or poor electrical performance were found in lithium-ion 

battery packs, because they are made of many cells interconnected in series 

and parallel arrangements with tightly confined spaces. A thermal management 

solution must be implemented in batteries to prevent potential thermal runaway 

caused by non-uniform battery temperature distribution, and aging due to 

unevenly distributed electrical performance resultant from thermal impact. 

These issues require a comprehensive investigation on the applied heat pipe 

BTM in terms of system design and thermal constraint analysis.  
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Figure 1.1: Dimensioned 30-cell battery pack (front and top view, dimensions 

in mm).  

 

A 332 V, 49.5 Ah lithium-ion battery pack was provided for use in an EV. 

Fig. 1.1 shows 1/10 of it for this study. The pack is assembled from 30 
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prismatic lithium-ion cells (WEIZHI model, 3.2 V, 16.5 Ah, 120.0 × 71.0 × 

27.2 mm3) forming a close-packed rectangular array (4.5 – 5 mm gap) inside 

an aluminium box. EV needs to satisfy all-weather conditions so the battery 

pack is sealed from the outside. Vehicle performance and space consideration 

require the cell to be packed closely but since the batteries generate a 

substantial amount of heat, this may cause potential safety hazards such as 

thermal runaway, fire or explosion. It is thus of great importance that BTM is 

employed to maintain the cell temperature over an acceptable range at all 

times.  

In addition, capillary transport in porous medium, i.e. the wicks, will be 

studied as it plays an important role in heat pipe heat transfer. Many attempts 

have been made to enhance the capillary performance including the utilisation 

of mimic biology, which is often accompanied by hierarchical surface structure 

in micro or nano-scale applications. This indicates that by synthesising certain 

biomimetic function, a novel wick structure for heat pipes, especially for ultra-

thin flat plate heat pipes (FPHPs), can be developed to enable a deeper insight 

into the fluid mechanics behind biomimetic inspired capillary dominated 

problems.  

 

1.1  Project Aims and Objectives 

The objectives of this research are to investigate the feasibility of applying 

heat pipes into BTM for EVs, and to determine how and to what degree of 

significance this technology can benefit battery performance. Literature 

reviews on lithium-ion batteries with regard to thermal analysis and thermal 
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management approaches are provided. Using finite element analysis (FEA) to 

evaluate electrochemical battery models, coupled or decoupled with BTM, 

helps validate the development of model and experimental prototype. A full 

experimental characterisation of heat pipe-based battery cooling and heating 

has been performed via two surrogate battery cells. This provides a quick 

platform to study the system heat transfer performance under stationary and 

time dependent conditions. A scaled-up model is then established, which aims 

to evaluate the application of BTM in EVs.  

Furthermore, effort in modifying FPHP wicks by mimicking biology is 

made. FPHP can be used in areas where spatial limitation is encountered and 

for device such as battery cells with small gaps that requires a large surface 

area to volume ratio. The concept is to apply different wick structure for each 

heat pipe segment (i.e. evaporator, adiabatic section, and condenser) with 

enough vapour space while producing excellent capillary limit. Thermal 

characteristics of such wick structure have been mathematically modelled, and 

fabrication is reported.   

 

1.2  Thesis Outlines  

Chapter 1 provides research aims and objectives, outlining the amount of 

work completed in each chapter.  

Chapter 2 investigates lithium-ion batteries for EVs from three 

perspectives: properties, mechanism and market potential. Thermal analysis of 

safety and thermal runaway, and sub-zero temperature performance are 

highlighted. Various BTM strategies have been studied, which mainly focus on 
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BTM external including the use of air, liquid, phase change material (PCM), 

and heat pipe.  

Chapter 3 introduces finite element analysis (FEA) for battery models 

coupled and decoupled with heat transfer model. Both electrochemical models 

and electrical models for lithium-ion batteries are investigated, and finite 

element method (FEM) modelling for battery thermal performance using 

commercial software packages has been reviewed. 

Chapter 4 focuses on a small-scaled FEM computational model as it 

encapsulates identical features of larger automotive packs and is advantageous 

to simulate aggressive usage pattern or ‘off-normal’ thermal abuses conditions. 

An experimental prototype based on this configuration is validated and studied. 

This is used as a proxy to reality to evaluate the thermal characteristics of the 

proposed heat pipe thermal management solution.  

Chapter 5 consists of experiment setup, instrumentation and test results. 

Prototype characterisation has been made in terms of system parametric 

evaluation, steady state/transient cooling/preheating performance, and the 

effect of adding fins or perforated plates. The experimental investigation 

covers an extensive range of battery thermal environments including sub-zero 

temperatures exploring the potential of the heat pipe solution. Applying heat 

pipes to reduce thermal stress on batteries and improve temperature uniformity 

under all weather conditions is evaluated.  

Chapter 6 extends the heat pipe BTM applied to EVs using FEM 

modelling at pack level. With validated FEM models from Chapter 4, the 

development of actual solution can be speeded up to reduce large-scale 

experimental prototype construction. The temperature profile of a 30-cell 
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battery pack under cooling and preheating has been created. The average heat 

source in the lithium-ion battery cell is obtained using either a combination of 

experimental data and established equations, or a full 1D electrochemical 

model. The model developed aims at simulating and predicting the thermal 

behaviour of lithium battery packs under a set of operating conditions.  

Chapter 7 explores the biomimetic potential in wicks for FPHPs. 

Hierarchical structure adopted from nature in terms of wetting phenomenon 

and capillary effect is considered for this novelty. Potential mechanism, 

mathematical models, and fabrication are reported. 

Chapter 8 concludes this research study with future work suggested.  
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Chapter 2   

Literature Review 

2.1  Lithium-ion Batteries for Electric Vehicles  

2.1.1     General Considerations 

Electric Vehicle (EV), which was invented ahead of the first gasoline-

powered vehicle, consists of mainly four elements: an energy source (the 

battery), a power convertor, an electric motor, and a mechanical transmission 

[2]. A vehicle driven by an electric motor is very energy efficient in terms of 

high energy efficiency (a standard electric motor is expected to display an 

efficiency over 90%), torque and power output characteristics (e.g. a high-

torque at low revolution speed, quicker torque response, and recovering kinetic 

energy into electricity from braking torque) [3, 4]. Shimada [5] compared the 

energy efficiency of FCV (fuel cell vehicles), HEV (hybrid electric vehicles), 

CNG (compressed natural gas), and BEV (battery electric vehicle) based on 

the input energy per 1 km during 10 – 15 mode driving cycle test [6]. BEV (or 

EV) has shown to have the lowest input energy proportional to CO2 discharge 

and the highest fuel economy. The heat loss of an EV, in addition, is 

significantly small compared to that from the engine vehicle. However, the fuel 

density of batteries in comparison with liquid fuel or gas fuel is extremely low 
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implying that EV has to carry a large amount of battery cells in order to 

achieve the same performance offered by the engine-vehicle.  

 
 

Figure 2.1: Ragone plot of various electrochemical energy storage and 

conversion devices [7] including recently reported SOFC [8]. 

 

A Ragone plot for various batteries, electrochemical capacitors, and fuel 

cells (including recently reported solid oxide fuel cell (SOFC) [8]) made for 

many applications ranging from consumer electronics to vehicles is provided 

in Fig. 2.1. The specific power translates to the acceleration in a vehicle (how 

quickly the energy can be delivered); while the specific energy, the driving 

range (how much energy is available). A point in Ragone plot represents the 

amount of time during which the energy per unit mass (vertical axis) can be 

delivered at the power per unit mass (horizontal axis). Time is plotted as the 

diagonal line (the ratio between the energy and power densities) indicating the 

time to get the charge in or out of the device. It can be noted that lithium-ion 

batteries are superior to other cell chemistries for EV, PHEV (plug-in hybrid 

electric vehicle) and HEV but no battery system can compete with gasoline 

(i.e. internal combustion or IC-engine). For IC-engine, fuel is consumed so the 
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specific energy refers to the initial mass of the fuel, approximately half a 

kilogram of fuel per kilogram of engine [9]. If taking 25% efficiency of an IC-

engine then 800 Wh/kg of fuel plus engine can be obtained. For batteries, the 

weight remains the same during discharge, and Linden [10] reported that 

lithium-ion batteries are well-suited for vehicle applications because they have 

nearly twice the amount of specific energy and energy density (150 Wh/kg and 

400 Wh/L respectively) relative to the practical nickel-metal hydride (NiMH) 

batteries (75 Wh/kg and 240 Wh/L), which had previously dominated the HEV 

market.  

Apart from acceleration and driving performance, other criteria such as 

cost, calendar life, and safety are also critical. The cost of an EV battery is 

significant, and arguably, prohibitive. $/kWh is an important quantity in 

evaluating cost. The United States Advanced Battery Consortium (USABC) 

outlined $/kWh goals for battery technology to reach to a commercially viable 

level, which was $200 – 300/kWh versus current costs of $750 – 1,000/kWh 

[11]. Cluzel and Douglas [12] presented both conservative and optimistic 

scenario results of battery pack cost based on different EV classes and the 

reported cost ranged from $587 – 1,327/kWh in 2011. Additionally, Gaines 

and Cuenca [13] broke down the materials cost of a 10 Ah lithium-ion high 

power cell and pointed out that cathode, separator and electrolyte contribute 

the most to the total battery cost taking up 28%, 23% and 20% respectively. It 

is generally believed that lithium-ion batteries have not yet achieved the 

potential of cost reductions and the search for reducing potential cost is 

encouraged by material substitution, increased packaging efficiencies, process 
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development, increased manufacturing yields and/or inexpensive production 

[14-16].  

 

Table 2.1: Properties of electric vehicle batteries that operate at ambient 

temperature (extracted from [17]) 

 Energy density  

Qmax (Wh/kg) 

 

Power 

density 

Pmax 

(W/kg) 

Fastest 

80% 

recharge 

time t 

(min) 

80% 

discharge 

cycles 

before 

replacement 

N 

Estimated 

large-scale 

production 

cost per 

kWh $  

Open-

circuit 

cell 

voltage 

V (V) 

Lead-acid 

 35 150 / 1000 60 2.1 

Advanced lead-acid 

 45 250 / 1500 200 / 

Valve regulated lead-acid 

 50 150+ 15 700+ 150 / 

Metal foil lead-acid 

 30 900 15 500+ / / 

Nickel-iron 

 50 100 / 2000 150–200 1.2 

Nickel-zinc 

 70 150 / 300 150–200 1.7 

Nickel-cadmium  

 50 200 15 2000 300 1.2 

Nickel-metal hydride (NiMH) 

 70 200 35 2000+ 250 1.23 

Lithium-ion  

 120–150 120–150 <60 1000+ 150 3.6 

Aluminium-air 

 220 30 / / / 1.5 

Zinc-air 

 200  80–140 / 200 100 1.65 

 

Table 2.1 demonstrates a list of storage battery types currently being used 

or is going to be used in EVs. Notably, high-temperature batteries, which have 

a long period of development and pilot production, are not used in EV 

productions. Only ambient operating temperature batteries are considered for 

EVs to ensure good performance and safety. A suitable cycle life for a 
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practical battery is suggested to be 1,000 cycles, equivalent to 3 – 4 years. 

Open-circuit voltage is also crucial, which determines the required number of 

cells to form a battery pack reflecting battery complexity and potential 

reliability. The higher the voltage becomes, the better the ratio of the active 

components in the cell over the passive containing materials. From Table 2.1, 

lithium-ion batteries seem to be the best among other cell chemistries due to 

high energy and power density, long life cycles, ambient operating 

temperature, and high open-circuit cell voltage. Lithium-ion batteries can store 

more energy per mass compared to NiMH, and achieve high cell voltage of 3.6 

V in contrast with 1.23 V obtained by NiMH. More importantly, lithium-ion 

refers to a family of battery chemistries (Table 2.2), which indicates material 

flexibility and potential in cost reduction through material substitution.  

 
Table 2.2: The major components of lithium-ion batteries and their properties 

[18, 19] 

Abbrev. LCO LNO NCA NMC LMO LFP LTO 

Name Lithium 
cobalt 

oxide 

Lithium 
nickel 

oxide 

Lithium 
nickel 

cobalt 

aluminium 
oxide 

Lithium 
nickel, 

manganese 

cobalt 
oxide 

Lithium 
manganese 

spinel 

Lithium 
iron 

phosphate 

Lithium 
titanate 

Positive 

electrode 

LiCoO2 LiNiO2 Li(Ni0,85

Co0,1Al0,

05)O2 

Li(Ni0,33

Mn0,33C

oo33)O2 

LiMn2O4 LiFePO4 LMO, 

NCA, … 

Negative 

electrode 

Graphite Graphite Graphite Graphite Graphite Graphite Li4Ti5O12 

Cell 

voltage 

(V) 

3.7-3.9 3.6 3.65 3.8-4.0 4.0 3.3 2.3-2.5 

Energy 

density 

(Wh/kg) 

150m

Ah/g 

150 130 170 120 130 85 

Power + o + o + + ++ 

Safety - o o o + ++ ++ 

Lifetime - o + o o + +++ 

Cost -- + o o + + o 
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2.1.2     Mechanism and Configuration 

 

Figure 2.2: Lithium-ion battery mechanism during charge and discharge [20]. 

 

Fig. 2.2 gives the mechanism of a lithium-ion battery. Lithium-ions (Li+) 

move from the negative electrode (anode) to the positive electrode (cathode) 

via a separator diaphragm to form a discharge cycle, and vice versa when 

charging. The anode is usually made of carbon, and the most commercially 

popular material is graphite. The cathode is a lithium-containing compound 

and is generally one of these three materials: a layered oxide (e.g. lithium 

cobalt oxide – LiCoO2), a polyanion (e.g. lithium iron phosphate – LiFePO4) 

or a spinel (e.g. lithium manganese oxide – LiMn2O4). The electrolyte refers to 

a solution of lithium salt in a non-aqueous solvent such as ethylene carbonate 

or diethyl carbonate. The current collector for negative and positive electrode 

is made of copper (Cu) and aluminium (Al) respectively. Taking 

LiMn2O4/graphite as an example, the electrochemical reactions occurring at 

the electrode/electrolyte interfaces are described below.  

 

Composite positive electrode: 
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Composite negative electrode: 

 

 

As illustrated by Fig. 2.2, Li+ inserts into solid particles of the cathode and 

de-inserts from solid particles of the anode during discharge. Lithium-ion 

diffusion in the solid phase and the electrolyte depletion will always limit cell 

discharge. Significantly, heat is generated within the cell and dissipated to the 

surroundings in all directions. If the heat is dissipated only through the tabs on 

the top of the two electrodes, temperature gradient will be developed along the 

cell height leading to non-uniform electrode reaction rates.  

Three configurations of lithium-ion battery cell are shown in Fig. 2.3. 

Both cylindrical and prismatic lithium-ion batteries at cell-, module-, and pack-

level for EVs have been demonstrated in Fig. 2.4. For a purely cooling 

purpose, the prismatic type seems to be most suitable for vehicles because a 

relatively large surface area in dissipating heat from cell interior to exterior is 

available. However, due to factors such as production maturity, availability, 

safety, lifecycle, and cost, cylindrical cells are still in frequent uses (e.g. Tesla, 

BMW mini). For automotive applications, cells are connected together in 

different configurations and packaged with control and safety circuitry to form 

a battery module. Modules are then combined with additional control circuitry, 

a battery thermal management system, and power electronics to form a battery 

pack. Fig. 2.5 displays a complete lithium-ion battery pack for a PHEV made 

by A123 Systems [21].  
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Figure 2.3: Battery cell configurations (modified from [22-25]). 

 

 

Figure 2.4: Lithium-ion battery cell-, module-, and pack-level demonstrated by 

two vehicle examples: Tesla Roadster [26, 27] and Nissan Leaf [28]. 
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Figure 2.5: Lithium-ion battery pack for a PHEV (A123 Systems) [21]. 

 

2.1.3     Market Penetration and Potential 

The direction of EV development can be predicted by introducing major 

work done by specialist niche manufactures. Table 2.3 summarises some major 

EV productions currently available/discontinued in the market. It seems that 

NiCd (Citroën, Ford, Peugeot and Renault) and NiMH (GM, Honda and 

Toyota) were the most two favourites for EV batteries back in 2000. The aim 

inconsistency made by those manufacturers indicates the immaturity of battery 

technology back then, such that scarce evidence of EV mass production to the 

public was seen. However, in recent 5 years, lithium-ion batteries become the 

top candidate in EV manufacturers due to lightweight, higher energy and 

power density, improved nominal range, and reasonable fast charging time. 

The commercial success of EVs listed in Table 2.3 suggests that lithium-ion 

batteries will possibly be the preferred solution to overcome energy storage 

and driving range challenges encountered by many battery-powered vehicles.  
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Table 2.3: List of major EV productions currently available and no longer 

available (by 2014) 

Model 

type 

Battery 

type 

Battery 

weight 

(kg) 

Top 

speed 

(km/h) 

Range 

(km) 

Charge 

time 

(h) 

Sale/ 

lease 

price 

Date 

 

Currently Available (general information found in [29-38]) 

 

BMW i3  22 kWh  

Lithium

-ion 

230 

[39] 

150 130–

160 

0.5–9  $52,000 

[40] 

2013 

BYD e6 

 

75 kWh 

LiFePO4 

500 

[41] 

140 330 10–20 

min 

$52,000 

[42] 

2010 

Chevrolet 

Spark EV 

 

21.3 

kWh 

nanopho

sphate 

Lithium

-ion  

254 

[43] 

144 132 0.33-7 From 

$12,170 

[44] 

2013 

Citroën 

C-Zero 

(also 

called 

Mitsubish

i i-MiEV) 

16 kWh  

Lithium

-ion 

240  

(200 

[45]) 

130 100–

160 

(170) 

0.5–7 

(0.5–

14) 

$48,000 

[46] 

(>$38,00

0) [47] 

2010 

(2009

) 

Ford 

Focus  

23 kWh 

Lithium

-ion 

300 

[48] 

135 122 3–4, 

18–20 

$35,170 

[49] 

2011 

Nissan 

Leaf  

24 kWh 

Lithium

-ion 

294 

[50] 

150 117–

200 

0.5–20 $35,430 2010 

Tesla 

Model S  

60–85 

kWh  

Lithium

-ion 

535–

556 

[51] 

193–

214 

370–

426 

1.5–20 

min 

 

$63,570 

[52] 

2012 

Venturi 

Fetish  

54 kWh 

Lithium

-ion 

polymer 

450 

[53] 

200 340 3–8 $400,000 2006 

Volkswag

en e-Up!  

18.7 

kWh  

Lithium

-ion 

230 

[54] 

130 160 0.5 $34,500 2013 

 

No Longer Available (general information from [17, 55]) 

 



17 

 

Ford 

Th!nkCity 

11.5 

kWh 

NiCd 

260 

[56] 

90 85 5–8 / 1999 

–2002 

GM EV1 16.2 

kWh 

Lead-

acid 

594 

[57] 

129 95 6 $399 

per 

month 

1996 

–2003 

GM EV1 26.4 

kWh 

NiMH 

481 

[58] 

129 130 6 $480 

per 

month 

1996 

–2003 

Honda 

EV Plus 

26.2 

kWh 

NiMH 

374  129 190 6–8 $455 

per 

month 

1997 

–1999 

Nissan 

Hypermini 
15 kWh  

Lithium

-ion 

/ 100 115 4 $23,350 

–36,000 

1999 

–2001 

Nissan 

Altra EV  

32 kWh  

Lithium

-ion 

365 

[59] 

120 190 5 $50,999 1998 

–2000 

Peugeot 

106 

électrique 

(also 

called 

Citroën 

Saxo 

électrique

) 

12 kWh 

NiCd 

/ 90  

(91) 

150 

(80) 

7–8 

(7) 

$14,700 

–27,000 

($12,300 
excluding 

batteries) 

1995 

–2003 

Renault 

Clio 

Electric 

11.4 

kWh 

NiCd 

/ 95 80 / $16,000 

–27,400 

/ 

Toyota 

RAV 4 

27 kWh 

NiMH 

380 125 200 10 $45,000 1997 

–2002 

Tesla 

Roadster  

53 kWh  

Lithium

-ion 

450 

[60] 

209 390 3–5 > 

$92,000 

2008 

–2012 

 

Note: charge time varies depending on the charging method. Long hours of 

charging may be needed when using conventional charger (e.g. onboard 

charger, charged from household); short period of charging can be achieved by 

a quick charger system (50 – 80% of battery capacity charged) (e.g. AC/DC 

fast charging station, Tesla Superchargers, etc.) or battery swap (1.5 min 

demonstrated by Tesla Motor). 
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2.2  Thermal Analysis of Lithium-ion Batteries    

2.2.1     Safety and Thermal Runaway 

For high voltage batteries such as lithium-ion battery in particular, 

prioritising safety at every step of the battery development including material 

selection, cell design, electronic controls and module assembly is essential but 

challenging. According to Doughty and Roth [61], safety is required to be 

evaluated at every level, i.e. the cell, the module, the pack and ultimately, the 

vehicle level. This is because failure at one level will escalate to much more 

severe failures at a higher level. The international standard ISO 6469 [62] 

addresses safety specifications for electrically propelled road vehicles 

including onboard electrical energy storage (Part 1), functional safety means 

and protection against failures (Part 2), and protection of persons against 

electrical hazards (Part 3). Safety devices are required to be incorporated into 

EV batteries to protect against off-normal operations and manage 

consequences of heat and gas generation. One of these devices is battery 

management system that regulates electrical distribution and prevents from 

over-voltage, under-voltage, excessive current, as well as elevated temperature.  

Various battery chemistries have different responses to failure, but the 

most common failure mode of a cell under abusive conditions is the generation 

of heat and gas [63]. The possible exothermic reactions and thermal stability of 

lithium-ion batteries have been reviewed in [64] and [61]. Table 2.4 

summarises the identified reaction of the components used in a lithium-ion 

battery. It shows that the components are completely stable below 80°C, but 

once the temperature reaches to 120 – 130°C, the passivation layer (SEI – 
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solid-electrolyte interface) starts dissolving progressively in the electrolyte, 

which causes electrolyte to react with the least protected surface of graphite 

generating heat.  

 

Table 2.4: Thermal stability of components used in a lithium-ion battery 

(values measured from differential scanning calorimetry on electrodes) [19] 

Temperature (°C) Associated 

reactions 

Energy (J/g) Comment 

120 – 130 Passivation layer 200 – 350 Passive layer 

breaks, 

solubilisation 

starts below 

100°C 

130 – 140 PE separator 

melts 

-90 Endothermic 

160 – 170 PP separator 

melts 

-190 Endothermic 

200 Solvents-LiPF6 300 Slow kinetic 

200 – 230 Positive material 

decomposition 

1000 O2 emission 

reacts with 

solvents 

240 – 250 LiC6 + binder 300 – 500  

240 – 250 LiC6 + electrolyte 1000 – 1500  

 

 

Roth et al. [65] tested three different lithium-ion cells 

(SONY/GEN1/GEN2) under elevated temperature abusive conditions. Data 

summarised by Doughty [66] illustrates a general path to thermal runaway in 

lithium-ion cells, which can be categorised into three stages (Fig. 2.6): 1) 

initial thermal runaway regime; 2) cell venting; 3) cell runaway and explosive 

decomposition. Thermal runaway describes the condition when elevated 

temperature triggers heat-generating exothermic reactions and potentially 

increases the temperature leading to more deleterious reactions [64]. If no heat 

dissipation method is available, the internal cell temperature will continue to 
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increase rapidly. Once the temperature exceeds the onset temperature, the heat 

release will be accelerated due to increased electrolyte reduction at the anode 

(Stage 2). Additional heating may cause the cell to generate more than 10 

°C/min self-heating rate resulting in thermal runaway (Stage 3). As a 

consequence, this will progress into battery fire and explosion. Examples of 

EV incidents listed in Table 2.5 may give an idea of how car crash or 

charging/discharging batteries leads to potential overheating or fire explosion. 

In order to improve lithium-ion battery safety, shutdown separators or pressure 

releasing devices, safer electrolytes and positive electrode materials, special 

additives and coatings [67], and an appropriate thermal management strategy 

are suggested to provide additional safety by limiting thermal runaway and 

preventing cell from rapid self-heating.  

(a)  
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(b)  

 

Figure 2.6: Illustrating three stages of the thermal response (thermal runaway 

path) obtained from SONY/GEN1/GEN2 lithium-ion cell [66]: (a) Stage 1-2 in 

scope; (b) Stage 3.  

 

 

Table 2.5: EV incidents 

 

EV Type Incident Place & 

date 

Investigation summary 

BYD e6 Caught fire after car 

crash 

Shenzhen, 

China, 2012 

Electric arcs caused by 

short circuit; however 72 

out of 96 (75%) single 

cell batteries did not 

catch on fire and no 

flaws in safety design 

[68] 

Chevrolet 

Volt 

Caught fire after 

crash test 

USA, 2011 No higher risk of fire 

than gasoline-powered 

vehicles according to 

National Highway 

Traffic Safety 

Administration (NHTSA) 

[69] 

Dodge 

Ram 1500 

PHEV 

Overheated battery 

packs 

2012 No injuries, Chrysler 

recalled as a precaution 

[70] 
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Fisker 

Karma 

Home fire in Texas 

and a fire incident in 

parking lot in 

California 

Texas and 

California, 

2012 

Unknown; 

Internal fault made the 

fan to fail, overheat and 

started fire, not lithium-

ion battery pack [71] 

Mistubishi 

i-MiEV 

Caught fire at 

Mizushima battery 

pack assembly plant 

when 

charging/discharging; 

battery cells in an 

Outlander PHEV in 

Yokohama 

overheated and 

melted 

2013 Problem related to a 

change in manufacturing 

process, the cause has not 

been officially 

announced [72]  

Tesla 

Model S 

Caught fire after 

hitting debris on 

highway 

Kent, 

Washington, 

2013 

Fire began in the battery 

pack but potential 

damage was avoided due 

to isolation of fire 

barriers inside the battery 

pack, fire risks are lower 

when driving a car 

powered by a battery 

than that powered by 

gasoline [73] 

Zotye 

M300 EV 

Caught fire  Hangzhou, 

China, 2011 

Lack of quality during 

manufacturing, problems 

include leaking of battery 

cells, insulation damage 

between battery cells and 

container, short circuits 

[74] 

 

2.2.2     Sub-zero Temperature Performance  

Sub-zero climate will make the battery efficiency drop leaving discharge 

capacity minimal [75]. This directly affects vehicle mobility and driving range, 

and subsequently, the life cycle. A good example of this is 2012 Nissan Leaf, 

which has only 63 miles at -10°C but 138 miles under ideal condition [76]. For 

pure EVs, due to the fact that no combustion engine is available to provide 

heating, a significant proportion of battery energy will be used for heating the 
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battery and the cabin shortening the driving range even more by 30 – 40%. 

USABC [77] suggests the testing manual for EV batteries, which can be 

categorised into ‘well-performed battery in cold weather’ if it absorbs a fast 

charge from 20% to 60% depth of discharge (DOD), or 40% to 80% state of 

charge (SOC) in 15 minutes. According to QC/T 743-2006 [78], the discharge 

capacity requirement for lithium-ion battery at -20°C should be no less than 

70% of its rated capacity. However, few batteries are capable of maintaining at 

such rated capacity under sub-zero temperatures.  

Huang et al. [79] and Lin et al. [75] pointed out that a lithium-ion battery 

might be able to be discharged normally at low temperatures, but not so during 

reverse charging process. Nagasubramanian [80] reported that the commercial 

18650 lithium-ion battery at -40°C has only 5% of energy density and 1.25% 

of power density compared to that obtained at 20°C. Shidore and Bohn [81] 

summarised the percentage drop in EV range based on three initial temperature 

conditions (20°C, 0°C and -7°C) during UDDS and UDDSx1.2 aggressive 

driving cycles. 0%, 9%, and 13% drop in EV range was resulted respectively 

under UDDS, and 10.7% drop was observed under UDDSx1.2 for an initial 

temperature of 0°C compared to 20°C. In addition, capacity fade due to lithium 

plating upon charging in cold climate has been studied [75, 82]. Zhang et al. 

[83] generalised that both energy and power of the lithium-ion batteries will be 

reduced once the temperature falls down to -10°C. Shi et al. [84] conducted an 

experiment comparing the discharge capacity of the lithium-ion battery used 

for EVs under -20°C and 20°C; and showed that 62.6% was obtained at -20°C, 

smaller than the rated standard.  
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Poor lithium-ion battery performance under cold climates is therefore 

reviewed [83, 85, 86], which can be summarised into four factors: 1) low 

conductivity of the electrolyte and solid electrolyte interface on the electrode 

surface [87, 88]; 2) declined solid-state Li diffusivity [79, 83]; 3) high 

polarisation of the graphite anode [75, 89]; and 4) the sluggish kinetics and 

transport processes caused by increased charge-transfer resistance on the 

electrolyte-electrode interfaces [79, 83]. Three contributing factors of the 

PHEV lithium-ion battery impacts from low ambient temperature at -7°C and 

0°C have been quantified [81]. These include limited battery propulsion and 

regenerative power accounting for 34% of the total reduction in battery power, 

high battery internal resistance leading to 8 – 12%, and other losses that 

attribute to 54 – 58%. 10 times increase in resistance, in addition, has been 

measured from the commercial 18650 lithium-ion battery at -20°C [90]. Stuart 

and Hande [91] explained the charging/discharging difficulty at cold 

temperatures and addressed the concern of potential hazards due to increased 

charge-transfer resistance. The highly nonlinear overvoltage equivalent 

resistance (Rov) increases so much at a sufficiently low temperature and SOC, 

making the battery almost unusable. High Rov also causes excessive gassing 

resulting in a loss of electrolyte, or case rupturing if the internal pressure 

generated due to gassing exceeds the capacity of the relief valves. The 

problems can be solved by formulating [87, 88] or replacing the chemical 

substances [92, 93] inside the lithium-ion batteries, and seeking for viable 

battery preheating methods in order to avoid loss in energy and power 

capability [80, 85] as well as severe battery degradation under sub-zero 

climates.  
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2.3  Battery Thermal Management Strategies   

2.3.1     Design Considerations 

Temperature effects, heat sources and sinks, EV/HEV batteries, and 

temperature control should be considered before designing a good BTM (Fig. 

2.7). Either low (<15°C) or high temperature (>50°C) will progressively 

reduce the cycle life, and the threat of thermal runaway at a temperature higher 

than 70°C leads to cell failure. Pesaran [94] benchmarked the operating 

temperature for a variety of batteries including lead-acid, NiMH, and lithium-

ion. He pointed out that the suitable range should be between 25°C to 40°C 

with a maximum of 5°C difference from module to module. He [95] later on 

demonstrated the temperature impacts on life, safety and performance of 

lithium-ion batteries (Fig. 2.8) and suggested a range of 15 – 35°C as desired 

working temperature. Ladrech [96] also provided a temperature band for 

lithium-ion batteries obtained from suppliers, and divided the range into four 

sections namely decline of battery capacity and pulse performance (0 – 10°C), 

optimal range (20 – 30°C), faster self-discharge (30 – 40°C), and irreversible 

reactions and short-circuit (40 – 60°C). According to Sato [97], charging 

efficiency and life cycle can be drastically reduced if the battery temperature 

exceeds 50°C. Khateeb et al. [98] showed that the thermal runaway of the 

lithium-ion cells initiates at the temperature range of 70 – 100°C jeopardising 

battery safety. Moreover, Lu et al. [99] made a detailed summary of stages that 

progress to thermal runaway and stated that the SEI breakdown starts at 80°C. 

These works all imply that the maximum working temperature for lithium-ion 

batteries should be kept below 40°C; and the minimum, above 15°C.  
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The heat sources and sinks can be identified from the effects of internal 

impedance and chemical reactions during charge or discharge. Precautions 

should be taken to avoid unexpected overheating or temperature rise that leads 

to cell failure. The cooling/heating methods available for EV and HEV 

batteries are required to be considered separately as EV battery is more subject 

to low temperature rise, whereas HEV battery is likely to encounter high 

temperature rise. Fig. 2.9 explains the thermal impacts faced by both EV and 

HEV through comparing them at the same battery handling power. EV 

operates at a deep discharge rate (1C) while HEV tends to operate at a very 

high rate (10C). As a result, EV battery may still need to be heated up at low 

temperature, whereas HEV can have overheating problem even though they 

both dissipate the same amount of heat.  

Two major problems caused by temperature can be found when it comes 

to battery cooling: 1) the temperature exceeds permissible levels during charge 

or discharge; and 2) uneven temperature distribution attributes to a localised 

deterioration [100]. Effective battery cooling should be able to maintain the 

allowed maximum cell temperature, reduce the temperature difference between 

cells, and ensure the cell being operated under the optimal working 

temperature range [101, 102]. Viable battery preheating methods, in addition, 

are required to eliminate loss in energy and power capability [80, 85] as well as 

severe battery degradation under sub-zero climates. The battery preheating 

system must be equipped with an ultimate energy optimisation, which provides 

an efficient and flexible solution in maximising the operating range without 

jeopardising cabin comfort and battery performance. The system must function 

well in driving, charging, and long-term parking.  
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Figure 2.7: BTM mapping. 

 

 

Figure 2.8: Temperature impact on life, safety and performance of lithium-ion 

batteries [95]. 
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Table 2.6: Suggested operating temperature range for lithium-ion batteries 

Ref (s) Advised Temperature 

Range for optimal 

performance (°C) 

Battery type 

Sato [97] < 50  Lithium-ion 

Pesaran [94] 25 – 40 Lead-acid, NiMH, and 

Lithium-ion 

Panasonic [103] 0 – 45 for charge 

-10 – 60 for discharge 

Lithium-ion 

Ladrech [96] 20 – 30 Lithium-ion 

Pesaran et al. [95] 15 – 35 Lithium-ion 

 

 

 

Figure 2.9: EV and HEV thermal and stress issues [104]. 

 

2.3.2     Thermal Management Strategies  

Battery thermal management (BTM) is therefore required to help the 

battery operate at a desirable working temperature range at all times preventing 

battery degradation [105, 106], thermal runaway [107-109], and dropped 

discharge capacity due to sub-zero climate [75]. The thermal management 
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strategies can be either internal or external. Internal cooling has been 

investigated as an alternative to allow heat to be removed directly from the 

source without having to be rejected through the battery surface. Choi and Yao 

[110] suggested using forced circulation of the electrolyte in lead-acid batteries 

to improve heat removal and cell temperature uniformity but it was not 

practical for lithium-ion batteries. Parise [111] came up with the idea of using 

thermoelectric coolers in lead-acid cell partitions and/or between positive-

negative plate pairs where the heat was produced. A recent study conducted by 

Bandhauer and Garimella [112] introduced microchannel phase change 

internal cooling concept to improve thermal gradients and temperature 

uniformity in a commercially available C/LiFePO4 lithium-ion batteries. The 

microchannels were incorporated in either a thick current collector or into a 

sheet of inert material placed in between a split current collector. Additionally, 

internal battery preheating involves the use of self-internal heating and mutual 

pulse heating [86], or alternating current (AC) heating [91]. It is recognised 

that the internal BTM for lithium-ion batteries is limited and should be further 

explored due to its potential of higher temperature uniformity within an 

individual cell and among cells in a pack.  

BTM external to the batteries will be discussed extensively in this thesis. 

It can be categorised into passive (only the ambient environment is used) or 

active (a built-in source provides heating and/or cooling), or based on medium 

[64, 100, 113]: 1) air for cooling/heating/ventilation; 2) liquid for 

cooling/heating; 3) phase change materials (PCMs); 4) heat pipe for 

cooling/heating; and 5) combination of 1)-4).  
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2.3.2.1   Air 

Either natural or forced air convection can be used for air BTM. Fig. 2.10 

illustrates three air BTM methods including passive air cooling, passive air 

cooling/heating, and active air cooling/heating. Choi and Yao [114] 

investigated lead-acid batteries and advised the difficulty in mitigating the 

temperature sufficiently by either natural or forced air convection. Chen and 

Evans [115] argued that neither passive nor active air cooling can efficiently 

dissipate heat in large-scale batteries, and Pesaran et al. [116] found out that air 

cooling is adequate for parallel HEVs but not for EVs and series HEVs. Kim 

and Persaran [117] claimed that passive air cooling is possible for batteries of 

low energy density, but for batteries of high energy density such as lithium-ion 

batteries, an active air system is required. Large thermal gradients between the 

cell centre and the battery pack boundary can be resulted if no active air 

thermal management is provided. Those thermal gradients lead to unequal 

charge or discharge capacity of the battery cell, hence a proper active air 

cooling device to obtain an optimal battery performance is necessary. 

Increasing the heat transfer coefficient of the surrounding air by forced air 

cooling is critical in spite of design complexity and additional power 

requirements. 



31 

 

 

Figure 2.10: Air BTM methods [118]. 
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Figure 2.11: (a) Insight pack [119]; (b) Prius pack [120]; and (c) Highlander 

pack [121] using air BTM. 
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There are two ways that an active air BTM adopts [122]. One is to take the 

air directly from air-conditioned vehicle cabin to either cool or heat the battery. 

The other is to utilise the treated air from a secondary loop, which consists of a 

separate micro air conditioning unit. Both methods consume relatively large 

proportion of space for air ducts, blower, and/or air conditioning unit, and add 

a substantial amount of weight to the whole system. Despite the fact that the 

latter is much more complex and costly, it performs better by using 

independent/pre-treated air to cool or heat the battery.  

The 2000 Honda Insight [119, 123], 2001 Toyota Prius [119, 120, 123], 

and Toyota Highlander [121] utilise conditioned air taken from the cabin and 

exhaust to the ambient. Each battery pack (NiMH batteries) has unique module 

arrangement to mitigate temperature mal-distribution across the cells. Insight 

pack (Fig. 2.11 (a)) has a configuration similar to an aligned tube-bank and 

employs a small ‘muffin’ fan to force air convection between modules. Prius 

pack (Fig. 2.11 (b)) uses a parallel airflow scheme and the air is drawn by a 12-

volt blower installed above the driver’s side rear tire well. The Highlander 

pack (Fig. 2.11 (c)), in addition, contains three fans for separate module units, 

which is good in eliminating efficiency loss resultant from excessive heat. In 

the test conducted on Prius pack, the observed thermal gradient was 4 – 8.3ºC 

dependent on the blower speed and ambient temperature [120]. The surface 

temperature was monitored in a few discrete locations so the true maximum 

temperature differential was unknown. However, it is clear that air is not the 

best heat transfer medium to maintain excellent temperature uniformity for 

lithium-ion battery packs, which have more inherent safety risks than NiMH 

battery packs [64].  
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Improvements towards air BTM have been performed but with 

encountered difficulties. Nelson et al. [124] discussed that air cooling method 

was ineffective to cool the battery down to 52°C if the initial battery 

temperature was higher than 66°C. Lou [125] designed a cinquefoil battery 

pack for NiMH batteries with aim of heat transfer enhancement. For such air 

thermal control method, making the temperature difference below 5°C seemed 

to be impossible and a high degree of temperature uniformity was developed 

between the location near and away from the fan. More recently, Mahamud 

and Park [102] proposed a reciprocating method to create a much uniform 

temperature profile mitigating the temperature gradient. This was proven to be 

better than conventional unidirectional air cooling. 

 

2.3.2.2   Liquid 

As opposed to air, liquid BTM is regarded as a better solution and can be 

divided into passive or active (Fig. 2.12), or by the transfer medium: 

refrigerants or coolant (e.g. water, glycol, oil, or acetone) (Fig. 2.13). Pesaran 

[118] and Bandhauer [64] qualitatively compared air and liquid method in 

terms of heat transfer coefficient, thermal conductivity, viscosity, density, and 

fluid velocity. The degree of temperature mal-distribution for the airflow 

system seems to be noticeable due to lower specific heat and thermal 

conductivity. Using oil achieved the heat transfer coefficient 1.5 – 3 times 

higher than air [118]; and water or water/glycol, more than 3 times [64]. This 

indicates that the temperature difference will be reduced to 1/3 of that obtained 

from air achieving fine temperature uniformity. Notably, the difference 

between using refrigerant and coolant is that the former does not require extra 
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loops for chiller and heating elements. This implies that for battery preheating 

during winter, refrigerant will not be able to transfer heat energy to the battery 

thus can be less attractive. There are mainly three ways to achieve liquid BTM 

[118]: 1) through discrete tubing or a jacket around each battery module; 2) 

submerging modules in direct contact with a dielectric fluid (e.g. silicon-based 

or mineral oils) to avoid electrical shorts; and 3) positioning the modules onto 

liquid heated/cooled plates. The plates refer to thin metals having one or more 

internal channels discharged with refrigerant or coolant. Available external 

battery heating source during winter can be provided by using jacket or fluid 

heating from an electric heater [126, 127], a bioethanol heater (14.5 litres) used 

by Volvo C30 Electric [128], or a biogas (methane) engine proposed by 

Shimada [129]. 
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Figure 2.12: Liquid BTM methods [118]. 
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Figure 2.13: Liquid BTM using (a) refrigerant for battery cooling or (b) 

coolant for battery cooling/heating [122]. 

 

 

Figure 2.14: Tesla Roadster battery cooling (modified from [26, 60, 130, 131]).  
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Examples of liquid BTM used in cars can be found in [116, 118] with 

regard to different EV or HEV types; in [124] who investigated coolant 

cooling/heating for a Gen-2 lithium-ion batteries-based PNGV; in [122] that 

illustrates a direct refrigerant-based cooling in Mercedes S400 BlueHYBRID; 

and in [132] who reported active liquid cooling/heating implemented in Volt 

and Tesla. The battery cooling system in Tesla Roadster uses water-glycol 

(1:1) mixture as coolant. A thermal interface (blue) is overmoulded onto the 

cooling tube forming a base below the battery pack (Fig. 2.14). This serves as 

a heat sink so that the cooling liquid can be discharged to provide efficient 

cooling.  

Improvements towards liquid BTM are suggested by Jarrett and Kim 

[133], who modelled serpentine-channel cooling plates in various geometries 

and concluded that ‘a narrow inlet channel widening towards the outlet’ is able 

to equalise the heat transfer achieving uniform temperature. Such configuration 

balances the effects of coolant velocity, heat transfer area, and fluid-solid 

temperature gradient. Similarly, Faass and Clough [134] modified the cooling 

channel pathing geometry that produces an area of high turbulence and an area 

of low pressure drop. Jin et al. [135] proposed a novel minichannel liquid cold 

plate with oblique fins at optimised angle and width to cool EV batteries.  

Table 2.7 lists strengths and weaknesses offered by air, refrigerant, and 

coolant BTM. Air BTM is suitable for cell types, whereas liquid BTM that 

usually adopts cooling/heating plates within the assembled battery cells prefers 

prismatic or pouch cell geometry. To summarise, air cooling takes up more 

space, adds up more weight due to additional air ducts and blowers, consumes 

larger compressor, generates potential noise disturbance, and is less effective at 
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maintaining a uniform temperature. If the battery demands a tighter 

temperature control especially in some hotter environments, air is not as 

competitive as liquid. However, for refrigerant-based cooling, the battery 

cannot be heated in winter. Battery heating seems to be important as much, if 

not more, as battery cooling because the performance of a cold battery is 

sluggish and may directly affect vehicle mobility and driving range. Therefore, 

using coolant is much more preferred in liquid BTM. The trade-offs, however, 

are high space requirements, extra weight, and increased complexity due to 

additional pumps, valves, chiller, and radiators. The ultimate concern is to 

either invest an expensive but relatively compact liquid coolant system with 

higher battery power output, or a cheap but bulky air cooling system with low 

performance of the same battery size. Not surprisingly, many automobile 

manufacturers would rather go for a cheaper option, which is to construct a 

slightly larger battery pack with air cooling system. 

 

Table 2.7: A comparison among air, refrigerant and coolant BTM 

 Advantages Disadvantages 

 

 

 

Air 

cooling/heating 

 Suitable for all cell 

types 

 Simple 

 Cheap 

 Battery heating in 

winter 

 

 Low heat transfer rate 

 Ineffective temperature 

uniformity  

 High space 

requirements 

 Additional weight 

problems 

 Potential noise 

disturbance 

 

 

 

Refrigerant 

cooling 

 High heat transfer rate 

 Allow battery to handle 

a larger pulse of power 

 Effective temperature 

uniformity 

 Low space 

requirements 

 No battery warming 

 Electric shortage due to 

liquid leakage 
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Coolant 

cooling/heating 

 High heat transfer rate 

 Allow battery to handle 

a larger pulse of power 

 Effective temperature 

uniformity 

 Battery heating in 

winter 

 Expensive (the most 

costly) 

 Electric shortage due to 

liquid leakage 

 High space 

requirements 

 Increased complexity 

and weight 

 

 

2.3.2.3   PCM 

 
Figure 2.15: (a) PCM BTM concept; (b) AllCell hybrid air/PCM system design 

[136]. 
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Figure 2.16: Hybrid air/PCM BTMS for EV normal operation 

 

As an alternative to direct liquid or air cooling/heating, researchers at 

Illinois Institute of Technology [98, 101, 137-140] pioneered a new passive 

BTM solution by using PCM (Fig. 2.15). PCM is the material with a large 

latent heat of fusion and a desirable melting point that can store or release large 

amounts of energy. The heat transfer route starts from the battery, which 

generates heat, and goes to the PCM and then to the battery case in contact 

with the ambient air. PCM eliminates the need for active cooling/heating 

during the majority of operating time because it delays the temperature rise 

when the ambient is cold, and maintains the battery below ambient during hot 

days (Fig. 2.16). The battery module used in Fig. 2.15 was formed from 

commercial cylindrical 18650 lithium-ion cells surrounded in a rectangular 

enclosure. The PCM is a paraffin wax with a melting temperature ranging from 

40°C to 44°C and a latent heat of melting/solidification of 195 kJ/kg. The wax 

fills the voids between the cells with solid and liquid phase densities of 822 

and 910 kg/m3 respectively. This reflects lightweight advantage and material 

flexibility that PCM exhibits. Rao et al. [141] listed the major criteria in 

selecting proper PCMs for BTM and melting point comes to the first. This 

value should, as a matter of fact, be chosen in the range of the operating 
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temperature that a battery desires. They stated that it is preferable to have a 

PCM with melting temperature below 45°C and a desired maximum 

temperature below 50°C to achieve effective heat dissipation and improved 

temperature uniformity. 

In the study of Khateeb et al. [139], data showed that by using PCM 

(paraffin wax), the centre cells temperature increased by 26.25 – 30°C while 

the edge cells increased by only 18.75 – 22.5°C. This indicates the poor 

thermal conductivity of PCM, and hence, it did not melt uniformly. The PCM 

near the centre cells was completely melted during the first discharge cycle, 

but those that near the cooled walls did not start melting until the beginning of 

the third discharge cycle. If the PCM completely melts, an additional thermal 

resistance between the cooling fluid and the batteries will be created leading to 

a worse situation than direct air cooling. Low thermal conductivity also 

becomes problematic when it comes to battery preheating in cold 

environments, and the thermal gradient among the cells can be significant if it 

is externally warmed. More importantly, the volume expansion after melting is 

inevitable, so additional volume spacing between the battery cells is required 

and leak-proof design to avoid PCM liquid leakage is crucial.  

To reduce the thermal gradient inside the battery pack and solve the 

conflict between large heat storage capacity and low thermal conductivity 

(0.25 W/mK for paraffin wax), many approaches towards making composite 

PCMs have been conducted and they include 1) embedding a metal matrix into 

PCM; 2) impregnating porous materials [142-146]; 3) adding high thermal 

conductivity substances in paraffin [147, 148]; and 4) developing latent heat 

thermal energy storage systems with unfinned and finned structures [149-151]. 
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The improved thermal conductivity for the composite PCM (PCM/graphite 

matrix) from references [98, 139, 140] ranges from 3 W/mK to 16.6 W/mK. 

Examples of using composite PCM in vehicular applications have been 

summarised in Table 2.8. However, the thermal conductivity increases at the 

cost of decreased latent heat storage capacity. In order to achieve a good 

performance, a proper thermal conductivity ratio between PCM and battery 

cells (kpcm:kc) must be satisfied [141]. Moreover, with aim of eliminating 

battery safety risks, PCM properties such as stability, non-poisonous, non-

flammable and non-explosive are critical. That is, a stable and stronger PCM 

based battery module to resist thermo-mechanical effects during operation is 

required. Alrashdan et al. [152] undertook a systematic experiment analysing 

the effects of the thermo-mechanical behaviours of paraffin wax/expanded 

graphite composite PCM for lithium-ion batteries. They observed that the 

increased percentage of paraffin wax will enhance tensile, compressive and 

burst strengths at room temperatures, but not so obvious under elevated 

temperatures.  

 

Table 2.8: Composite PCMs in vehicular applications 

Applications Ref(s) Composite PCM properties 

 

 

 

 

 

 

 

 

For a large lithium-ion 

battery pack targeting at 

HEV/EV applications 

 

Khateeb et al. [98] 

(electric scooters) 
PCM/aluminium foam: 

keff  = kpcmε+(1-ε)kal,  

ρeff = ρpcmε+(1-ε)ρal, 

cp = cpε+(1-ε)cp,al, h = 195 

kJ/kg 

 

Sabbah [140] 

 

 

PCM/graphite matrix: 

keff = 16.6 W/mK, ρeff = 866 

kg/m3, cp = 1,980 J/kgK, Tm = 

52-55ºC, heff = 181 kJ/kg 

AllCell 

Technologies LLC 

(AllCell®) [153] 

PCM/graphite matrix 

module 
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Kizilel et al. [101] 
PCM/graphite matrix: 

keff = 16.6 W/mK, ρeff = 789 

kg/m3, cp = 1,980 J/kgK, Tm = 

42-45ºC, heff = 123 kJ/kg 

Li et al. [154] PCM/copper metal foam: 

keff = 11.33, 6.35, 0.8 W/mK 

from different samples 

 

 

For a comparison study 

based on a simulated 

single cylindrical 

battery cell 

 

 

 

Duan [155] 

 

PCM 1 provided by the 

Glacier Tek Inc.: 

kpcm = 0.55 W/mK, ρpcm = 840 

kg/m3, cp = 2,100 J/kgK, Tm = 

18ºC, hpcm = 195 kJ/kg;  

 

PCM 2 by Laird Technologies:  

kpcm = 2.23 W/mK, cp = 1,390 

J/kgK, Tm = 50ºC 

 

For cylindrical NiMH 

and rectangular lithium-

ion batteries  

 

 

Rao [141, 156, 

157] 

 

PCM/graphite matrix: 

parameters collected from 

references – not specified, ρpcm 

= 910 kg/m3, Tm = 50ºC 

 

 

2.3.2.4   Heat Pipe 

Heat pipes are considered versatile in many industrial applications for 

their efficient cooling and thermal management, but heat pipe BTM has not 

been fully acknowledged. Similar to the passive strategy offered by PCM, 

applying heat pipes to cool or heat the battery provides efficient heat transfer 

when and where needed at low power consumption. The mechanism of a heat 

pipe is that the heat can be transferred through latent heat of vaporisation from 

the evaporator to the condenser, and the working fluid can be passively 

transported back to the evaporator by capillary pressure developed within a 

porous wick lining. Operating in this fashion, the heat can be continuously 

absorbed and released.  

The combination of heat pipe and air cooling was adopted in early studies. 

For instance, Swanepoel [158] proposed to use pulsating heat pipes (PHPs) to 
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thermally manage Optima Spirocell lead acid batteries and control HEV 

components. Simulation and experiment results showed that a well-designed 

PHP system required the diameter of the heat pipe to be less than 2.5 mm and 

ammonia as working fluid. Wu et al. [159] suggested to use the heat pipes with 

aluminium fins to cool a large-scale lithium-ion battery, but difficulties in heat 

dissipation at the battery centre were found if no cooling fan at the condenser 

section was provided. Jang and Rhi [160] used a loop thermosyphon cooling 

method, which also combined the heat pipe with air cooling. Barantsevich and 

Shabalkin [161] introduced the testing aspects of ammonia axial grooved heat 

pipes to thermally control the solar battery drive, and Park et. al [162] obtained 

a numerical optimisation for a loop heat pipe to cool the lithium-ion battery 

onboard a military aircraft. More recently, Burban et al. [163] tested an 

unlooped PHP (2.5 mm inner tube diameter) with an air heat exchanger for 

cooling electronic devices in hybrid vehicles (Fig. 2.17). Steady state and 

transient performance with a hybrid driving cycle (New European Driving 

Cycle) was conducted and various heat pipe working fluids, inclinations, and 

different air speeds were investigated. Moreover, Tran et al. [164] proposed a 

flat heat pipe for cooling HEV lithium-ion batteries under natural and forced 

convection and highlighted the thermal performance under various heat pipe 

positions (Fig. 2.18).  

The combination of heat pipe and liquid cooling is scarce and only two 

examples can be found. One is from Rao et al. [165], who experimentally 

examined the heat pipe based battery cooling for commercial prismatic 

LiFePO4 batteries. The condenser of the heat pipe was cooled by a water bath 

at 25 ± 0.05°C (Fig. 2.19). More recently, Zhao et al. [166] proposed to use 
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ultra-thin flat plate heat pipe (aluminium, grooved, filled with acetone) coupled 

with water spray (Fig. 2.20). It seems that the heat pipe has the potential of 

handling increased heat flux more efficiently than the conventional heat sink, 

but the feasibility of applying heat pipes into vehicle batteries needs to be 

further examined. Factors such as cost, weight, mass production, material 

compatibility, transient behaviour under high frequency and large amplitude 

variable input power, and thermal performance degradation influenced by 

vehicle shock and vibration should be evaluated. Unlike air and liquid BTM, 

heat pipe BTM is still under initial development. It is also encouraged that the 

research on heat pipe BTM can be extended at pack level such that the impact 

of thermal accumulation from various cycle performances could be fully 

understood.  

 

 
 

Figure 2.17: Pulsating heat pipe cooling a HEV lithium-ion battery pack [163].  
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Figure 2.18: Flat heat pipe cooling a HEV lithium-ion battery pack [164].  

 

 
Figure 2.19: Cylindrical flattened heat pipe cooling for a 118×63×13mm 8Ah 

LiFePO4 battery pack [165].  

 

 

Figure 2.20: Aluminium grooved flat plate heat pipe put horizontally with 

condenser in contact with ambient air flow and water spray to cool the battery 

[166]. 
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2.4  Summary   

The existing BTM strategies for lithium-ion batteries in HEVs and EVs 

have been reviewed. BTM plays an essential role in eliminating thermal 

impacts of lithium-ion batteries, which improves temperature uniformity 

across the battery pack, prolongs battery lifespan, and enhances the safety of 

large packs. Temperature effects, heat sources and sinks, EV/HEV batteries, 

and temperature control should be considered before designing a good BTM.  

The thermal management strategies can be either internal or external. 

Limited internal BTM for lithium-ion batteries was reported, which needs 

further investigation. BTM external to the batteries has been discussed 

extensively and they are categorised based on medium: air, liquid, PCM, heat 

pipe, or the combinations. Cheap air BTM is suitable for all cell configurations 

but the majority use is for NiMH battery packs in HEVs. Liquid BTM is 

regarded as a better solution compared to air and has been commercialised in 

cooling lithium-ion batteries in Mercedes S400 BlueHYBRID and Tesla 

Roadster. PCM comes to consideration as it eliminates the need for active 

cooling/heating during the majority of the operating time. But low thermal 

conductivity becomes problematic when it comes to battery cooling or 

preheating.  

Using heat pipes for BTM is relatively new and the potential of combining 

heat pipes with air or liquid cooling needs to be further explored. Finding the 

cheapest, lightest and the most effective solution such as PCM and heat pipe is 

important to provide efficient heat transfer at low power consumption, but 

research should be extended at pack level such that the impact of thermal 

accumulation from various cycle performances could be fully understood.  
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Chapter 3   

Methodology  

3.1  Overview of Battery Models 

Battery modelling can be defined using a set of equations under specific 

conditions of interest. The choice of equations or the mathematical description 

of batteries is significant in predicting the behaviour of the system. The 

thermal behaviour of a lithium-ion battery can be strongly affected by 

electrochemical and chemical processes occurring inside the cell during charge 

and discharge [167]. Battery heat generation is complex, which requires 

knowledge of how electrochemical reaction rates vary with time and 

temperature, and how current is distributed especially within large size 

batteries.  

The battery thermal model can be thermal and electrochemical/electrical 

coupled or decoupled, depending on the heat generation. A fully coupled 

model uses newly generated parameters for current and potential from the 

model to calculate the heat generation, so that the temperature distribution in 

relation with the current and potential can be predicted [168]. The decoupled 

model may sometimes employ empirical equations based on experimental data. 

A partially-coupled approach can also be adopted where the heat generation 
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rate applied at one thermal environment (nonisothermal) was from that 

obtained previously at a given thermal environment (isothermal model) [169].  

Two categories of the numerical models for obtaining the heat generation 

will be discussed in this section: electrochemical model (or first principle 

model) and equivalent circuit model. 

 

3.1.1     Electrochemical Models 

The electrochemical model is by far the most used method and is usually a 

one-dimensional physics-based electrochemical model, which has a set of 

governing equations (Eq. 3.1 – 3.5, Table 3.1) describing kinetics, transport 

phenomena and energy dissipation of a cell. It was first developed by 

Newman’s group [170, 171] based on a macro-homogeneous and isothermal 

model approach [172]. The model (Fig. 3.1) can be established from two 

composite electrodes and a separator, along with one-dimensional transport of 

lithium-ions from the negative electrodes to the positive electrode through the 

separator. A good agreement with the experimental data performed later by 

Doyle [173] showed the applicability of such model to almost any of the 

existing li/lithium-ion systems.  

 
Figure 3.1: Dual lithium-ion insertion cell sandwich structure developed by 

[171]. 
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Table 3.1: Fundamentals of electrochemical model for lithium batteries  

Physic 

Fundamentals 

Equations 

Electrochemical 

kinetics 

 

Reaction rate  

(Butler-Volmer 

equation) 

 

 

 

 

 

 

 

 

 

 

 

 

  (3.1) 

 

as – specific interfacial area of an electrode  

ioj – exchange current density (a function of lithium 

concentrations in both electrolyte and solid active 

materials,  

, where ce is volume-

average lithium concentration in the electrolyte; k is 

the constant, determined by the initial exchange 

current density and species concentration) 

αaj, αcj – anodic and cathodic transfer coefficient of 

electrode reaction 

F – Faraday’s constant (96,485 C equiv.-1) 

R – universal gas constant 

T – absolute temperature in Kelvin 

ηj – local surface overpotential ( , where 

ϕs, ϕe is volume-average electrical potential in solid 

phase and electrolyte; U is open circuit potential) 

 

Phase transition & 

Ion transport  

 

Solid phase 

conservation of 

Li+ species 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                 (3.2) 

with boundary conditions , 

                                      

 

Ds – mass diffusion coefficient of lithium-ion in the 

electrolyte  

r – radial coordinate along active material particle 

Rs – radius of solid active material particle 

jLi – transfer current resulting from the lithium 

insertion/de-insertion at the electrode/electrolyte 

interface, which consumes/generates the species Li+, 

   in the cathode, separator and cathode 
































 j

cj

j

aj

ojsnj
RT

F

RT

F
iaj 





expexp

      cjajaj

seseseoj ccccki


 max,

Uesj  

02

2






















s

s
s c

r
r

rr

D
c

t

0
0






r

ss c
r

D

Fa

j
c

r
D

s

Li

Rr

ss

s



















cncs

anas

Li

ia

ia

j

,,

,,

0



52 

 

 

 

Electrolyte phase 

conservation of 

Li+ species  

 

 

  (3.3) 

with boundary conditions  for 

1D analysis 

 

                                                                           

εe – volume fraction/porosity of electrolyte 

- effective diffusion coefficient (Bruggeman 

relation,  ) 

 - transference number of the Li+ with respect to the 

velocity of solvent (a function of electrolyte 

concentration, if assuming constant, =0) 

Energy dissipation 

 

Charge 

conservation in 

the solid phase  

 

 

 

 

 

 

 

 

 

 

Charge 

conservation in 

the electrolyte  

 

 

 

 

 

 

 

                (3.4) 

with boundary conditions  

, 

 for 1D analysis 

 

σeff – effective conductivity of the solid phase 

 

 

 

            (3.5) 

with boundary conditions  for 

1D analysis 

 

– diffusional conductivity (Bruggeman relation, 

) 

– effective ionic conductivity (

, where is 

molecular activity coefficient of the electrolyte) 
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3.1.2 Electrical Models 

The equivalent circuit model, which does not consider the physical 

fundamentals of the battery cells, provides a simple structure to capture the 

input/output relationship of the battery. It utilises common electrical 

components such as resistors, capacitors, and voltage sources to form a circuit 

network [174]. Typical equivalent circuit models used for vehicle batteries are 

Rint model (or Internal Resistance model), Resistance Capacitance (RC) model, 

Thevenin model, and PNGV (Partnership for New Generation of Vehicles) 

model [174-180]. Rint model (Fig. 3.2 (a)) assumes that the battery is an ideal 

voltage source in series with the resistance. RC model (Fig. 3.2 (b)) was 

developed by SAFT Battery Company containing capacitors within the 

branches of the circuit to show more close-to-real battery characteristics. A one 

or two RC block model without parasitic branch is generally accepted for 

lithium cells according to [179]. In addition, Thevenin model (Fig. 3.2 (c)) has 

been widely used in early battery management system and was developed 

based on Rint model, which connects a parallel RC network in series and takes 

into account of polarisation. Finally, the PNGV model (Fig. 3.2 (d)) was 

modified from Thevenin model with a slight increase in circuit elements (a 

capacitor 1/U’oc in series is added) [180]. Table 3.2 summarises basic 

equations for those models.  
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(a)  

(b)  

(c)  

(d)  

Figure 3.2: Various equivalent circuit models used for vehicle batteries 

(modified from [174, 175, 177]: (a) Rint model; (b) RC model; (c) Thevenin 

model; and (d) PNGV model.  
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Table 3.2: Equations of electrical model for lithium batteries  

Model  Equations 

 

Rint 

Model  

(Internal 

Resistance 

Model) 

 

                           (3.6) 

 

UL – terminal voltage 

Uoc – open-circuit voltage 

IL – load current (+ discharge, - charging) 

Ro – internal resistance or ohmic resistance 

 

 

RC Model   

(3.7) 

 

    (3.8) 

 

Cc – surface capacitor (small capacitance, which mainly 

represents the surface effects of a battery) 

Cb – bulk capacitor (large capacitance, which represents the 

ample capability of a battery to store charge) 

Ub, Uc – voltages across capacitor Cb and Cc 

Rt – terminal resistance 

Re – end resistance 

Rc – capacitor resistance  

 

Thevenin 

Model 

 

                           (3.9) 

 

                        (3.10) 

 

CTh – equivalent capacitance that reflects the transient response 

during charge and discharge 

UTh – voltage across CTh 

RTh – polarization resistance 

ITh – outflow current 

 

 

PNGV 

Model 

 

                                  (3.11) 

  

                        (3.12) 
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                    (3.13) 

 

Ud, UPN – voltages across 1/U’oc and CPN 

IPN – outflow current of CPN 

 

 

3.2  Heat Generation Modelling 

The battery thermal model accounts for heat accumulation, convection, 

conduction and heat generation (Eq. 3.14, Table 3.3). To note, the term

, i.e. the convective heat transfer inside the battery, is always 

neglected because liquid electrolytes in a lithium-ion battery tend to show 

limited mobility. Another commonly used method is called lumped thermal 

model, which balances accumulation, convective heat dissipation to the 

surroundings, and heat generation (Eq. 3.15, Table 3.3). By assuming the 

battery as a lumped body, the temperatures of the battery are considered to be 

uniformly distributed in all directions at all times during transient heat transfer. 

This often applies to the condition where single cells have small thickness so 

that the Biot number ( ) is less than 1.  

Battery heat is generated due to activation, concentration and ohmic losses 

[181]. Various equations have been applied to calculate the heat generation 

rate in lithium-ion batteries. The local heat generation (Eq. 3.16, Table 3.3) has 

shown to be more accurate but is very complex. Bernardi et al. [182] 

formulated the thermodynamic energy balance on a single cell, and a 

simplified form (Eq. 3.17, Table 3.3) has been readily accepted in small 

lithium-ion batteries if assuming no heat from mixing or phase change, 

uniform temperature or SOC, and only one electrochemical reaction takes 
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place [168]. This equation can be used if the experimental over-potential and 

entropic heat coefficients are known.  

Attempts to experimentally examine the irreversible electrochemical heat 

generation for lithium-ion batteries can be obtained from two methods: 

accelerated-rate calorimetry (ARC) and isothermal heat conduction calorimetry 

(IHC) [181]. The ARC method allows the heat generation rate to be calculated 

based on an energy balance between the battery (heat source) and a constant 

temperature sink. The IHC method maintains the battery at a constant 

temperature throughout the whole operation and uses high-accuracy 

thermopiles attached to the surface of the battery to measure the heat rate. For 

reversible heat, the most common way is to measure the open-circuit potential 

(OCP) variation with temperature at a constant SOC [183-185]. However, 

studies (summarised in Table VII from Bandauer [64]) that used the 

aforementioned experimental methods have only been investigated where the 

total heat generation was obtained under currents no greater than 2C, and many 

were carried out under ambient temperature of 20°C or 25°C. Temperature 

influence was always omitted or for those who investigated it, the chosen 

temperature range was small. According to Hong et al. [186], small 

temperature changes cause significant heat accumulation, greater than the heat 

rejection of the device in some cases. Moreover, Sato [97] analysed the 

thermal behaviour of lithium-ion batteries (Sony 18650 cell) and developed a 

heat intake and release model (Eq. 3.18 – 3.19, Table 3.3). The heat generation 

equations, which constitute reaction heat Qr, polarisation heat Qp, and Joule 

heat Qj during charging and discharging have been established and the 

obtained results (used a constant Rt at 50% DOD) agreed well with experiment.  
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Table 3.3: Summary of battery thermal model equations 

Heat Transfer and Energy Balance 

 

Battery thermal 

model [187] 

 

 

 

 

 

 

 

 

 

 

 

Lumped thermal 

model [188] 

 

 

      (3.14) 

 

ρ – composite/average density of the battery  

cp – composite/average heat capacity per unit mass under 

constant pressure  

v – velocity of the electrolyte   

λ – composite/average thermal conductivity in x, y, z 

direction  

q – heat generation 

 

 

                (3.15) 

 

h – heat transfer coefficient for forced convection from 

each cell 

As – cell surface area exposed to the convective cooling 

medium 

T – free stream temperature of the cooling medium 

 

Heat Generation Modelling 

 

Local heat 

generation [187, 

189, 190] 

(can be linked 

with 

electrochemical 

model) 

 

 

 

 

 

 

 

Simplified heat 

generation [182] 

(obtained from 

experiment, in 

commonly use) 

 

 

 

 

     

(3.16) 

 

1st term: irreversible heat 

2nd term: entropic effect (i.e. reversible heat) 

3rd: ohmic heat arising from the solid phase 

4th & 5th term: ohmic heats in the electrolyte phase  

 

 

                  (3.17) 

 

1st term: joule heating 

2nd term: entropy change 

I – discharge current density 

UOC – open circuit potential 

V – cell voltage 
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Heat generation 
(Sato [97]) 

 

               (3.18) 

          (3.19) 

 

Qr – reaction heat,   

Qp – polarisation heat,   

Qj – joule heat,   

Q1 – heat generated (kJ/mol) from positive electrode  

( ) and negative 

electrode ( ) 

Ic, Id– battery charge/discharge current 

Rp – resistance due to polarisation  

Re – internal resistance  

Rt.c, Rt.d – total electrical resistance during 

charging/discharging 

 

 

 

3.3  Coupling and Decoupling 

Many studies extended the one-dimensional electrochemical model to 

include an energy balance to capture temperatures within the cell. Gu and 

Wang [168] demonstrated a diagram (Fig. 3.3) of thermal-electrochemical 

coupled modelling approach and the coupled model takes into account of 

multi-scale physics in lithium-ion battery including kinetics (electrochemical 

kinetics), phase transition (solid-phase lithium transport), ion transport (lithium 

transport in electrolyte), energy dissipation (charge conservation/transport), 

and heat transfer (thermal energy conservation). Fig. 3.4 illustrates such micro-

macroscopic modelling approach applied into a lithium-ion vehicle battery. An 

example of a thermal-electrical coupled model used for an A123 

LiPO4/graphite battery is demonstrated in Fig. 3.5. A control-oriented model 

block is used to form the coupled model and it can be built from two 
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subsystems namely equivalent circuit models and thermal models with 

parameter estimation linked in between for real time implementation.  

 

 

Figure 3.3: Thermal-electrochemical coupled modelling approach [168]. 

 

 

Figure 3.4: Multi-scale physics and micro-macroscopic modelling approach 

applied into a lithium-ion battery (modified from [191, 192]). 
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Figure 3.5: Coupled thermal-electrical model for an A123 

LiPO4/graphite battery [193].  

 

A summary of the coupled thermal-electrochemical models used in 

literature is provided in Table 3.4. Arrhenius law (Eq. 3.20) can be applied to 

mass transport and kinetic parameter ψ to couple electrochemical and thermal 

models. Significantly, the lumped thermal model used by [169, 194-196] that 

neglects spatial temperature variation by assuming the temperature is uniform 

all over the cell (small Biot number, Bi<<1) may result in an error of 15% in 

total thermal energy under higher discharge rates [197] (Fig. 3.6). The local 

heat generation method performed by [189, 194, 195, 197-199] has shown to 

be more accurate. Srinivasan and Wang [197] plotted the heat generated due to 

various factors that contribute to the total heat (Fig. 3.7). They pointed out that 

the reversible heating effect can be important at low discharge rates (0.01 – 

1C) (Fig. 3.7 (a)), but will be dominated by irreversible (reaction and ohmic) 

heating at high discharge rates (1 – 10C) (Fig. 3.7 (b)). Furthermore, 2D 

thermal models have been used in most studies because a larger aspect ratio of 

the cell is available. The need for a 2D model can only be reduced if the cell 

has a smaller aspect ratio or the current collectors have increased thickness 

with two orders of magnitude larger thermal conductivity [197].  
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                           (3.20) 

ψref  – property value defined at reference temperature Tref 

- activation energy, which controls the temperature sensitivity of each 

individual property ψ 

 

Table 3.4: A summary of thermal-electrochemical models used in literature  

Refs.  Battery type 

(positive/ 

negative 

electrode) 

Configuration Electro-

chemical 

model 

(ECM) 

Thermal 

model 

(Eq. from 

Table 3.3) 

Pals and 

Newman 

[169] 

LiPEO8-

LiCF3SO3/ 

LiTiS2 

Small cell  

 

 

 

 

 

 

 

 

 

 

1D ECM  

developed by 

Doyle et al. 

[170]   

 

 

Eq. 3.15, Eq. 

3.17 

Song and 

Evan [198] 

LiMn2O4/ 

graphite 

Prismatic Eq. 3.14, Eq. 

3.17 

(2D) 

Gu and Wang 

[189] 

LiMn2O4/ 

graphite 

Large size 

lithium-ion 

cell for 

HEV/EV 

applications 

Eq. 3.14, Eq. 

3.16 

Gomadam et 

al. [199] 

LiCoO2/ 

graphite 

Prismatic Eq. 3.14, Eq. 

3.16 

Srinivasan 

and Wang 

[197] 

LiMn2O4/ 

graphite  

 

Small cell Eq. 3.14, Eq. 

3.16 

(2D) 

Smith and 

Wang [194] 

LiCoO2/ 

graphite 

72 cell 

battery pack 

Eq. 3.15, Eq. 

3.16 

(neglected 

reversible 

heating) 

Kim and 

Smith [191, 

200] 

LiMn2O4/ 

graphite 

Cylindrical Eq. 3.14 

(2D) 

Fang et al. 

[195] 

NMC/ 

graphite  

Cylindrical Eq. 3.15, Eq. 

3.16 

(neglected 

reversible 

heating) 

Lee et al. LiMn2O4/ Cylindrical Eq. 3.14 
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[192] graphite (3D) 

Cai and 

White [201] 

LiFePO4/ 

graphite 

/ Eq. 3.14, Eq. 

3.16 

Prada et al. 

[196] 

LiFePO4/ 

graphite 

Cylindrical Eq. 3.15, Eq. 

3.17 

Baker and 

Verbrugge 

[202] 

LiMn2O4/ 

graphite 

Thin film   2D Eq. 3.14, Eq. 

3.17 

(2D) 

 

 

 
 

Figure 3.6: A comparison of thermal energy generated using local heat 

generation and lumped thermal models under adiabatic conditions [197].  

 

(a)   
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(b)  

 

Figure 3.7: Heat generated due to various terms contributing to the total heat 

(a) under 2C discharge of a lithium-ion cell; and (b) under various discharge C 

rates [197].  

 

 

For large-scale battery packs applied in HEVs and EVs, the collective 

thermal effects from electrochemical processes are normally obtained from 

experiment measurements and therefore treating such battery pack as the heat 

source in a standalone thermal model is possible [203]. Examples are shown in 

Table 3.5, which established 1–3D decoupled thermal models with the heat 

generation obtained from experiment. For such thermal model development, 

the heat is assumed to be generated within the solid domain (conductive heat 

transfer) and then be transferred to the surrounding medium at boundary 

surfaces (convection and radiation) (Fig. 3.8). Four assumptions can be made 

to estimate the battery thermal behaviour: 1) homogenous internal cell 

condition; 2) uniform temperature distribution of internal heat source; 3) no 

convection or thermal radiation exists inside the battery cell; 4) thermophysical 

properties are independent of temperature. However, the necessity of 
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decoupling needs to be justified since discrepancies in predicting battery cell 

temperature can be found between thermo-electrochemical coupled and 

decoupled model. As reported by Gu and Wang [168], no temperature 

difference was detected under 1C charging (constant current) and two 

convective heat transfer conditions (5, 25 W/m2K), but discrepancies were 

noted under 1.5 V float charging (constant voltage), especially at high 

percentage of normal cell capacity (Fig. 3.9).  

 

Table 3.5. Standalone thermal models (decoupled) in various studies 

Refs.  Battery type 

(positive/negati

ve electrode) 

Configuration Thermal 

Model 

Heat 

generation 

method 

Chen and 

Evans [115] 

LiV6O13/Li Prismatic 2D  ED 

Chen and 

Evans [204] 

LiTiS2/Li Prismatic  3D  ED 

Chen and 

Evans [205] 

LiCoO2/graphite  Prismatic 2D  ED 

Hallaj et al. 

[184, 206] 

LiCoO2/graphite Cylindrical  1D  ARC 

Chen et al. 

[207] 

LiCoO2/graphite Cylindrical 3D  ED 

Onda et al. 

[208] 

LiCoO2/graphite Cylindrical 1D  OCP 

Chen et al. 

[209] 

LiCoO2/graphite Cylindrical 2D  ED 

Kim et al. 

[210, 211] 

LiNiCoMnO2 

/graphite 

Prismatic  2D  ED 

Taheri et al. 

[203] 

LiNiCoMn2O2 

/graphite 

Prismatic 3D ED 

 

Note: ED – Experimental data (such as over-potential and entropic heat 

coefficients to predict the heat generation rate); ARC – accelerated rate 

calorimeter; OCP – open-circuit potential;  
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Figure 3.8: Heat transfer from internal battery cell to the cell container surface 

and to the surroundings.  

 

(a)  

(b)  

 

Figure 3.9: Comparison of predicted cell temperature between thermo-

electrochemical coupled and decoupled model during (a) 1C charging and (b) 

1.5V float charging [168].  
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3.4  Finite Element Analysis (FEA)  

Finite element analysis (FEA) is a numerical method that helps find an 

approximate solution to partial differential equations (PDE) for a simplified 

model [212]. In FEA, a given domain can be divided into a number of 

subdomains (i.e. finite elements). The approximation function can be derived 

by applying a linear combination of algebraic polynomials over each finite 

element, and the algebraic relations among the undetermined coefficients (i.e. 

nodal values) are obtained from the governing equations. Notably, each 

individual segment of the solution must fit its adjacent segments. This ensures 

that the function and possible derivatives up to a chosen order at the 

connecting points are continuous [213]. The approximate solution can be 

characterised by using concepts from interpolation theory, and the degree of 

the interpolation functions is dependent on the number of nodes in the element 

and the order of the differential equations. 

 

Figure 3.10: Approximating the circumference of a circle by line elements 

[213]: (a) circle of radius R; (b) uniform and nonuniform meshes used to 

represent the circumference of the circle; (c) a typical element.  

 

An example of approximating the perimeter of a circle using FEA is 

illustrated. The steps involved in computing an approximate value for the 

circle perimeter in Fig. 3.10 are 1) finite element discretisation; 2) element 
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equations; 3) assembly of element equations and solution; and 4) convergence 

and error estimate. The discretisation comes from segmenting the domain (i.e. 

the circumference of the circle) into a finite number n of subdomains (i.e. line 

segment). Each subdomain refers to an element. The collection of elements is 

called the finite element mesh. If all elements (i.e. line segments) are of the 

same length, the mesh is uniform; otherwise, non-uniform (Fig. 3.10 (b)). The 

points that connect each element are named nodes. For a typical element (i.e. 

line segment, Ωe), the element equation to calculate the length he can be given 

by Eq. 3.21 below.  

                                          (3.21) 

R – radius of the circle 

θe – angle subtended by the line segment 

 

Then, based on the element equation, the approximate value of the total 

circle perimeter can be presented as the sum of the element equations, i.e. the 

assembly of the element equations.  

                                              (3.22) 

 

The exact solution of this problem is . It is noted that the error in 

the approximation decreases as the number of elements increases. As , 

the approximate Pn converges to the exact p, and the total error (also global 

error) in the approximation is  

                                              (3.23) 
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FEA modelling for battery thermal performance has been performed using 

widely accepted commercial software packages such as ANSYS and 

COMSOL multiphysics. The earliest FEA model for HEV/EV batteries was 

made by Pesaran et al. [214]. They demonstrated a 2D FEA model of a HEV 

battery module under two circumstances (Fig. 3.11). Usually case and core of a 

cell are considered as two regions with different thermal conductivity. FEA 

helps calculate the effective thermal conductivity in each direction. Results 

show that air cooling can reduce the maximum temperature by 9°C while 

keeping the temperature difference across the module less than 10°C. For 

battery heating, a parametric 3D transient thermal finite element model of a 

typical battery pack was established and analysed [126]. Detailed finite 

element models via different heating methods can be found in Fig. 3.12. The 

3D finite element thermal analysis of a Panasonic NiMH battery module (7.2 

V, 6.5 A) for 2001 Toyota Prius HEV was studied by NREL [215] (Fig. 3.13 

(a)). They later on developed the first electro-thermal analysis using ANSYS to 

estimate the temperature distribution in the 2004 Toyota Prius HEV cells [216] 

(Fig. 3.13 (c)).  

 

Figure 3.11: 2D thermal modelling of a HEV module without/with air cooling 

(modified from [95, 214]).   
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(a)  (b)       

(c)   (d)  

Figure 3.12: Finite element model details for battery cell using (a) internal core 

heating; (b) external jacket heating; (c) internal jacket heating; (d) internal 

fluid heating [126].  
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Figure 3.13: (a) Panasonic NiMH battery module (7.2V, 6.5A) used in 2001 

Toyota Prius; (b) FEA of 2001 Panasonic module (with case – left; without 

case – right); (c) model prediction for 2004 module, temperature distribution 

after 3min from the start of 100A discharge [216].  

 

3.5   Summary  

Approaches for battery thermal modelling range from simple decoupled 

models, to partially coupled models, to complex fully coupled models. A 

battery thermal model can be either thermal-electrochemical coupled or 

decoupled, depending on the heat generation. A fully coupled model uses 
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newly generated parameters from electrochemical model to calculate the heat 

generation, while the decoupled model employs empirical equations based on 

experimental data. However, the majority of the experimental measurements 

has been conducted based on small cells at low charge/discharge rate near 

ambient temperatures, thus a standalone thermal model for an entire battery 

pack may not be accurate enough to predict the thermal behaviour.  

Nevertheless, modelling through advanced software such as ANSYS and 

COMSOL becomes more accessible to battery developers, and the 

development of battery modelling is expected to benefit more testing 

conditions. FEA modelling for battery thermal performance in many 

commercialised HEVs/EVs has been reviewed reflecting the important role 

battery modelling plays.  
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Chapter 4   

Development of Battery Thermal Model and 

Validation 

4.1  Description of Battery Pack 

A lithium-ion battery pack was designed for use in an EV as described 

briefly in Chapter 1 (Fig. 1.1). The properties of the battery cell are given by 

the manufacture (Table 4.1). Heat pipes are suggested to thermally manage the 

interior battery pack and help maintain the best cell operating temperature 

range under various working conditions. The BTM will be integrated with the 

cabin air conditioning that bypasses a cooling/heating loop to facilitate heat 

pipe heat transfer process (Fig. 4.1).  

The cell distribution is of high density. 30 prismatic lithium-ion cells 

measuring 120 × 71 × 27.2 mm3 were packed with small air gaps (5 mm) in 

between. The batteries are required to operate in a range of 15 – 40ºC under 

all-weather conditions and the maximum operating temperature should be 

controlled below 70ºC to avoid thermal runaway. The model geometry of the 

pack was developed in SolidWorks (Fig. 4.2). Component geometry was again 

modelled in SolidWorks as it provides better tools for part dimensioning. The 

upper end of cells is normally for electric wiring and installing, and the bottom 
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end of cells will be isolated from the liquid box to prevent issues such as short 

circuit or liquid leakage. The heat pipe is cylindrical sintered copper-water heat 

pipe with a diameter of 10 mm, which will be made into an ‘L’ shape and 

flattened at the part in contact with the battery surface. Using sintered copper 

powder as heat pipe wick structure has advantages of promoting heat transfer 

and liquid return in spite of the gravity. Detailed parameters can be found in 

Chapter 5.1 – Table 5.2. An aluminium plate with a U-shaped cutout will be 

placed between each cell gap for the purpose of temperature flattening. A 

liquid box underneath the battery pack serves as a heat exchanger allowing 

heat to be removed or supplied as requested. This facilitates the bi-directional 

characteristic offered by the sintered copper-water heat pipe, such that the 

system can provide either cooling or heating with no moving parts.  

During cooling mode, the heat is generated from the battery cell and is 

transferred through two layers of conduction, i.e. the plate and the heat pipe 

wall. Then the heat enters into the base wall of the heat pipe evaporating the 

fluid inside the wicks. The vapour flows down to the cooling section due to the 

pressure difference between two ends and also the gravity, so that heat can be 

removed at the condenser through forced convection. The generated 

condensate inside the heat pipe will be drawn back to the evaporator by 

capillary force produced by the wick thus repeating the above process. As to 

battery preheating, the aforementioned condenser becomes the evaporator 

allowing an adequate amount of thermal energy from the pre-treated coolant 

inside the liquid box to be transferred to the battery surface.  
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Figure 4.1: System layout.  

 

Table 4.1: Lithium-ion cell specifications 

Battery Materials 

Electrolyte  

Cell material 

LiPF6, EC+EMC+PC 

Aluminium 

Dimensions 

Length or Thickness (l), mm 27.2 

Width (b), mm 71 

Height (h), mm 120  

Weight per cell, g 453±8 

Electrical Parameters 

Nominal Voltage, V 3.2 

Nominal Capacity, Ah 16.5 

Internal Resistance Rt, mΩ ≤8 

Specific Energy, Wh/kg 115 

Energy Density, Wh/L 232 

Specific Power  

(50% depth of discharge, 10 sec), W/kg 

690 

Power Density  

(50% depth of discharge, 10 sec), W/L 

1400 
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Working  Conditions 

Minimum Discharge Voltage, V 2 

Maximum Discharge Voltage, V 3.42 

Maximum Charge Voltage, V 3.65±0.05 

Maximum Continuous Discharge Current 4C 

Maximum Discharge Current (peak<10sec) 6C 

Maximum Continuous Charge Current 2C 

Acceptable Operating Temperature, ºC -20-60  

Advised Charging Temperature, ºC 0-45 

Thermo-physical Properties of Lithium-ion Battery 

Density ρ, kg/m3 2000 

Specific heat capacity, Cp (J/kgK) 1060 

Thermal conductivity, λ (W/mK) λl = λh = 60; λb = 0.8 
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Figure 4.2: Heat pipe BTMS demonstration with marked cell numbers and 

dimensions in mm. 
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4.2  Model Development  

3D finite element method (FEM) model was built in order to test and 

study the thermal behaviour of the vehicle battery pack, and to evaluate the 

heat pipe thermal management solution based on the pack temperature. The 

model was built in COMSOL Multiphysics 4.3b, which has a fully integrated 

environment allowing for a unified modelling workflow. It uses well-

established approximation methods to solve partial differential equations via 

FEM and can easily extend conventional models for one type of physics into 

multiphysics that solve coupled physics phenomena [217]. Both fully coupled 

model (containing a full 1D electrochemical model for lithium-ion batteries) 

and decoupled model (based on the equations developed from Sato [97] for 

calculating heat generation rate of lithium-ion battery cell) were developed to 

estimate the BTM performance. A symmetrical structure, which has only one 

battery cell, was considered to study mesh sensitivity and validate the model 

by comparing results with the experiment. The model will be scaled-up to a 

larger size as depicted in Fig. 4.2 allowing pack level analysis. Table 4.2 

summarises the physics models used in the decoupled and coupled model.  

 

Table 4.2: Model development in COMSOL Multiphysics 

 Decoupled Coupled 

1D electrochemical  ╳ √ 

Fluid flow dynamics √ √ 

Heat transfer in solids 

and fluids 

√ √ 
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4.2.1     Battery Model 

4.2.1.1   Decoupled 

A decoupled method that treats lithium-ion batteries as heat source in a 

standalone 3D symmetrical model can be used to evaluate the proposed BTM 

system performance (Fig. 4.3). The heat generation is modelled as a uniform 

heat generation inside the volume of each cell (Fig. 3.8), and the rate was 

obtained using Eq. 3.18 – 3.19. Decoupled model eliminates the dependency of 

temperature in battery heat generation serving as an effective tool in evaluating 

heat pipe performance as well as system cooling/preheating behaviour.  

 

Figure 4.3: Decoupled model. 

 

Table 4.3 presents the charge and discharge condition based on a rated 

capacity of 16.5 Ah lithium-ion cell demonstrated in Table 4.1. Note that the 

heat value per unit cell under corresponding charge and discharge conditions 

are calculated and demonstrated according to a representative value, i.e. 50% 

DOD (depth of discharge). The electrical resistance depends on the current 

network that links collector and electrode active materials by a nonconductive 

metal (i.e. the separator) and the electrolyte among others [97]. 50% DOD 

represents the baseline value of the internal resistance ratio of 1. Electric 

conductivity increases with elevated battery temperature. But for simplicity, 
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the heat generation rates calculated for decoupled model are based on an 

average value. 

 

Table 4.3:  Lithium-ion battery cell charge/discharge condition 

 Current Equivalent charge 

current (A) 

Heat value/cell 

(W) 

 

Charge Condition 

 

Pre-charge 0.05C 0.825 -0.07 

 0.1C 1.65 -0.14 

Standard/normal 

charge range 

0.2C 3.3 -0.23 

0.5C 8.25 -0.26 

1C 16.5 +0.57 

Max charge  2C 33 +5.50 

 

Discharge Condition 

 

Standard/normal 

discharge range 

0.2C 3.3 +0.41 

0.4C 6.6 +1.35 

1C 16.5 +3.78 

 2C 33 +11.92 

 3C 49.5 +24.42 

Max discharge 

(continuous)  

4C 66 +41.27 

Max discharge 

(peak < 10s)  

6C 99 +88.04 

 

 

Figure 4.4: Heat generation rate per unit cell under charge/discharge current. 
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Negative sign indicates endothermic value, and positive, exothermic. Fig. 

4.4 demonstrates how heat absorption and dissipation perform in the range 

from 0.05C (the minimum pre-charge current) to 2C (the specified maximum 

charge current). The heat value during endothermic process starts to increase 

from 0.05C to a peak value, and decrease to zero under approximately 0.75C 

where reaction heat is equal to the sum of polarisation heat and Joule heat. It 

will then release heat at 5.5 W/cell rate. The heat dissipation per unit cell under 

discharge rate from 0.2C to 6C is also indicated in Fig. 4.4. The heat 

generation during discharge is more substantial compared to that under 

charging. This is because the reaction heat becomes the most dominant factor 

and is positive during the entire process.  

 

 

4.2.1.2   Coupled 

A full 1D electrochemical model for lithium-ion batteries is also 

developed to calculate the average heat source in relation to the temperature 

profile of the battery cell. A 3D symmetrical model is used to model the 

conjugated heat transfer including laminar flow and heat transfer in solids (Fig. 

4.5). Since the heat conductivity of the components of a lithium-ion battery is 

high compared to the heat generated, it is assumed that the battery will have a 

uniform temperature profile (Bi = 0.0047 ~ 0.18 < 1) and the battery chemistry 

will not be heavily affected by small temperature changes. The above two 

models will be coupled by the generated heat source and the average 

temperature based on lumped heat transfer.  
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Figure 4.5: Coupling between the cell and flow and heat transfer model using 

the average values for the temperature and battery heat generation. 

 

 

Figure 4.6: 1D isothermal lithium-ion battery model created in COMSOL 

Multiphysics 4.3b.  

 

The cell model consists of 5 domains as illustrated below (Fig. 4.6): 

 Negative current collector (copper, 7 μm) 

 Negative porous electrode (LixC6, 55 μm) 

 Separator (electrolyte 1:1 EC/DMC in LiPF6, 30 μm) 

 Positive porous electrode (LixMn2O4, 55 μm) 

 Positive current collector (Al, 10 μm) 



83 

 

 

The model involves 5 following processes [218]: 

 Electronic current conduction in the electrodes 

 Ionic charge transport in the electrodes and electrolyte/separator 

 Material transport in the electrolyte, which allows to account for the 

effects of concentration on ionic conductivity and concentration 

overpotential (obtained from experiment) 

 Material transport within the spherical particles that from the 

electrodes 

 Butler-Volmer electrode kinetics using discharge curves (measured 

from experiment) to obtain the equilibrium potential 

 

The boundary condition of 1D lithium-ion battery model will be 

summarised in Table 4.4. The electric potential in the electron conducting 

phase  can be calculated using Ohm’s law. For the porous electrodes 

effective conductivities σs
eff, it can be formulated using Eq. 4.1 where γ is the 

Bruggeman coefficient (γ = 1.5 to indicate a packed bed of spherical particles).  

                                            (4.1) 

The ionic charge balances and material balances are modelled using Eq. 

4.2 – 4.5 for 1:1 EC:DEC/LiPF6 electrolyte. Fickian diffusion equation (Eq. 

4.5) describes the transport in the spherical particles and is expressed for the 

material balance of lithium in the particles in spherical coordinates. Butler-

Volmer electrode kinetics (Eq. 4.14 – 4.16) can be used to obtain the local 

charge transfer current density in the electrodes. 
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Table 4.4: 1D lithium-ion battery model domain and boundary condition 

settings 

Electrolyte (Domain 3) 

Equation                                             (4.2) 

                                              (4.3) 

     (4.4) 

                                  (4.5) 

Initial 

condition 
Electrolyte conductivity σl  =  (depends on salt 

concentration c, see Fig. 4.7 

Electrolyte salt diffusivity Dl = 3e-10 (m2/s) 

Transport number t+ = 0.363 

Activity dependence = 0 

Domain 1-3 

Initial 

condition 
Electrolyte potential  = -0.1 V 

Electrolyte salt concentration cl = cl_0 = 2000 mol/m3 

Electric potential  = 0 V 

Negative and Positive Current Collector (Domain 1, 5) 

Equation 
                                       (4.6) 

                                       (4.7) 

Negative and Positive Porous Electrode (Domain 2, 4) 

Equation 

              (4.8) 
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                 (4.12) 

                              (4.13) 

Porous 

Electrode 

Reaction 
            (4.14) 

                              (4.15) 

      (4.16) 

Properties  Anodic transfer coefficient αa = 0.5 

Cathodic transfer coefficient αc = 0.5 

Anodic rate constant ka = 2e-11 m/s 

Cathodic rate constant kc =  2e-11 m/s 

Electrolyte reference concentration cl,ref = 1 mol/m3 

Domain 4, 5 

Initial 

condition 
Electrolyte potential = -0.1 V 

Electrolyte salt concentration cl = cl_0 = 2,000 mol/m3 

Electric potential  = 3.6 V 

 

The electrolyte conductivity and the equilibrium potential of the electrodes 

plotted in Fig. 4.7 and Fig. 4.8 are from experimental measured data stored in 

COMSOL. The equilibrium potential for the negative and positive electrodes 

can be expressed as a function of the measured state of charge (SOC) (Eq. 

4.17).  

                                            (4.17) 

 

The initial values of SOC for the negative and positive electrodes are 0.17 

and 0.56 respectively. This translates to an open circuit cell voltage of 4.27 V, 

which indicates a fully charged battery. Fig. 4.9 demonstrates the discharge 

curves based on 0.2C, 1 – 6C rate. The capacity of the battery varies at 
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different discharge rates and the end-of-discharge can be defined as the time 

when the cell voltage drops below 3 V. High discharge rates such as 4C and 

6C make the battery capacity deliver less than half of the theoretical capacity 

of 16.5 Ah/m2 obtained from 1C (Fig. 4.9).  

 

 

Figure 4.7: 1:1 EC:DEC/LiPF6 electrolyte conductivity obtained from 

experimentally measured data (COMSOL stored data) using interpolation 

function according to concentration. 
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Figure 4.8: The voltage of the electrode materials measured from experiment. 
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Figure 4.9: Discharge curves based on 0.2C, 1C, 2C, 3C, 4C & 6C rate. 

 

The temperature is assumed to be the mean temperature of the battery 

using an integral function of component coupling (set as aveop(mod.T) in 

COMSOL). The applied current (i_app) is normally user-defined. The default 

expression will be expressed as a square wave function (wv) (Fig. 4.10) with 

an alternating charge/discharge current at 4C rate (continuous max) under a 

cycle time of 600 s. i_app can be written as: 

                                (4.18) 

 

])1/[(__ twvloadiappi 
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Figure 4.10: Wave function (angular frequency = 2×pi/600). 

 

 

Figure 4.11: Cell potential and battery load at 4C rate under 600 s cycle time. 
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(a) t = 300 s, 600 s 

 

 

 
 

(b) t = 299.95 s, 599.95 s 

Figure 4.12: Total power dissipation density (W/m3) simulated from 1D 

lithium-ion battery under a 4C charge-discharge cycle of 600 s: (a) at 300 s and 

600 s; (b) at 299.95 s and 599.95 s.  
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Fig. 4.11 demonstrates the cell potential and battery load at 4C rate under 

a cycle time of 600 s based on the 1D electrochemical model. Fig. 4.12 shows 

the total heat dissipation resulted from negative electrode (Domain 2), positive 

electrode (Domain 4), separator (Domain 3) and the battery (Domain 1–5) at 

the end of each charge/discharge (i.e. at 300 s and 600 s) and 0.05 s before 

each charge/discharge (i.e. 299.95 s and 599.95 s) along corresponding 1D 

dimension arc length.  

The heat generated from both current collectors (negative and positive) 

can be neglected. The heat comes mostly from the negative and positive 

electrode and is exothermic at all times (+1,000 W/m3 for charge at 300 s and 

+4,000 – 8,000 W/m3 under discharge at 600 s) for negative electrode. For 

positive electrode, the heat value is endothermic during charge (-2,000 W/m3 at 

300 s) and exothermic under discharge (+12,000 – 16,000 W/m3 at 600 s). 

From Fig. 4.12 (a) for all domains, the heat added up during charge condition 

is negative, which means the battery absorbs heat during charge (-1,000 W/m3 

at 300 s, i.e. -0.23 W/cell). For discharge condition, the heat dissipated from all 

domains becomes exothermic and approximately equals to +16,000 – 24,000 

W/m3 at 600 s (equivalent to 3.71 – 5.56 W/cell).  

Fig. 4.12 (b) shows the heat generated 0.05 s prior to each 

charge/discharge. The value changes significantly compared to that under 300s 

and 600s. Even the heat generated by the separator rises up from none to 

+10,000 – 10,260 W/m3 (equivalent to 2.32 – 2.38 W/cell). Both negative and 

positive electrodes dissipate heat, ranging from +1.4×105 – 2.4×105 W/m3 
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(equivalent to 32.44 – 55.62 W/cell) and +1.1×105 – 3×105 W/m3 (equivalent 

to 25.49 – 69.52 W/cell) respectively.  

The variations in heat generation during the load cycle is huge, but may 

not affect the overall temperature change as a considerable amount of time 

period is needed before reaching to thermal balance. The values obtained serve 

as references in comparison with the decoupled model, which accounts for an 

average heat value from -0.23 – 5.50 W/cell (-992 – 23,733 W/m3) during 0.2 

– 2C charge, and 3.78 – 41.27 W/cell (+16,182 – 178,084 W/m3) under 1 – 4C 

discharge.  

 

4.2.2     Flow and Heat Transfer Model 

Conjugate heat transfer model is applied and symmetrical structures are 

built to save computing time while achieving accurate results. The model uses 

the laminar flow interface to solve for the velocity and pressure in the liquid 

zone and the heat transfer interface for the temperature field. First of all, a 

simple assembly of one battery cell, half plate and half heat pipe were 

established to study the effect of applying heat pipe to one side of the battery 

surface. The other surface with no heat pipe attached serves as a comparison 

purpose. The geometry was saved as an IGS file type and imported to 

COMSOL where it was meshed using free tetrahedral meshes. Fig. 4.13 shows 

a typical user interface of COMSOL Multiphysics 4.3b. Fig. 4.14 displays the 

model geometry that contains 5 domains: 

 Battery cell (materials and properties obtained from lithium-ion battery 

model covered in Section 4.2.1, 120 × 71 × 27.2 mm3) 

 Plate (symmetrical, aluminium, 120 × 71 × 2.5 mm3) 
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 Heat pipe (symmetrical, copper with user-defined thermal conductivity) 

 Flow compartment (symmetrical, 5 mm thick aluminium container, 40 

mm in depth for glycol-water mixture flow) 

 

 

Figure 4.13: COMSOL Multiphysics 4.3b user interface. 

 

Figure 4.14: FEM model geometry.  
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Table 4.5 summarises the domain and boundary conditions for liquid and 

heat transfer. The flow compressibility is dependent on Mach number. For 

flow with less than 0.3 Mach number, the flow is considered as incompressible. 

Therefore, the flow equation follows Eq. 4.19. The energy equation (Eq. 4.21) 

is enabled to calculate the heat transfer within the model. Radiation is not 

considered in this study to save computing time and to allow quick comparison 

among complex structures. Surface-to-surface radiation between the battery 

cell and enclosure will be enabled in Chapter 6 to evaluate the heat pipe 

application for EV battery packs.  

 

Table 4.5: 3D symmetrical conjugate heat transfer model domain and boundary 

condition settings 

All Domains 

Equation Laminar flow (incompressible): 

r u ×Ñ( )u =Ñ -pl +m Ñu+ Ñu( )
T

( )( ) +F
  

    (4.19) 

 

Continuity of mass: 

                             (4.20) 

 

Heat transfer in solids and fluids: 

 

                    (4.21) 

 

Initial 

condition 

Initial temperature T = 35 °C 

Velocity field u = 0 m/s 

Pressure P = 0 Pa 

Battery Domain 

Material 

properties Thermal conductivity, diagonal kx = = 0.8 

W/mK, ky = kz =  = 60 W/mK 
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Density ρ = = 2,000 kg/m3 

Heat capacity at constant pressure Cp =   

= 1,060 J/kgK 

Heat source 
General source Qh = W/m3 

Plate Domain 

Material 

properties 

Thermal conductivity, k = 160 W/mK 

Density ρ = 2,700 kg/m3 

Heat capacity at constant pressure Cp = 900 J/kgK 

Heat Pipe Domain 

Material 

properties 

Effective thermal conductivity, diagonal 

kx,e = kz,e = 100 W/mK, ky,e = 3,600 W/mK (evaporator) 

kx,c = ky,c = 100 W/mK, kz,c = 3,600 W/mK (adiabatic and 

condenser) 

 

Flow Compartment Domain 

Material 

properties 

Gauge pressure PA = 0 Pa 

Thermal conductivity k = kT W/mK 

Density ρ = ρT kg/m3 

Heat capacity at constant pressure Cp = CpT J/kgK 

Ratio of specific heats γ = 1 

Dynamic viscosity μ = μT Pa·s 

(Note: kT, ρT, CpT, and μT  are from predefined COMSOL 

materials) 
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Flow Compartment Boundaries  

Inlet Normal inflow velocity: 

                                    (4.22) 

U0 = Qflowrate/A =  0.0190 m/s (based on 2.38±0.03 l/min 

flow rate from experiment) 

n – unit outward normal vector to the surface 

Tinlet = 20 °C 

Outlet Pressure, no viscous stress: 

, m Ñu+ Ñu( )
T

( )
n

= 0            (4.23) 

P0 = 0 Pa  

 

Outflow 

                        (4.24) 

 

Symmetry Boundary 

Flow  , ,  

(4.25) 

 

All Domain External Boundaries  

Convective 

heat flux 

 

                (4.26) 

 

Heat transfer coefficient h = 4 W/m2K 

External temperature Text = 35°C 

 

The heat transfer model consists of conduction and convection, and 

sometimes radiation effects around edges and boundaries. The heat transfer in 

solids and liquids model uses the heat equation illustrated in Eq. 4.21. The 

battery is considered as a heat source, which describes heat generation within 

the domain. Three contributions are included [219]: 

 The transport of fluid can be dominated by either convective or 

conductive heat transfer depending on fluid thermal properties and 

flow regime; 

nuu 0

0pp 

  0 Tkn

0nu 0)(  nnKK     nuuK
T

 

   TThTkn ext 
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 The viscous effects that produces fluid heating can be neglected but 

may be noticeable for fast flow; 

 The pressure work term might be included if the fluid density is 

temperature-dependent. 

 

The heat pipe is treated as a highly conductive metal with orthotropic 

thermal conductivity (Table 4.5). This conductivity should be large enough to 

result in the same heat as that taken by the boiling heat pipe fluid, and is able 

to represent the effects of the real system under different working orientations. 

The value is taken as 3,600W/mK at cooling temperature of 20°C under 2.38 

l/min (0.04 kg/s). Preheating transient performance is recorded from a sub-zero 

temperature (-20°C) after discharging glycol-water mixture to the heat pipe 

evaporator. The value for the effective thermal conductivity is 3,200 W/mK 

when discharging 20°C coolant and 4,800 W/mK under 40°C at the same 

discharging rate. Validation results can be found in Chapter 4.3.  

 

4.2.3     Mesh Sensitivity Analysis 

A mesh sensitivity analysis was performed in order to determine the 

accuracy of the results obtained by different mesh sizes. By applying three 

mesh densities (Fig. 4.15), the grid independence can be evaluated. For a 

normal mesh with 73,063 elements, it was indicated by 0.05°C (0.19%) and 

0.157°C (0.49%) change in maximum battery surface temperature at 300 s and 

600 s respectively when a higher grid size was refined (with 167,785 elements). 

A detailed comparison table (Table 4.6) and surface temperature contours (Fig. 

4.16 – 4.17) were made to compare the results obtained from using coarse, 
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normal and fine mesh. Fine mesh had a better accuracy but the complexity and 

simulation time increased dramatically. Coarse mesh made the temperature 

contour very bumpy (Fig. 4.16 (a), 4.17 (a)), and the distribution was far less 

identical compared to that obtained from either normal or fine mesh. The 

contour lines resulted from normal mesh appeared to be exactly like fine mesh, 

with a few decimal differences. Normal mesh was therefore selected for all the 

simulations in this study due to reasonable accuracy and simulation time.   

(a)  
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(b)  

(c)  

Figure 4.15: Varying mesh density for a 3D axi-symmetrical model: (a) coarse; 

(b) normal; and (c) fine mesh. 
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Table 4.6:  Mesh sensitivity analysis based on a 3D symmetrical model for a 

4C charge/discharge rate under a 600s cycle  

 Coarse Normal Fine 

No. element 33,946 73,063 167,785 

Element quality  0.6052 0.6408 0.6596 

Max Battery surface 

temperature (°C) 

25.883 @ 300s 

31.605 @ 600s 

25.858 @ 300s 

31.561 @ 600s 

25.808 @ 300s 

31.404 @ 600s 

Min battery surface 

temperature (°C) 

23.229 @ 300s 

25.74 @ 600s 

23.241 @ 300s 

25.769 @ 600s 

23.225 @ 300s 

25.709 @ 600s 

Simulation time 9 min 48 sec 40 min 52 sec 1 hour 39 min 

  

(a)   



101 

 

(b)  

(c)   

Figure 4.16: Battery surface temperature contour at 300 s obtained from (a) 

coarse (b) normal and (c) fine mesh. 
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(a)

(b)
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(c)  

Figure 4.17: 2D plot battery surface temperature contour at 600 s obtained 

from (a) coarse (b) normal and (c) fine mesh. 

 

 

4.3  Model Validation 

Validation is to find a reasonable representation of the actual system to 

reproduce system behaviour with enough fidelity to satisfy analysis and 

evaluation purpose. Three aspects can be considered during model validation 

[220]: 1) assumptions; 2) input parameter values and distributions; and 3) 

output values and conclusions. For this particular model, the thermal 

conductivity of the heat pipe is a key parameter (input) influencing system 

cooling and preheating performance, and the battery surface temperature 

(output) serves as the main criterion assessing the performance study. It is 

assumed that the thermal conductivity of the heat pipe maintains constant in 
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the model at a certain temperature and that the input value should be able to 

generate similar output (battery surface temperature) under various 

cooling/preheating conditions. The approach to model validation is through 

real system measurements. This can be done by comparing the average surface 

cell temperature change under cooling and preheating. Seven thermocouples 

were positioned on the surface of the battery cell in contact with the aluminium 

plate and the heat pipe, and heat generation rate per cell was applied through 

cartridge heaters. The results of the model validation are demonstrated in Fig 

4.18.  

For battery cooling, heat power ranging from 2.5 – 40 W/cell was applied 

to the battery and the temperature was measured after achieving steady state 

cooling condition. The coolant temperature was 20°C at a discharge rate of 

2.38 l/min.  Fig. 4.18 (a) shows the temperature difference between the heat 

pipe evaporator and condenser under various power inputs. Four different 

thermal conductivities for the heat pipe were simulated in COMSOL and 

results obtained from using 3,600 W/mK matched with the experimental data. 

Fig. 4.18 (b) compares the average battery surface temperature change at an 

initial temperature of 35°C between experiment and FEM results. It is 

confirmed that using 3,600 W/mK as the heat pipe effective thermal 

conductivity seems to be appropriate for steady state cooling although larger 

discrepancies were found at higher power inputs.  

As to battery preheating, a parametric sweep study was performed by 

inputting various heat pipe thermal conductivities from 4,600 to 6,400 W/mK 

under 40°C transient preheating (Fig. 4.18 (c)). The value for heat pipe under 

40°C heating was chosen as 4,600–4,800 W/mK as the resultant curve 
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resembled closely to the data obtained from the experiment. Similarly, 3,200 

W/mK was determined for 20°C preheating. Fig. 4.18 (d) plots the transient 

preheating behaviour (both 20°C and 40°C glycol-water mixture preheating) of 

battery average surface temperature change starting from -20°C at an ambient 

temperature of -20°C and an inlet flow rate of 2.38 ± 0.03 l/min. Discrepancies 

were found to be significant during the first 100 s, but became negligible 

within 1,000 s. This is because the heat pipe can only be responsive if the 

temperature inside the heat pipe reaches to its working region. The effective 

thermal conductivity of the heat pipe changed dramatically from extremely low 

(frozen state) to somewhat high and constant (discharge pre-treated coolant at 

the evaporator). For FEM analysis, it is assumed that the effective thermal 

conductivity of the heat pipe is at a constant value throughout the entire 

process. Hence, the predicted value within the first 100 s is higher than the 

actual value.  

 

(a)  
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(b)  

(c)  
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(d)  

Figure 4.18: (a) Heat pipe effective thermal conductivity parameter validation 

under steady state battery cooling; (b) battery surface temperature change from 

initial temperature of 35°C using khp = 3,600 W/mK; (c) various heat pipe 

effective thermal conductivities from -10°C under 40°C preheating to match 

with experiment data; (d) 1200 s preheating behaviour with initial temperature 

of -20°C (Tamb = -20°C, Tg-w = 20°C or 40°C, qg-w = 2.38 l/min).  

 

4.4  Summary  

The development of battery thermal model and validation was performed 

in this chapter. A symmetrical small-scaled model that contains one battery 

cell with heat pipe cooling was built in COMSOL Multiphysics 4.3b. Both 

fully coupled model (contains a full 1D electrochemical model for lithium-ion 

batteries) and decoupled model (developed equations for calculating heat 

generation rate) were developed to estimate the BTM performance. Conjugate 
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heat transfer physics was also applied to the model, which uses the laminar 

flow interface to solve for the velocity and pressure in the liquid zone and the 

heat transfer interface for the temperature field. Mesh sensitivity analysis was 

performed by comparing battery surface temperature obtained from coarse, 

normal and fine mesh. In order to save computing time while achieving good 

results, normal mesh was selected for all simulations in this study. It is 

assumed that the heat pipe thermal conductivity maintains constant in the 

model at a certain temperature, and the obtained average battery surface 

temperature under various cooling/preheating conditions were compared with 

real system measurements. The value is taken as 3,600W/mK at cooling 

temperature of 20°C under 2.38 l/min (0.04 kg/s). For preheating transient 

performance, 3,200 W/mK under 20°C and 4,800 W/mK under 40°C can 

ensure similar preheating behaviour. 
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Chapter 5   

Prototype Testing and Evaluation  

5.1  Development of Experiment Prototype   

A conceptual prototype for experiment that mimics the WEIZHI battery 

cooling and heating system is introduced. The purpose of this prototype is to 

evaluate the heat pipe thermal management method under pre-defined battery 

thermal conditions. It also serves the function of validating material properties 

and parameters for simulation inputs. 

The prototype (Fig. 5.1) is built by two surrogate battery cells, of which 

the size and the container materials are exactly the same as WEIZHI battery 

cells. The battery core materials are substituted with atonal 324 to generate a 

total thermal capacity (468.18 J/K) similar to that of the lithium-ion battery 

cell (480.82 J/K) (Table 5.1). Two cartridge heaters will be inserted into each 

cell, which represent negative and positive electrode controlling the amount of 

thermal power generated. 46% glycol/water mixture (by vol.) will be used as 

the coolant inside the liquid box of which the freezing point can reach below -

30°C. In addition, an aluminium plate will be sandwiched between two cells, 

with a U-shaped channel in the middle where the L-shaped heat pipe can be 

positioned. The heat pipe was manufactured with a theoretical maximum 

capillary limit of 157.57W at saturated temperature of 40°C without taking 
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flattening and bending impacts into account. This should be sufficient in 

dissipating the unwanted heat produced by the experiment prototype. Detailed 

parameters of the fabricated heat pipe are given in Table 5.2.  

 

 

Figure 5.1: Prototype geometries and dimensions (in mm). 
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Table 5.1: Surrogate battery cell versus WEIZHI lithium-ion battery cell  

Surrogate Battery Cell 

Battery Size (mm) 71×27.2×120 

Container Thickness (mm) 4 

Solid Material  Aluminium 

Density, ρ (kg/m3) 2670 

Specific Heat Capacity, Cp (J/kgK) 900 

Volume (cm3) 94.86 

Mass (kg) 0.253 

Thermal capacity, (mCp)s (J/K) 268.44 

Liquid Material Atonal 324, transformer oil 

Density, ρ (kg/m3) 895 

Specific Heat Capacity, Cp (J/kgK) 1920 

Volume (cm3) 116.24 

Mass (kg) 0.104 

Thermal Capacity, (mCp)l (J/K) 199.74 

Total Thermal Capacity (mCp)srg (J/K)  468.18 

Lithium-ion Battery Cell (extracted from Table 4.1) 

Battery Size (mm) 71×27.2×120 

Density, ρ (kg/m3) 2000 

Specific Heat Capacity, Cp (J/kgK) 1060 

Volume (cm3) 226.8 

Mass (kg) 0.453 

Thermal capacity, (mCp)batt (J/K) 480.82 
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Table 5.2: L-shaped heat pipe specification 

Materials 

Wick Copper 

Wick structure Sintered copper wicks 

Working fluid Water 

Dimensions 

Total length, lt (mm) 206 

Evaporator, le (mm) 120 

Condenser, lc (mm) 50 

Outer Diameter, do (mm) 10 

Wall thickness, tb (mm) 0.5 

Wick thickness, tw (mm) 1 

Thickness (flattened part), te (mm) 4.5 

Effective Pore Radius, reff (µm) 40 

Estimated Porosity, ε 0.45 

Permeability, K (m-2) 8.03×10-11 

Bending Angle, θ 90° 

Bending Radius, r (mm) 25 

Water mass filling, m (g) 2.003 

 

 

5.1.1     Prototype Validation 

Model validation is to determine the feasibility of using FEM to predict 

the temperature behaviour of the chosen system based on the exact condition 

used in experiment. Prototype validation is to assess the eligibility of 

substituting atonal 324 for lithium-ion battery electrolytes (Fig. 5.2).  

Fig. 5.3 shows the surface temperature contours obtained from using two 

different batteries with one side of the surface cooled by heat pipe: surrogate 

battery cell filled with atonal 324 and lithium-ion battery cell. Fig. 5.4 
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demonstrates the corresponding model temperature field (battery surface 

attached with aluminium plate and heat pipe). Due to low thermal conductivity 

of the surrogate battery cell along all directions, the temperature across the 

surrogate battery varies greatly in height and width compared to lithium-ion 

battery. For lithium-ion battery, the surface temperature contour was quite 

uniform because of high thermal conductivities along the axis of length and 

height. However, the surface temperature distribution between these two 

batteries was similar under low power inputs (< 10 W/cell), but variations 

became evident as power input increased to 41.27 W/cell. This indicates that 

the surrogate battery is more prone to temperature change, which requires the 

proposed thermal management solution to be able to perform under a wider 

range of operating conditions. This means that the surrogate battery can help 

extend the BTM application to accommodate for various types of batteries. 

Given that the objective of the developed prototype is to evaluate the system 

cooling and preheating performance, the discrepancies in surface temperature 

between surrogate battery cell and lithium-ion battery cell under higher power 

inputs become less important.  

 

 

Figure 5.2: Validation relationship. 
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Surrogate Battery            Lithium-ion Battery 

(a)   

(b)  

   (c)  

Figure 5.3: Steady state temperature contour of the battery surface cooled by 

heat pipe under 1C (3.78 W/cell), 2C (11.92 W/cell), and 4C (41.27 W/cell) 

discharge (Tamb = 35°C, Tg-w = 20°C, qg-w = 2.38 l/min). 
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  Surrogate Battery             Lithium-ion Battery 

(a)  

(b)  

(c)  

Figure 5.4: Steady state temperature results with one side of the surface cooled 

by heat pipe under 1C (3.78 W/cell), 2C (11.92 W/cell), and 4C (41.27 W/cell) 

discharge (Tamb = 35°C, Tg-w = 20°C, qg-w = 2.38 l/min). 
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Figure 5.5: Time-dependent average surface temperature change under a cycle 

time of 600s using heat source generated from 1D battery model based on an 

alternating charge/discharge current at 4C rate (Tamb = 35°C, Tinlet = 20°C, qg-w 

= 2.38 l/min). 

 

In addition, the transient test plotted in Fig. 5.5 suggested that the 

surrogate battery is more prone to temperature change and has larger 

temperature fluctuations. In other words, it is more difficult to regulate 

temperature uniformity and reduce temperature increase of the surrogate 

battery than the lithium-ion battery. In order to extend the applicability of the 

proposed thermal management method, it is necessary to expect a prototype 

that covers a wide range of operating conditions and simulates a much more 

dynamic thermal response. The prototype should be able to indicate that the 

proposed solution is suitable for one particular battery and may serve well for 

other batteries that require higher heat dissipation rates. 
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5.2  Experiment Setup  

The test rig is designed based on two battery cells. Fig. 5.6 shows the 

experiment schematic. It mainly consists of a test unit, heating/cooling loops, a 

regulating system, data measurement and acquisition, power supply systems 

and an environmental controlled chamber. The unit was entirely isolated from 

the environment by the environmental chamber/freezer, and fluid loops were 

well insulated to minimise heat loss. Fig. 5.7 demonstrates the in situ 

experiment in details. Note that a heating block and a fan were used to create a 

desired summer ambient environment (35 ± 1°C), and a freezer was provided 

to create different sub-zero temperatures maintaining the chamber environment 

at -25 ± 2°C, -15 ± 2°C and 0 ± 1°C.   

The battery cooling/heating system contains a liquid box, water baths, 

water pumps, inverter drives and circulating liquid loops (Fig. 5.6). The water 

bath A provides either heating or cooling to the battery cell by regulating pre-

treated liquid coolant at a certain temperature. Water bath B adds another 

function of simulating battery thermal condition at a controlled temperature 

examining system transient performance. To note, water bath B only serves to 

provide a constant initial battery surface temperature at 40°C, 50°C, 60°C, and 

70°C since it is difficult to control cartridge heaters to reach to a predetermined 

temperature. Due to the provision of inverter drive, the water pump can 

generate different mass flow rates with pre-determined temperatures to 

simulate different battery working conditions such as acceleration, braking, 

downhill, uphill, and even start-up condition during cold weather.  

The regulating system has two parts: 1) controlling the heat power inputs; 

and 2) adjusting liquid coolant flow rate. The power input for the battery cell 
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can be regulated via DC power supply, and the flow rate can be changed from 

inverter drive. DC power supply is provided for cartridge heaters where input 

voltage (0 – 35 V) can be adjusted accordingly and AC power supply (220 V, 

30 – 60 Hz) is used for water pump.  

 

 

Figure 5.6: Experiment schematic. 

 

 

Figure 5.7: In situ experiment details. 
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The system measurement includes battery power input, battery surface 

temperature, inlet temperature and outlet temperature of the liquid box, and 

flow rate of the discharging coolant. The monitored battery surface 

temperatures can be measured by arranging thermocouples on the back of the 

plate where channels are constructed such that the thermocouples can be 

inserted in. Such arrangement is demonstrated in Fig. 5.8. 

 

 

Figure 5.8: Arrangement of thermocouples on the testing L-shaped heat pipe 

(T1- T10) and on the back of the plate channels for battery surface temperature 

measurement (Tb1- Tb7). 

 

5.3  Instrumentation  

A list of experimental instruments is demonstrated in Fig. 5.9. Detailed 

description of each device was made in Table 5.3.  
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Figure 5.9: Devices used in experiment. 



121 

 

Table 5.3:  List of instrumentation 

No. Instrument Operating Range Accuracy  Comment Quantity 

1 

TTi precision DC Bench 

Power Supply 

(EX354RD) 

Voltage: 0 – 35 V 

Current: 0 – 4 A 

Voltage Resolution: 10 

mV with 0.3% of 

reading ± 3 digits  

Current Resolution: 

1mA with 0.5% of 

reading ± 3 digits 

Four 10 mm × 100 mm stainless steel 

cartridge heaters were used to heat up 

the simulated battery core. DC dual 

power supply can be adjusted to obtain 

predetermined power for the battery. 

1 

2 Cartridge Heater 
Voltage: 0 – 12 V 

Power: 0 – 40 W 
/ 4 

3 

PolyScience Low-profile 

Refrigerated/Heated 

Circulating Bath (WZ-

12117-05) 

-20 – 150 °C ± 0.05 °C 

The low-profile refrigerated/heated 

circulating bath has a capacity of 6 litres 

with standard digital controller. It 

provides precise and stable cooling for 

laboratory and is ideal for routine 

applications. The cooling capacity at 

0°C, 20°C and -10°C is 140 W, 200 W 

and 100 W respectively, and the heater 

wattage is 1600 W. The refrigerant it uses 

is CFC-free, and the container is made of 

304 stainless steel.  

2 
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4 

Parker Hydraulic Gear 

Pump (Group 1 Gear 

Pump 2.5CC C/W) 

4,000 RPM (max) / 

The hydraulic gear pump has 

specifications of max speed 4000 RPM, 

3.75 l/min (flow at 1500 RPM), and 275 

bar maximum continuous pressure. The 

vector control AC frequency inverter 

converts single phase 230 V input to three 

phase 230 V for a standard AC induction 

motor. It has Soft-PWM control with 

input current of 6.5A and input voltage of 

200 –240 V single phase +10 –15% at 

50/60 Hz ± 5%. The above devices were 

used to control the flow rate of the 

discharged coolant. 

1 

5 

Mitsubishi Vector 

Control AC Frequency 

Inverter (FR-E720-

030SC) 

Single Phase: 3 A 

Frequency Range: 

0.2 – 400 Hz 

0.01 Hz 1 

6 

Parker Inline Flow 

Transmitter (Grilamid–

TR55) 

5 – 70 °C 

1 – 25 l/min 
± 2%  

The flow rate can be measured from 

Parker inline flow transmitter and read 

from DT500 dataTaker. The rotor inside 

the flow meter, which spins each blade 

obscures the infra-red signal and then 

converts it into standard pulse output 

signal read by DT500 dataTaker. Such 

digital flow metre can operate at any 

plane with negligible pressure drop. The 

maximum working pressure is 20 bar, 

with maximum 0.1 bar pressure drop at 

15 l/min. The pulse output signal for flow 

is up to 25 l/min, and the calibration is 

1 

7 DataTaker (DT500) 

10 differential or 30 

single ended analog 

channels 

4/4 input/output 

digital channels 

3 fast counter 

channels  

4 slow counter 

Temperature 

Resolution:  

0.1% 

Counter Resolution:  

1 count 

1 
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channels 752 pulses per litre. The digital flow 

metre requires 5 V DC power supply, 

which can be provided by DT500 

Datataker. The flow calibration was 

made by comparing with a standard 

measuring unit. The uncertainty of the 

flow measurement is ± 2.1%.  

8 
RS Thermocouple (K-

type) 
-200 – 1250 °C 

± 2.2 °C or  

± 0.75% above 0 °C 

Welded tip thermocouples (K-type) have 

the fastest responding. They are nickel 

based and can exhibit good corrosion 

resistance. The standard accuracy is 

affected by deviations in the alloys 

(nickel-chromium). However, deviations 

between thermocouples differ little and a 

much higher accuracy can be achieved by 

individual calibration.  

Two TC-08 thermocouple data loggers 

are used to be connected with K-type 

thermocouples. The measurements are 

made very fast and accurately, and the 

high (20-bit) resolution ensures that 

minute changes in temperature can be 

detected. The low conversion time (100 

ms) of TC-08 indicates that up to 10 

temperature measurements can be taken 

every second. 

16 

9 
Pico Thermocouple Data 

Logger (TC-08) 

-270 – 1820 °C  

(8 channels) 
± 0.2% or ± 0.5 °C 2 



124 

 

10 
RS Portable Digital 

Thermometer (206-3738) 
-50 – 1000 °C 

Accuracy at 0.1°C 

resolution:  

± 0.2% rdg + 1°C @-50 

– 199.9°C 

All thermocouples were calibrated using 

the RS portable digital thermometer. 

Calibration was done by recording the 

readings of those 16 K-type 

thermocouples connected with 

corresponding two TC-08 thermocouple 

data loggers every 10 °C from -20 °C to 

70 °C. A water bath filled with glycol-

water mixture was served for providing a 

stable and constant temperature 

environment. The apparent temperature 

readings were compared with the 

standard temperature obtained from RS 

thermometer (Table A.1). The average 

accuracy of the thermocouples used was 

±2.06% or ±0.61°C before calibration 

(with maximum accuracy of ±8.60% or 

±2.01°C; for details, see Appendix A) 

1 

11 

Curry Environment 

Controlled 

Chamber/Freezer 

(CTF34W12) 

-20 – 55 °C ± 1 °C 

In order to simulate the thermal 

environment inside the battery model, an 

environment controlled chamber/freezer 

was used with integrated heating (a 

heating block, a fan, and ISO-TECH DC 

power supply help create a desired 

summer ambient environment) and 

cooling. The temperature inside the 

1 

12 

ISO-TECH Laboratory 

DC Power Supply (IPS-

4303) 

Channel 1-2: 0 – 30 V 

Channel 3: 2.2 – 5.2 V 
± 5% 1 
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Channel 4: 8 – 15 V; 

Current: 0–3 A or 1 A 

chamber will be controlled at 35 ± 1°C 

representing summer operating 

condition. The freezer will be used to 

create different sub-zero temperatures 

maintaining the chamber environment at 

-25 ± 2°C, -15 ± 2°C and 0 ± 1°C for 

battery preheating test. 

13 
FLIR Thermal imaging 

camera (i7) 
-20 – 250 °C 0.1 °C 

A thermal imaging camera was used to 

capture surface temperature distribution 

during experiments 

1 
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5.4  Description of Tests 

5.4.1     Battery Cooling 

This section describes battery cooling conducted through experiment. The 

evaluation was performed mainly through: 1) creating steady state battery 

operating environment to assess the performance of the proposed cooling 

system; 2) simulating aggressive battery charging/discharge scenarios to 

evaluate the transient behaviour of the cooling system; 3) analysing the effect 

of adding fins to the heat pipe condenser to improve heat transfer; and 4) 

comparing cooling effectiveness resulted from perforated plates with aim of 

reducing system weight.  

 

5.4.1.1   Steady State Cooling Performance 

In order to evaluate the thermal performance of the proposed heat pipe 

BTM test unit, a wide range of ‘off-normal’ working conditions for battery 

cooling will be investigated. The heat generation of the battery cell can be 

achieved by inserting two cartridge heaters into the battery cell, which 

represents the anode and cathode and supply a controllable power input from 

2.5 W/cell to 40 W/cell. The temperature of the fluid inlet can be set according 

to presumed conditions: 1) 10°C (the lowest temperature of discharge coolant 

from vehicle air conditioning); 2) 20°C (normal ambient temperature); 3) 

30°C; and 4) 35°C (worst summer condition).  

Energy balance can be evaluated based on the heat energy obtained from 

the battery cells and that from the liquid box (Eq. 5.1–5.2). The test unit will 

be put into an environment-controlled chamber where the battery thermal 
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environment can be maintained at a desired temperature and a relative 

humidity.  

                                                               (5.1) 

                                                             (5.2) 

where 

Qin, Qout – heat supplied by the heaters/heat dissipated by the heat pipe 

V – the voltage read from the DC power supply

 
I – the current 

Cp – specific heat capacity of the cooling liquid 

ṁ – mass flow rate obtained from the flow meter 

Tin, Tout – inlet/outlet temperature 

 

5.4.1.2   Transient Cooling Cycle Scenarios  

Two transient cooling scenarios are designed to simulate two dynamic 

battery thermal conditions (Fig. 5.10). It is assumed that the EV operates under 

a fast discharge and charge regime.  

For Scenario 1, 6C discharge rate (peak value) within 10 s is used for 

acceleration, and 4C continuous discharging for aggressive driving experience 

will last for 15 minutes in order to use up the battery capacity. A rapid 

recharge rate (2C charge) will then be supplied right after the driving 

completes, which takes 30 minutes for a full charge. In order to make sure that 

the system can maintain a desirable battery operating temperature at all times 

even under the worst scenario, 4 continuous cycles will be performed to 

evaluate the effect of heat accumulation.  

2211 IVIVQin 
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In addition, Scenario 2 is designed for a much more common but severe 

battery operating condition. 2C discharging and 2C charging are expected and 

will be repeated for 3 times. All tests will be carried out under a typical cooling 

temperature of 20°C and a constant 35°C ambient environment.  

 

Figure 5.10:  Transient scenarios. 

 

5.4.1.3   Effect of Adding Fins  

In order to improve system efficiency, adding fins to the heat pipe 

condenser to augment the heat transfer process is suggested. Fins are used to 

increase the surface area when the heat transfer coefficient is low, to enhance 

the structural strength for high pressure fluid flow, or to provide a thorough 

mixing if a highly viscous liquid is applied. Forced convection cooling of 

extended surfaces especially through heat pipe fin stacks is a primary cooling 

techniques used in electronic applications. Wei et al. [221] and Zhao and 

Avedisian [222] acknowledged the fin efficiency enhancement in forced 

convection by incorporating heat pipes. Due to high effective thermal 

conductivity of the heat pipe, the thermal path can be effectively bridged 
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between the heat source and fin base idealising the highest heat transfer rate 

achieved by fins. Numerous investigations on heat pipe embedded with fins 

have been performed to enhance cooling efficiency and/or compactness of the 

electronic devices [223-226], or for waste heat recovery such as 

domestic/industrial air conditioning [227] and heating automobiles using 

exhaust gas [228]. Wu et al. [159] and Burban et al. [163] suggested using 

finned heat pipes for BTM. However, those work only considered air as the 

conventional cooling fluid to remove heat from the fin surfaces, and fans are 

always used to enhance the overall heat transfer coefficient. This makes the 

fin-to-air heat transfer system bulky and noisy, and high thermal resistance of 

the fin stack will be experienced limiting the cooling capacity.  

Thermal resistance is one of the major criteria in evaluating the thermal 

performance of heat pipes. Adding fins to the heat pipe usually attributes to the 

highest thermal resistance in the heat pipe system. Therefore, optimising fin 

stack translates to a more efficient heat pipe cooling system. Only a few 

optimisation problems of fin heat sink with embedded heat pipes were 

examined experimentally [223, 225, 226] and analytically [229]. In addition, 

the convection heat transfer coefficient is an inherent parameter in the overall 

thermal performance evaluation and hence the optimum dimension of fin stack 

configuration. Studies [230, 231] showed that the heat transfer over the annular 

fins exhibits complex 3D flow characteristics where the heat transfer 

coefficient in forced convection is non-uniform. Given current experiment 

limitations, the measurement of the local heat transfer coefficient under steady-

state heat transfer conditions was hard to operate because the local fin 
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temperature and local heat flux were required. To simplify the problem, 

constant heat transfer coefficient over the fins will be assumed.  

 

Table 5.4: Aluminium fin parameters 

Fin type Fin height  

lf (mm) 

Fin radius 

rf = ro + lf 

(mm) 

Fin 

thickness  

δf (mm) 

Number of 

fins N 

Total fin 

area 

Af (m
2) 

Annular 5 10 0.5 10 0.005 

      

 

Figure 5.11: Arrangement of thermocouples on the testing L-shaped heat pipe 

with fins (Tf1- Tf10).  

 

For this test, the fin height will be optimised at fixed fin thickness and fin 

pitch (Table 5.4). They will be stacked onto a 50 mm condenser tube with 10 

fins every 5 mm yielding a fin spacing of 5.5 mm. Glycol-water mixture will 

be used as the cooling medium in contact with the fins. As opposed to air 

cooling, glycol-water mixture has higher specific heat capacity, density and 

thermal conductivity. This makes it comparatively effective to dissipate heat 
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over distance with less volumetric flow, reduced temperature difference, and 

no mechanical noises. The arrangement of thermocouples on the tested heat 

pipe is demonstrated in Fig. 5.11. Fin analysis is provided in Appendix B.  

 

5.4.1.4   Effect of Perforated Plates  

Four perforated plates (Fig. 5.12) were made to reduce system weight by 

12.69% to 37.82% (Table 5.5). Different perforated patterns were constructed 

with hole diameters ranging from 2 mm to 6.8 mm. For holes in longitudinal 

direction, Plate I and II have same amount of holes and added surface area but 

different percentage of weight reduction. Plate II and III reduce similar amount 

of weight but III has more holes and 5 times of added surface area. Plate IV 

with holes in transverse direction was constructed at both sides. The depth of 

each hole was approximately 24 mm.  

 

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

Figure 5.12:  (a) Plate original; (b) Plate I; (c) Plate II; (d) Plate III; (e) Plate 

IV. 
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Table 5.5: Plate perforation  

 Perforated pattern Weight 

(g) 

Weight 

reduction 

(%) 

Number 

of holes 

Surface 

area 

added 

(m2) 

Original Solid 98.500 0 0 0 

I Longitudinal, 

hole ϕ = 6.8 mm 

61.252 37.82 74 0.0025 

II Longitudinal, 

hole ϕ = 4 mm 

85.998 12.69 74 0.0028 

III Longitudinal, 

hole ϕ = 2 mm 

79.620 19.17 404 0.0101 

IV Transverse, 

hole ϕ = 3 mm 

80.860 17.91 32 0.0072 

 

A visual comparison of the battery surface temperature distribution 

between applying the heat pipe with the original solid plate and with perforated 

aluminium plate will be assessed through an infrared camera. This is to study 

the cooling effect and temperature uniformity brought by plate perforation. 

Only one battery cell attached with the plate and heat pipe will be exposed to 

20 ± 2°C environment with free air convection and 20°C coolant cooling. 1–

4C battery discharging conditions will be applied to the surrogate battery at 

power rates equivalent to 3.78 – 41.27 W/cell. Images will be taken every 30 

minutes after a new power is inputted. Another visualisation method can be 

done through FEM modelling. This enables the evaluation to be extended for 

both surrogate battery and lithium-ion battery condition under steady state and 

transient cooling. 
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5.4.2     Battery Preheating 

Before vehicle start-up or after long-term parking under cold climate, the 

battery needs to be preheated to achieve its optimal working temperature, 

which is at least above 0°C. The feasibility of using sintered copper-water heat 

pipes for EV battery preheating under sub-zero conditions is unknown. 

Sintered copper-water heat pipes are not functional when the temperature is 

lower than the freezing point, i.e. 0°C. Such potential freezing and thawing of 

the heat pipe may destroy the sealed joint when place vertically. Therefore, it is 

necessary to evaluate the durability of the sintered copper-water heat pipe after 

long hours of cold exposure (overnight: 14 – 20 hours).  

The freezer will be used to create different sub-zero temperatures 

maintaining the chamber environment at -25°C, -15°C and 0°C. For the 

preheating process, it is assumed that the heat energy is extracted through fluid 

heating from an electric heater or a bioethanol heater, and is transferred to each 

battery cell via heat pipes. The circulating bath will be used to supply either 

20°C or 40°C preheated glycol-water mixture to the heat pipe evaporator 

inside the liquid box.  

A comparison is required to test the thermal response performed by the 

test unit and the heat pipe alone. This gives a general idea of how fast the heat 

transfer of a heat pipe is, and to what degree the heat transfer slows down due 

to the aluminium plate and the battery cell. The fin effect may also be assessed 

to see if any significant deterioration or enhancement in heating performance is 

resulted for that the fins are at the heat pipe evaporator.  
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5.5  Prototype Characterisation 

5.5.1     Battery Cooling 

5.5.1.1   Parametric Evaluation: Rhp, Khp, hc and Tg-w  

The thermal resistances of the L-shaped heat pipe that operated against 

gravity and the total components including the heat pipe and the aluminium 

plate under different cooling conditions were obtained. Fig. 5.13 (a) shows that 

Rhp decreased dramatically from 0.60 K/W to 0.49 K/W under 10°C cooling 

and from 0.51 K/W to 0.48 K/W under 20°C cooling as the power input 

increased from 10 W/cell to 35 W/cell, or 20 W to 70 W in total. High cooling 

temperature at the condenser such as 30°C and 35°C made Rhp increase 

approximately by 0.01 K/W and 0.03 K/W respectively. However, high 

cooling temperature at the condenser caused Rhp to drop drastically, from 0.60 

K/W (10°C cooling) to 0.40 K/W (35°C cooling) at low power input (10 

W/cell or 20 W in total), or from 0.49 K/W (10°C cooling) to 0.42 K/W (35°C 

cooling) at high power input (35 W/cell or 70 W in total). Increasing power 

input benefited the heat transfer of the heat pipe, and the optimum working 

condition appeared to be at 30°C due to a relatively constant thermal resistance 

of 0.45 K/W maintained under all heat fluxes. Rt (Fig. 5.13 (b)) behaved 

similar to that of the heat pipe, and 30°C cooling contributed to a constant heat 

transfer operation at all times. The added thermal resistance of the aluminium 

plate was 0.16 ± 0.02 K/W, which constituted 1/3 of the total thermal 

resistance.  
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(a)                                                          (b) 

Figure 5.13:  Thermal resistance of (a) anti-gravity L-shaped heat pipe (Rhp) 

and (b) total including the heat pipe and the aluminium plate (Rt) under 2.38 ± 

0.01 l/min rate. 

 

The thermal conductivities of the heat pipe (Khp) based on different 

cooling temperatures and power inputs have been plotted (Fig. 5.14). Results 

show that high input power enhanced Khp under low cooling temperatures by 

800 W/mK (10°C cooling) and 400 W/mK (20°C cooling) from 20 W to 70 W. 

High cooling temperature also augmented Khp as the input power went up, but 

not in the case of 35°C cooling. A sudden enhancement in Khp can be seen 

from low power input of 10 W/cell (i.e. 20 W in total) when increasing the 

cooling temperature, achieving more than 1,300 W/mK increase from 10°C to 

35°C. As the cooling temperature reached to 30°C, Khp retained steady at a 

constant value of 3,400 W/mK under various power inputs. As mentioned 

before, the optimised temperature for cooling at the condenser was 30°C since 

little variations in Khp were seen and Khp values were considerably high.  
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(a)                                                          (b) 

Figure 5.14: Thermal conductivity of anti-gravity L-shaped heat pipe (Khp) 

under (a) different cooling temperatures and (b) different power inputs under 

2.38 ± 0.01 l/min rate 

 

Fig. 5.15 demonstrates the heat transfer coefficients of the cooling end (i.e. 

the heat pipe condenser) obtained from the experiment under various power 

inputs and coolant temperatures. The values ranged from 2,210 W/m2K to 

3,130 W/m2K. At low cooling temperatures of 10°C and 20°C, hc under 

different power inputs were steady, at a constant value of 2,250 W/m2K and 

2,500 W/m2K respectively. Increasing cooling temperature at the condenser 

enhanced hc especially at low power input of 20 W, with an increase of 1,000 

W/m2K from 10°C to 35°C. However, the degree of heat transfer enhancement 

with increasing cooling temperature deteriorated at high power inputs 

especially in the range of 50 – 70 W. The discrepancies in heat transfer 

coefficient by applying different power inputs at the same cooling temperature 

only became evident at high cooling temperatures, with maximum difference 

of 300 W/m2K at 30°C and 500 W/m2K under 35°C. Again, 30°C seemed to be 

the optimised cooling temperature under power inputs from low to high, but 
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35°C might be desired if low power inputs (20 – 40 W, i.e. 10 – 20 W/cell) 

were supplied.  

 

(a)                                                          (b) 

Figure 5.15: Heat transfer coefficient at the cooling end (hc) under different (a) 

cooling temperatures and (b) power inputs under 2.38 ± 0.01 l/min rate. 

 

Fig. 5.16 demonstrates the 300 s response of heat pipe based battery 

cooling at the presumed battery surface temperatures from 40°C to 70°C. High 

discharged coolant temperature led to a relatively low cooling effect, but the 

heat transfer was augmented at a high battery surface temperature such as 60°C 

and 70°C. The cooling response achieved under 30°C and 35°C appeared to be 

almost identical if the initial battery surface temperature was given at 70°C. 

Cooling the battery at the initial temperature of 40°C under 35°C cooling only 

resulted in 1.5°C drop after 5 minutes (Fig. 5.17). Temperature reduction 

appeared to be considerably effective at high initial battery temperature of 

70°C achieving 13°C drop under 10°C cooling and 10°C drop under 35°C. 

Supplying low temperature water at 10°C significantly enhanced the cooling 

performance, with 6.5°C drop at battery surface temperature of 40°C compared 

to 1.5°C drop under 35°C cooling. It can be thusly concluded that the thermal 
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performance of the heat pipe is much more effective under either high battery 

surface temperature or low cooling temperature.  

 

 
 

Figure 5.16: 300 s cooling response performed at initial battery surface 

temperature of 40°C, 50°C, 60°C and 70°C cooled by 10°C, 20°C, 30°C, 35°C 

discharging coolant under 2.38 ± 0.01 l/min rate. 

 

Figure 5.17: 5 minutes temperature drop at initial battery surface temperature 

of 40°C, 50°C, 60°C and 70°C cooled by four test conditions: 1 – 10°C, 2 – 

20°C, 3 – 30°C, 4 – 35°C discharging coolant under 2.38 ± 0.01 l/min rate. 
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5.5.1.2   Steady State Cooling and Transient Cycle Cooling  

Fig. 5.18 demonstrates the steady state cooling performance under a 

variety of battery thermal conditions from 2.5 W/cell to 40 W/cell. The coolant 

discharged to the liquid box was glycol-water mixture controlled at a constant 

temperature of 20°C and a steady flow rate of 2.38 ± 0.03 l/min. The ambient 

environment was maintained at 35°C using a heating block and a fan. The 

battery power supply was stopped once the battery surface temperature reached 

to a steady state condition for at least 10 minutes, and the battery will be then 

cooled for another 10 minutes. The proposed heat pipe cooling was able to 

keep the average battery surface temperature below 40°C under 2.5–10 W/cell, 

but every incremented 10 W/cell led to an approximately 10°C per 10 W/cell 

temperature increase rate of the battery surface. Steady state cooling 

performance indicates the degree of the proposed BTM performance reflecting 

its limitation in high heat flux applications. Heat pipe thermal management 

was able to maintain the battery surface temperature under 40°C if the battery 

generates less than 10 W/cell, which is normally the case in most vehicle 

batteries. It was also capable of keeping the battery temperature below 50°C if 

less than 20 W/cell was given. Thermal abuses conditions such as 20 – 40 

W/cell are uncommon but if encountered, the heat pipe still helped reduce the 

battery temperature under 70°C avoiding potential thermal runaway. The 

average temperature drop in 10 minutes was obtained in Fig. 5.19. The cooling 

performance was considerably enhanced at higher initial battery surface 

temperature achieving 2.23 °C/min if the initial temperature was at 70°C, 

compared to 0.52 °C/min at 40°C. 
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In addition, real-time transient behaviours of the average battery surface 

temperature under two different scenarios were recorded and each scenario 

was repeated for 3–4 times. The test rig was maintained at a constant ambient 

temperature of 35°C before starting the cycle performance. The cooling 

performance was less affected by 6C discharge due to a short duration of 10 s, 

and no heat accumulation was observed after the cycle being repeated (Fig. 

5.20). For Scenario 1, the peak temperature reached to 63°C after 4C 

maximum battery current was continuously discharged for 15 minutes, but the 

system was able to maintain the peak temperature under repeated cycles of 

battery working extremes. 2C battery charge made the battery temperature 

drop significantly achieving less than 35°C by the end of the cycle. The 

transient behaviours under those 4 cycles were almost identical. Scenario 2 

showed that the heat pipe experienced a temperature drop at the beginning of 

the cycle after 20°C glycol-water mixture was discharged. The battery 

temperature under 2C battery discharge condition increased slowly to 41°C, 

and then dropped drastically after 2C charge condition was applied. The 

battery temperature at the end of the first cycle appeared to be slightly higher 

than that at the beginning, making the peak temperature of the second cycle 

higher than that under the first cycle. Nevertheless, the proposed cooling 

method was able to keep the battery peak temperature below 41°C at all times. 
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Figure 5.18: Average battery surface temperature change (Tamb = 35°C, Tg-w = 

20°C, qg-w = 2.38 ± 0.03 l/min). 

 

Figure 5.19: Average battery surface temperature drop rate in 10 minutes under 

seven test conditions (Tamb = 35°C, Tg-w = 20°C, qg-w = 2.38 ± 0.03 l/min). 
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Figure 5.20: Average battery surface temperature transient behaviour under 

two scenarios (Tamb = 35°C, Tg-w = 20°C, qg-w = 2.38 ± 0.03 l/min). 

 

5.5.1.3   Effect of Adding Fins  

5.5.1.3.1 Parametric Evaluation: Rhp, Khp, hc and Tg-w 

Battery cooling tests via heat pipe without and with fins were performed 

under four cooling temperatures (10°C, 20°C, 25°C and 35°C) at a set flow 

rate of 2.38 ± 0.01 l/min. Such flow rate induced laminar flow inside the liquid 

box and the heat pipe was operated against gravity. Data were recorded after 

achieving thermal equilibrium for at least 10 minutes. The thermal resistances 

and thermal conductivities under those conditions were obtained 

correspondingly in Fig. 5.21, and Table 5.6 summarises the effective heat pipe 

thermal resistances at a given power input under a fixed cooling temperature. 

Fin tended to not only add a considerable amount of thermal resistance by 

itself (0.08 K/W), but prohibited the heat and mass transfer inside the heat pipe 
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increasing thermal resistance by approximately 0.23 K/W, 0.17 K/W, 0.15 

K/W, and 0.17 K/W under 10°C, 20°C, 30°C and 35°C cooling respectively.  

 

 (a)  

(b)  

Figure 5.21: (a) Overall thermal resistance (Rhp) and (b) thermal conductivity 

(Khp) of L-shaped heat pipe operated against gravity with fins (Rhp,wf, Khp,wf) 

and no fins (Rhp, nf, Khp,nf) obtained from experiment. 
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Table 5.6: Summary of the effective thermal resistance Reff 

Tw (°C) 10 20 30 35 

 With fins  

Reff, t (K/W) 0.750 0.703 0.686 0.688 

Reff, hp (K/W) 0.669 0.628 0.597 0.609 

Rfin (K/W) 0.081 0.075 0.089 0.079 

 No fins  

Reff, hp (K/W) 0.438 0.453 0.446 0.442 

 

Note:  

Reff, t  – total effective thermal resistance (heat pipe and fins) 

Reff, hp  – effective thermal resistance (heat pipe) 

Rfin  – thermal resistance of fins 

 

With fins available, the total thermal resistance doubled from that 

achieved without fins, and the difference in thermal resistance between 10°C 

and 35°C cooling cannot be neglected under high power inputs. An 

approximate 0.15 K/W was resulted under the range of 60 – 70 W when fins 

were added, while less than 0.08 K/W was obtained from no fins condition. 

High temperature cooling at the heat pipe condenser facilitated heat transfer 

inside the heat pipe, seen from the thermal resistance reduction when 

discharging coolant at 30 – 35°C. The heat pipe thermal resistances (both Rhp,nf 

and Rhp,wf) seemed constant under those two temperatures within 20 – 70 W, 

but experienced a huge reduction under high power and low cooling 

temperature (10°C). The thermal conductivity plotted in Fig. 5.21 (b) indicates 

a stable operation achieved by fins. Although low thermal conductivity was 

realised by adding fins to the heat pipe condenser, the operation under different 
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cooling temperatures was much more established than that obtained without 

fins. Thermal conductivity was reduced by 800 – 1,200 W/mK under low 

power inputs and by 1,000 W/mK under high power inputs.  

It is argued that the increased thermal resistance with the fins addition can 

be attributed to two aspects: 1) increased contact thermal resistance between 

the fin and the heat pipe base due to loose fit; 2) inadequate temperature 

measurements located at the fins as well as the base. Fig. 5.11 shows that only 

one temperature point was selected for fins, and the other two points were 

located at the heat pipe base with one set at the end of the base. This may 

increase temperature difference between the measured points, contributing to 

the calculated thermal resistance being increased and thermal conductivity 

being reduced in relation to the original heat pipe setup.   

Fig. 5.22 shows the heat transfer coefficients at cooling end in relation to 

the power input and the cooling temperature respectively. In Fig. 5.22 (a), the 

heat transfer coefficient obtained from adding fins fluctuated dramatically and 

if a high power input was given, it dropped greatly irrespective of cooling 

temperatures. For heat pipe without fins, the tendency of fluctuation was mild, 

and the heat transfer coefficient can be maintained at either low or high power 

input under 10 – 30°C. It can be seen from Fig. 5.22 (b) that increasing cooling 

temperature at the cooling end enhanced the heat transfer coefficient achieving 

approximately 600 W/m2K increase from 10°C (2,200 W/m2K average) to 

35°C (2,750 W/m2K average) under no fins condition. For heat pipe with fins, 

the heat transfer coefficient stayed fluctuated and almost uniform at all times at 

an average value of 2,800 W/m2K, slightly higher than that from no fins. 

Notably, high power input led to an increase in heat transfer coefficient if only 
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heat pipe was in operation, whereas adding fins made the overall heat transfer 

coefficient vary less. Furthermore, the degree of heat transfer improvement 

after adding fins was suggested. At cooling temperature of 10°C or 20°C, heat 

transfer performance was at the highest compared to those under other cooling 

temperatures. Fin was able to improve the cooling side heat removal at power 

inputs of 20 – 50 W under 10°C cooling, but seemed to inhibit the performance 

at higher powers (60 – 70 W) and also at high cooling temperatures (30 – 

35°C).  

Adding fins may help the heat removal rate at the cooling end but might 

not necessarily be beneficial under high power inputs and high cooling 

temperature. The heat transfer coefficient is calculated based on the 

temperature difference between the fin or the heat pipe base (if without fins) 

and the average fluid temperature between the inlet and outlet. As mentioned 

earlier, contact thermal resistance may lead to low fin temperature 

measurement, and the fact that only one fin was measured adds uncertainties to 

the overall conclusion. A more rigorous study in characterising the fin 

performance is required to give insight into contributing factors, such as the 

increased surface area, the increased heat transfer coefficient due to changed 

fluid motion, or lowered ambient fluid temperature for increasing the surface 

heat transfer rate. More measuring points for the fins as well as the heat pipe 

base are needed in order to minimise possible errors and uncertainties in 

parameter calculations including thermal resistance, thermal conductivity and 

heat transfer coefficient.  
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(a)  

(b)  

Figure 5.22: Heat transfer coefficient at the cooling end: (a) versus power 

input; (b) versus cooling temperature. 
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Figure 5.23: A comparison of battery cooling response in 300 s between heat 

pipe with fins and no fins condition at initial battery surface temperature of 

40°C, 50°C, 60°C and 70°C cooled by 10°C, 20°C, 30°C, 35°C discharging 

coolant. 

 

Fig. 5.23 demonstrates a 300 s transient cooling performance at a given 

initial battery surface temperature (40 – 70°C) from heat pipe with fins and 

without fins. This helps to evaluate the fin effect of the transient battery 

cooling performance. High cooling temperature led to a relatively low cooling 

effect, but with the help of fins, such effect can be augmented improving 

system heat transfer limit. At low surface temperature, for instance, cooling the 

battery under 35°C at 2.38 l/min after 300 s only resulted in an approximate 

1.5°C drop and 2.0°C drop under no fins and with fins respectively. As the 
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battery surface temperature increased, temperature reduction appeared to be 

remarkably efficient achieving 9.0°C drop (no fins) and 13.0°C drop (with 

fins) under high cooling temperature (35°C). This suggests that the heat pipe 

cooling ability becomes evident if high initial battery surface temperature 

occurs. In addition, supplying low cooling temperature (e.g. 10°C) will 

enhance the cooling capacity (Fig. 5.24) with 6.5°C drop (no fins) and 9.0°C 

drop (with fins) at low battery surface temperature of 40°C; and 13.0°C drop 

(no fins) and 19.0°C drop (with fins) under initial surface temperature of 70°C. 

Using fins to accelerate the cooling effect was therefore achieved, and a better 

cooling can be resulted if low cooling temperature coolant was supplied.  

 

Figure 5.24: Temperature drop in 300 s at a given initial battery surface 

temperature (40°C, 50°C, 60°C and 70°C) under four test conditions: 1 – 10°C; 

2 – 20°C; 3 – 30°C; and 4 – 35°C cooling. 

 

5.5.1.3.2 Fin efficiency 

The fin efficiencies ranged from approximately 58% to 70% at a 

maximum ±15% discrepancy (Fig. 5.25). Predicted and measured values are in 

a good agreement. For annular fins, low rf/ro may help achieve a better fin 
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efficiency at a constant value of mle. This means that fins with big fin height lf 

(large extended surfaces) might not necessarily be beneficial to the overall heat 

transfer. In addition, the heat transfer coefficient can be enhanced by either 

reducing the hydraulic diameter or selecting a fin shape with a low aspect ratio. 

Reducing the annular fin height will minimise the hydraulic diameter so as to 

improve the heat transfer and achieve device compactness. The fin height used 

in this experiment was equal to the heat pipe outer radius reaching low rf/ro = 2 

requirement. However, the thickness of the fin was 0.5 mm, which was a bit 

thin causing reduced fin efficiencies. Additionally, thin fins were likely to 

cause structural failure and corrosion, observed from experiment.  

(a)  

(b)  

Figure 5.25: Fin efficiency derived from (a) Eq. B.5 – B.6 (Appendix B) under 

different rf/ro and (b) experiment data. 
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5.5.1.3.3 Steady state cooling and transient cooling cycle 

 

Figure 5.26: A comparison of battery surface temperature change between heat 

pipe w. fins and w/o fins (Tamb = 35°C, Tg-w = 20°C, qg-w = 2.38 ± 0.03 l/min) 

 

Figure 5.27: A comparison of average battery surface temperature drop rate in 

10 minutes between heat pipe w. fins and w/o fins under four test conditions 

(Tamb = 35°C, Tg-w = 20°C, qg-w = 2.38 ± 0.03 l/min) 

 

Fig. 5.26 compares the battery surface temperature change between two 

conditions: heat pipe with fins and without fins. This helps to evaluate the 
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forced convection cooling of extended surfaces through heat pipe fin stacks. At 

high heat fluxes (20 – 40 W/cell), fins at the heat pipe condenser helped 

decrease the average battery surface temperature by 4 – 5°C under steady state 

condition; while for low heat flux such as 10 W/cell, 3°C reduction was 

achieved. The cooling performance by heat pipe fins was improved at higher 

battery heat fluxes, but not so much at lower power input. Using fins to 

enhance the cooling performance was realised, but the temperature drop after 

steady state seemed to be less effective compared to that without fins (Fig. 

5.27). A difference of 0.07 – 0.10 °C/min drop rate was obtained. Moreover, 

transient cycle cooling performance after adding fins was compared (Fig. 5.28 

and Fig. 5.29). Fins helped reduce the peak temperature by approximately 

5.5°C under Scenario 1 and by 1.5°C under Scenario 2. This suggests that the 

cooling augmentation from adding fins will only be effective if high heat flux 

was encountered.  

 

Figure 5.28: A comparison of battery surface temperature transient behaviour 

between heat pipe w. fins and w/o fins under Scenario 1 – 4 repeated cycles 

(Tamb = 35°C, Tg-w = 20°C, qg-w = 2.38 ± 0.03 l/min) 
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Figure 5.29: A comparison of battery surface temperature transient behaviour 

between heat pipe w. fins and w/o fins under Scenario 2 – 3 repeated cycles 

(Tamb = 35°C, Tg-w = 20°C, qg-w = 2.38 ± 0.03 l/min). 

 

5.5.1.4   Effect of Perforated Plates  

5.5.1.4.1 Infrared imaging 

An infrared camera was used to capture the temperature distribution of the 

target surface in order to analyse the cooling effect after substituting the solid 

aluminium plate to the perforated plates. 1 – 4C battery discharging conditions 

were applied with power equivalent to 3.78, 11.92, 24.42 and 41.72 W/cell 

respectively. The colour range for each obtained thermal image was set from 

15°C to 40°C.  The target area was selected and analysed by FLIR tool with 

marked maximum, minimum and average area temperature. With low battery 

discharge current supply such as 1 – 2C, the temperature of battery itself with 

only free air convection (20 ± 2°C ambient) was below 25°C after 30 minutes. 

But 3 – 4C discharge current led to a significant temperature increase reaching 
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to an average of 33.7°C and 47.7°C respectively. For the battery with heat pipe 

cooling at one side, the cooling was effective maintaining the average 

temperature below 40°C under 4C discharge condition. The average 

temperature of the right side of battery that attached to the aluminium plate 

with heat pipe was 8°C, lower than the left side under 3 – 4C discharge 

conditions (Fig. 5.30).  

 

Figure 5.30: A comparison between battery alone and battery with heat pipe 

cooling at one side through infrared camera (Tamb = 20 ± 2°C, Tg-w = 20°C, qg-w 

= 2.38 ± 0.03 l/min, 1 – 4C battery discharging conditions, colour band range: 

15 – 40°C) 
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Figure 5.31: A comparison of battery with heat pipe cooling at one side using 

solid plate and perforated plates (I-IV) through infrared camera (Tamb = 20 ± 

2°C, Tg-w = 20°C, qg-w = 2.38 ± 0.03 l/min, 1 – 4C battery discharging, colour 

band range: 15 – 40°C). 

 

In addition, a comparison of battery with heat pipe cooling at one side 

using solid plate and perforated plate I-IV was made. According to Fig. 5.31, 

with the same amount of holes (Plate I & II), bigger holes impeded the thermal 

path from the hot end to the cooling end as the effective thermal characteristic 
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length reduced to half. With the same effective thermal characteristic length 

(Plate I & III), smaller holes tended to distribute heat much more evenly and 

uniformly thus achieving a better cooling effect. Free air convection may also 

attribute to a better performance as the added surface area (Plate III) was 5 

times more than that of Plate I. In addition, huge temperature gradient was 

observed between the heat pipe and the Plate I indicating low degree of 

temperature uniformity across the battery surface. The results given by Plate 

IV seemed to be somewhat similar to the original. The surface temperature 

distribution was slightly higher than that obtained from the original, but high 

temperature detected at the constructed holes (24 mm deep) may make the 

overall heat transfer difficult. 

 

5.5.1.4.2 Finite Element Analysis (FEA) 

The effect of plate perforation was also investigated through FEA 

modelling. Steady state surface temperatures of different plates under 2C and 

4C discharge rate were obtained in Fig. 5.32 and Fig. 5.33. The thermal 

behaviour of the plate attached with the surrogate battery differs from that 

attached with lithium-ion battery.  

For surrogate battery, due to low thermal conductivities on all directions, 

plate perforation seems to be less efficient and less favourable to the overall 

heat transfer. Only plate with less amount of hole subtraction (Plate II) 

performs similar to that attached with solid plate. Plate I & IV lead to the worst 

temperature uniformity on the battery surface under both low and high power 

inputs, whereas Plate III appears to be good at conducting heat under high 

power inputs (Fig. 5.32). The average surrogate battery surface temperature 
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resultant from using Plate III is indeed the lowest, and the area of low 

temperature distribution across Plate III is bigger than that from solid plate. 

Plate I also displays low temperature distribution due to the amount of thermal 

resistance eliminated from holes, but bigger hole size and higher temperature 

gradients from the top to the bottom prohibits the reduction of average battery 

surface temperature. This implies that factors such as hole size and distribution, 

the range of power inputs, and thermal conductivities of the target (battery cell 

in this case) all need to be taken into account before finalising the conclusion. 

If the object has higher thermal conductivities along length and height, for 

instance lithium-ion batteries, plate perforation seems to have little impact at 

low heat dissipation rate as heat comes from the battery can be quickly 

distributed through length and height. Under low battery thermal power, the 

average battery surface temperature obtained from those plates coupled with 

heat pipe cooling varies little. The effect of perforation becomes beneficial 

during high power inputs, since lithium-ion battery cooled by Plate III achieves 

the lowest temperature distribution, followed by Plate I, IV and II. But Plate I 

and II make the temperature contour on the battery surface the least smooth, 

compared to that shown in Plate III and IV (Fig. 5.33). As heat can be quickly 

distributed across the surface, the amount of thermal resistance eliminated 

from perforation plays a key role in overall heat transfer enhancement. The 

hole distribution and direction, in addition, are also important that attribute to 

contour smoothness and low temperature gradient. 

 

 

 

 



 
158 

 

      Plate Surface Attached with Surrogate Battery 

 
Surrogate Battery Surface 

 
        Plate Surface Attached with Lithium-ion Battery 

 
Lithium-ion Battery Surface 

 
 

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

Figure 5.32: Steady state surface temperature of plate and battery from (a) 

original; (b) I; (c) II; (d) III; (e) IV under 2C discharge (11.92 W/cell), colour 

range 25 – 35 °C (Tamb = 35 °C, Tg-w = 20 °C, qg-w = 2.38 l/min). 
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        Plate Surface: Surrogate Battery  

 
Surrogate Battery Surface 

 
       Plate Surface: Lithium-ion Battery 

 
Lithium-ion Battery Surface 

 
 

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

Figure 5.33: Steady state surface temperature of the plate and battery from (a) 

original; (b) I; (c) II; (d) III; (e) IV under 4C discharge (41.72 W/cell), colour 

range 40 – 65 °C (Tamb = 35 °C, Tg-w = 20 °C, qg-w = 2.38 l/min). 
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Transient cooling behaviour using different plates for both surrogate 

battery and lithium-ion battery has been assessed through a 600 s discharge 

cycle. The analysis of dynamic thermal response is essential in BTM because 

the capacity of the battery is limited and will be used up in a certain time 

period. Results were compared at the end of the cycle time, i.e. at 600 s shown 

in Fig. 5.34 and Fig. 5.35. Low thermal conductivity along the width of the 

surrogate battery made the heat difficult to be conducted and transferred to the 

heat pipe, thus the plate was heated up slowly. For surrogate battery, the 

surface temperature of the battery from using perforated plates distributed 

poorly at a sluggish thermal response. Higher thermal conductivities along all 

axes contribute to a much pleasant heat transfer, as shown by lithium-ion 

batteries with different plates attached. The surface temperature inclines to be 

uniformly spread at a higher pace of heat transfer. The average surface 

temperature change of the surrogate battery and the lithium-ion battery under 

heat pipe cooling using different plates during the final 60 s in a 600 s cycle 

time was plotted. As the surface temperature distribution of lithium-ion battery 

is quite uniform after applying different perforated plates, the criteria for 

choosing plate focuses on the average temperature. As pointed out by Fig. 5.35, 

Plate II gives the lowest average battery surface temperature, followed by Plate 

Original, VI, I, and III.  
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Plate Surface: Surrogate Battery 

  
                                     Surrogate Battery Surface 

 
          Plate Surface: Lithium-ion Battery 

 
                                    Lithium-ion Battery Surface 

 

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

Figure 5.34: Surface temperature of plate and battery from (a) original; (b) I; (c) 

II; (d) III; (e) IV after 600 s (Tamb = 20°C, Tg-w = 20°C, qg-w = 2.38 l/min, 2C 

battery discharge) 
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Figure 5.35: 600 s average surface temperature change of surrogate battery and 

lithium-ion battery with heat pipe cooling using different plates (original, plate 

I-IV) obtained from FEM (Tamb = 20°C, Tg-w = 20°C, qg-w = 2.38 l/min, 2C 

battery discharge). 

 

5.5.2     Battery Preheating 

5.5.2.1   Heat Pipe Durability Evaluation   

The temperature distribution along the heat pipe was monitored so was the 

ambient temperature. Fig. 5.36 shows raw data collected from overnight 

freezing under -15°C and -25°C for 14 – 16 hours. By discharging pre-treated 

coolant to the evaporator, the sintered copper-water heat pipe was able to wake 

up immediately even after long hours of cold exposure without losing its full 

function. The reproducibility of such temperature behaviour was performed by 

repeating the same test under the exact condition for at least 8 times. 

An interesting phenomenon was observed and is demonstrated by Fig. 

5.37. When cooling the heat pipe down to a sub-zero temperature, the heat pipe 

behaved interestingly near the 0°C line. There are three phases and two 

transition points. For battery preheating, the section that immersed into the 

liquid box is called the evaporator, and the one in contact with the battery cell 
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surface is the condenser. The adjusting period occurred when all the monitored 

temperature points along the condenser were below 0°C (Transition 1). A 

sudden temperature increase was detected at the condenser, and an increase in 

temperature along the evaporator was resulted. A noticeable pressure drop 

between the evaporator and the condenser was then created under a small 

temperature gradient driving the heat transfer from the evaporator to the 

condenser immediately. The adjusting performance seemed nearly isothermal 

along the condenser at around 0°C for 50 s. However, with continuous cooling 

supply from the freezer, the temperatures long the heat pipe began to drop 

rapidly until the evaporator hit 0°C. A fairly slow temperature decrease was 

then observed until every monitored temperature point dropped below 0°C 

(Transition 2). Such phenomenon implied that the sintered copper-water heat 

pipe has lost its high thermal conductivity property due to the frozen state of 

the water inside the wicks, and may be treated as a normal hollow copper pipe 

with low conductivity. The temperature gradient along the heat pipe after the 

adjusting period was increased leading to deficient isothermality.  

 

Figure 5.36: Overnight cold exposure under -25°C/-15°C and 20°C preheating 

afterwards (raw data collected from TC-08 data logger). 
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Figure 5.37: Heat pipe temperature change behaviour detected when exposing 

it under sub-zero temperatures. 

 

5.5.2.2   Preheating Performance   

As mentioned earlier, the heat source was assumed to be available on-

board, and the heat can be extracted through fluid heating from either an 

electric heater or a bioethanol heater and be transferred to each battery cell 

through heat pipes and aluminium plates. The heat pipe was operated under 

gravity-assisted condition, which means the evaporator was at the bottom. The 

inlet coolant temperature was set to be 20°C or 40°C at a discharge rate of 1.91 

– 2.14 l/min.  
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(a)  

(b)  

(c)  
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(d)  

Figure 5.38: Preheating performance obtained from 20°C/40°C glycol-water 

coolant discharging at constant ambient temperature of 0°C, -15°C and -20°C: 

(a) average battery surface temperature rise w/o fins; (b) average battery 

surface temperature rise w. fins; (c) average heat pipe condenser temperature 

rise w/o fins; (d) average heat pipe condenser temperature rise w. fins.  

 

The preheating performance was evaluated and summarised. The 

temperature increase of average battery surface temperature under heat pipe 

preheating and that of heat pipe alone was measured and compared. Adding 

fins to the heat pipe evaporator was also investigated. Fig. 5.38 demonstrates 

the average battery surface temperature increase and average heat pipe 

condenser temperature under 20°C and 40°C heating at a constant ambient 

environment of 0°C, -15°C and -20°C. Table 5.7 summarises the time 

consumption within 0.5 hours of heating. Adding fins at the heat pipe 

evaporator greatly improves the battery heating performance, which reduced 

the heating time by 216 – 731 s and 82 – 325 s via 20°C and 40°C heating 

respectively. The degree of heat transfer enhancement by fins was augmented 
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at low heating temperatures. 211.05 s, 548.29 s and 738.91 s were saved when 

preheating the battery using fins from 0°C to 10°C, and from -15°C and -20°C 

to 0 °C under 20°C. Higher temperature such as 40°C shortened the heating 

time to almost 1/3 or 1/4 (if fins were added) of that resulted from 20°C, but 

the fin effect seemed to be slightly weak reducing the time consumption to be 

less than 324.50 s. Still, 20°C preheating even with fins is less preferred due to 

the fact that it was unable to heat up the battery from -15°C or -20°C to 10°C 

within 30 minutes. To warm up the battery from 0°C, -15°C or -20°C to 10°C 

under 40°C preheating condition, a reasonable amount of heating time (320.64 

s, 823.02 s, and 985.08 s respectively) were consumed. If the fins were 

available, the time could be further reduced to 238.45 s, 614.28 s and 748.17 s 

respectively.  

Notably, the heat transfer performance of heat pipe alone was 

characterised and the obtained results were used to compare with the data 

collected from heat pipe battery heating. Highly performed heat transfer and 

quick thermal response were achieved by the heat pipe alone, which took 32.86 

– 147.5 s from 0°C, -15°C or -20°C to 10°C under 20°C preheating, and 19.55 

– 50 s under 40°C. Adding fins reduced the heating time by 5 – 60 s under 

20°C, and by approximately 0 – 10 s under 40°C.  
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Table 5.7: Heating time consumption within 0.5 hours of heating 

Preheating Condition 20°C  40°C  

Battery Cell 

Tbatt,o (°C) Tbatt,i (°C) t (s) 

w/o fins 

t (s) 

w. fins 

t (s) 

w/o fins 

t (s) 

w. fins 

 

0 

10 1046.81 835.76 320.64 238.45 

15 / / 586.11 454.53 

20 / / 966.94 784.44 

 

 

-15 

0 1198.84 650.55 387.78 258.91 

10 / / 823.02 614.28 

15 / / 1152.54 897.49 

20 / / 1620.96 1304.18 

 

 

-20 

0 1561.93 823.02 524.37 372.35 

10 / / 985.08 748.17 

15 / / 1317.30 1054.53 

20 / / 1796.14 1471.64 

Heat Pipe 

Thp_c,o (°C) Thp_c,i 

(°C) 

t (s) 

w/o fins 

t (s) 

w. fins 

t (s) 

w/o fins 

t (s) 

w. fins 

 

0 

10 32.86 27.72 19.55 19.55 

15 65.92 58.59 26.88 25.14 

20 / / 34.15 33.31 

 

 

-15 

0 67.20 56.91 35.88 28.17 

10 104.95 92.54 45.34 35.88 

15 143.60 126.43 50.87 40.13 

20 / / 56.91 46.62 

 

 

-20 

0 95.50 68.04 40.58 37.55 

10 147.50 102.83 50.00 44.89 

15 210.55 150.00 55.63 50.48 

20 / / 62.89 56.46 
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5.6  Data Repeatability & Reproducibility   

The repeatability and reproducibility (R&R) study, also known as the 

gauge capability study, is to provide the closeness of agreement between 

replicate measurements on the same tests. Repeatability defines the variability 

occurred in gauge itself and was obtained under the same operator, laboratory 

location and time. Reproducibility represents the variability due to different 

operators/apparatus/locations/times performing on the same task. Due to the 

nature of the experiment, the estimates of the repeatability and reproducibility 

can be perceived by comparing plots under several test conditions replicated by 

Operator A within the same and different periods of time. 

Fig. 5.39 – 5.40 show the repeatability of system cooling and preheating 

conducted by Operator A over a short timescale. Little deviations between the 

first and second test were seen, which reflects data consistency. Fig. 5.41 – 

5.42 indicate the reproducibility performed by Operator A before and after 3 

months period. The data collected after 3 months varied within 5°C margin, 

which is acceptable since system has been tested under extreme worst 

conditions for quite a long time.   
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Figure 5.39: Repeatability evaluation of cooling performance conducted by 

Operator A within a short timescale. 

 

 

Figure 5.40: Repeatability evaluation of preheating performance conducted by 

Operator A within a short timescale. 
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Figure 5.41: Reproducibility evaluation of cooling performance conducted by 

Operator A over two time periods (3 months interval). 

 

 

Figure 5.42: Reproducibility evaluation of preheating performance conducted 

by Operator A over two time periods (3 months interval). 
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5.7  Data Reductions and Measurement Uncertainties   

The thermal conductivity of the heat pipe and that of the heat pipe and the 

aluminium plate, the thermal conductivity of the heat pipe, and the heat 

transfer coefficient at the condenser/cooling end can be formulated using Eq. 

5.3 – 5.5. 

                                        (5.3) 

                                                (5.4) 

                                             (5.5) 

where

 

Te – temperature of the evaporator,  

Tc – temperature of the condenser,  

Tbatt  – average temperature of the battery surface,  

Tf – temperature of the cooling fluid in the liquid box,  

 

leff – heat pipe effective length,  

 

As mentioned earlier, all thermocouples were calibrated using a portable 

digital thermometer (RS Portable Digital Thermometer), which is accurate to ± 

0.2% rdg+1°C at -50 – 199.9°C. The obtained average (maximum) accuracy 
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of the thermocouples after calibration was ±1.80% (±6.74%) or ±0.59°C 

(±1.90°C). The TTI precision DC bench power supply (EX354RD) was 

provided where input voltage (0–35V) can be adjusted accordingly to 

incrementally adjust the battery power input from 10 W to 35 W. The average 

(maximum) heat flux Qout differed by ±4.54% (±14.75%) from the heat input 

Qin obtained from the electrical power device. The flow rate was measured 

from Parker inline flow transmitter and read from DT500 dataTaker. The 

uncertainty of the flow measurement was ±2.1%.  

The uncertainty estimates are performed below (Eq. 5.6-5.9) using a 

standard approach [232]. The average (maximum) uncertainties for URhp, URt, 

Ukhp, Uhc were ±2.76% (±12.72%), ±3.25% (±16.67%), ±2.76% (±11.74%), 

±2.33% (±11.45%) respectively. Individual uncertainties for each test can be 

found in Table C.1 – C.4, Appendix C.  

(Note: the percentage value in bold indicates the average uncertainty and that 

in (bracket) refers to the maximum uncertainty.) 
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For heat pipe with fins, Eq. 5.10 – 5.12 can be used to determine the heat 

pipe thermal resistance, thermal conductivity and heat transfer coefficient at 

cooling end.  

                                                (5.10) 

                                                (5.11) 

                   (5.12) 

where

 
Tc,fin – temperature of the condenser (heat pipe with fins), 

 

Tfin - temperature of the fin stack,  

 

The average (maximum) heat flux Qout differed from the heat input Qin 

obtained from the electrical power device by ±4.02% (±10.01%) under heat 

pipe with fins condition. The average (and maximum) uncertainties for URhp,wf, 

Ukhp,wf, Uhc,wf (Eq. 5.13 – 5.15) were ±3.03% (±11.28%), ±2.98% (±10.42%) 

and ±5.62% (±18.56%) respectively. Results were summarised in Table C.5 – 

C.8, Appendix C.  

(Note: the percentage value in bold indicates the average uncertainty and that 

in (bracket) refers to the maximum uncertainty.) 
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                              (5.14) 

 

 (5.15) 

 

5.8  Summary   

This chapter provides a full experimental characterisation based on a 2-

cell test rig. With the provision of two surrogate battery cells, a wide range of 

battery ‘off-normal’ thermal conditions can be simulated facilitating the 

evaluation of the heat pipe cooling and preheating system.  

A conceptual prototype for experiment that contains two surrogate battery 

cells was introduced. The eligibility of substituting atonal 324 for lithium-ion 

battery electrolytes has been assessed. The surrogate battery achieved similar 

temperature results under low power inputs and was more prone to temperature 

change. This facilitates the extension of applying the proposed thermal 

management method to a wider range of battery operating conditions implying 

that the cooling/heating solution is not limited to a certain type of batteries, but 

suitable for various batteries with a broader range of cooling/heating needs. 

The cooling evaluation was performed mainly through: 1) creating steady 

state battery operating environment to assess the performance of the proposed 

cooling system; 2) simulating aggressive battery charging/discharge scenarios 

to evaluate the transient behaviour of the cooling system; 3) analysing the 

effect of adding fins to the heat pipe condenser to improve heat transfer; and 4) 
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comparing cooling effectiveness resulted from perforated plates with aim of 

reducing system weight.  

Results show that the proposed method is able to keep the battery surface 

temperature below 40°C if the battery generates less than 10 W/cell, and helps 

reduce the battery temperature down to 70°C under uncommon thermal abuse 

conditions (e.g. 20 – 40 W/cell). Adding annular fins (optimised fin height of 

rf/r0 = 2 at fixed fin thickness and fin pitch) to the heat pipe condenser during 

cooling improves heat transfer but doubles the overall thermal resistance from 

0.44 K/W (w/o. fins) to 0.69 – 0.75 K/W (w. fins). Fin also helps maintain the 

heat transfer coefficient at the cooling end at 2,800 W/m2K and the overall heat 

transfer was significantly enhanced under power input of 20 – 50 W, 10°C 

cooling. The fin efficiencies derived from experiment ranged from 

approximately 58% to 70% with ±15% discrepancy at maximum. Improved 

cooling effect achieved by fins has also been observed under heat pipe 

transient cooling, as well as higher velocity fields visualised from FEA 

modelling.  

In addition, it is difficult to conclude the effect of plate perforation. 

Factors such as hole size, direction and distribution, the range of power inputs, 

and thermal conductivities of the battery cells are mutually dependent. For 

surrogate battery, due to low thermal conductivities of all directions, plate 

perforation seems to be less efficient and less favourable to the overall heat 

transfer. For lithium-ion battery, plate perforation has little impact under low 

heat dissipation rate as heat comes from the battery can be quickly distributed 

through length and height. The effect of perforation becomes beneficial during 

high power inputs. 
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Furthermore, the feasibility of using sintered copper-water heat pipes 

under sub-zero temperatures has been assessed experimentally by exposing the 

test rig to -15°C/-20°C for more than 14 hours. Data indicates that the heat 

pipe was able to function immediately after long hours of cold exposure and 

that sub-zero temperature conditions had little impact on heat pipe 

performance. A table of heating time consumption under 20°C and 40°C 

preheating was provided. Results show that high heating temperature and fins 

both can benefit the heat transfer performance.  
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Chapter 6   

Application to Battery Thermal 

Management for Electric Vehicles  

6.1  A 30-Lithium-ion-Cell Battery Pack using Heat 

Pipe Thermal Management  

The application to battery thermal management at pack level can be 

evaluated based on a scale-up model, which contains 30 lithium-ion battery 

cells as illustrated in Chapter 4, Fig. 4.2. This model simulates the temperature 

profile in 30 cells and heat pipes in connection with a glycol-water coolant 

channel. The study aims to accelerate the development of actual solution and 

reduce the necessity of large-scale experimental prototype building. The 

average heat source in the lithium-ion battery cell will be calculated using 

either a combination of experiment data and Eq. 3.18 – 3.19 derived from Sato 

[97] or a full 1D electrochemical model.  
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6.1.1     Battery Cell Model  

6.1.1.1   Decoupled 

Two EV driving cycles are provided by FAW (Fig. 6.1). These 

experimental data will be used to calculate corresponding dynamic battery heat 

generation via Eq. 3.18 – 3.19 and to report system transient thermal response. 

Cycle 1 or 2 will be repeated for 4 – 6 times continuously. The heat pipe 

method is compared with air cooling. A convective heat transfer coefficient of 

hair = 10.1 W/m2K suggested by Smith and Wang [194] and forced air 

convection hair = 40 W/m2K [233] (low to moderate air speed, 0.7 m/s) are 

used on the exterior surfaces. The ambient environment and initial module 

temperature are assumed to be 35°C. The cooling medium temperature is 

20°C. Fig. 6.2 calculates the battery cell heat generation obtained from these 

two cycles. 

(a)  
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(b)  

Figure 6.1: EV driving cycles provided by FAW: (a) Cycle 1; (b) Cycle 2. 

 

(a)  
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(b)  

Figure 6.2: Single battery cell heat generation obtained from: (a) Cycle 1; (b) 

Cycle 2. 

 

6.1.1.2   Coupled 

The cell model is created using the lithium-ion battery interface illustrated 

in Chapter 4, Fig. 4.6. The temperature is set to the mean temperature in the 

active battery material of the thermal model through an integration component 

coupling. A square wave function is used to determine the alternating charge-

discharge current at a maximum continuous rate of 4C with a cycle time of 600 

s followed by a relaxing period after 1500 s (Fig. 6.3). To note, 1C corresponds 

to the charge/discharge current required for a fully charge or discharge in an 

hour, and 4C represents a 4 times higher current, which results in a full 

charge/discharge in 1/4 of an hour, i.e. 15 minutes. Fig. 6.4 gives the total heat 

dissipation Qh (W/m3) obtained from negative electrode, positive electrode, 

separator, and all domains at selected times (t = 0 s, 299.95 s, 300 s, 599.95 s, 

600 s, 899.95 s, 900 s, 1199.95 s, 1200 s, 1499.95 s, 1500 s, 2100 s).  
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Figure 6.3: Cell potential and current load from an alternating 4C charge-

discharge cycle obtained from 1D electrochemical model. 

 

 

Figure 6.4: Total heat dissipation Qh (W/m3) of negative electrode, positive 

electrode, separator, and all domains at selected times (t = 0 s, 299.95 s, 300 s, 

599.95 s, 600 s, 899.95 s, 900 s, 1199.95 s, 1200 s, 1499.95 s, 1500 s, 2100 s).  
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6.1.2     Flow and Heat Transfer Model  

The type of fluid flow considered here is incompressible laminar flow. 

The energy equation can be solved to model conjugate heat transfer problems 

including conduction, convection and surface-to-surface radiation. The 

emissivity values of the materials used in the model were taken from [234].  

 

6.1.2.1   Geometry and Mesh 

A simplified assembly version of Fig. 4.2 without detailed casing 

structures was created by SolidWorks and imported to COMSOL 4.3b (Fig. 

6.5). Virtual operations such as form composite faces and mesh control faces 

were used for a better quality mesh. The maximum and minimum element size 

for general physics is 0.051 m and 0.00918 m respectively. The element size 

for fluid dynamics boundaries is 0.00885 m maximum and 0.00167 m 

minimum. The mesh statistics in Fig. 6.7 shows that a total number of elements 

1,081,070 were created with 984,430 tetrahedral elements and an average 

element quality of 0.64.  
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Figure 6.5: A 30-cell battery pack using heat pipe thermal management built in 

COMSOL 4.3b.  

 

 

Figure 6.6: Meshing (normal mesh size). 
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Figure 6.7: Mesh statistics using normal mesh settings. 

 

6.1.2.2   Domain Settings and Boundary Conditions 

The flow compartment is a coolant box filled with glycol-water mixture. 

The fluid properties are calculated using the inlet temperature as input. The 

flow enters from one side to another passing through heat pipe condensers in a 

counter direction for a much more effective heat transfer. An average flow rate 

of 5.95×10-4 m3/s (i.e. 0.595 l/s or 0.059 kg/s) is assumed accounting for a 

steady state temperature difference of 0.5°C between inlet and outlet at a 

maximum heat generation of 41.27 W/cell for 30 cells (Re = 1,790, fully 

developed laminar flow). This value is also in proportion with the experimental 

value used for 2 cells. A tenth of this flow rate value (0.0595 l/s) is applied in 

comparison with the results achieved from high flow rate. The normal inflow 

velocity will then be given to the inlet, which equals to the flow rate divided by 

the cross-sectional area of the inlet. For the outlet, 0 Pa is applied. All other 

boundaries are set to no-slip conditions.  
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The temperature field is solved for the coolant flow compartment, the heat 

pipes, the plates, and the batteries. The materials, densities, and heat capacities 

in those domains are set up in the same way as depicted in Chapter 4. The inlet 

temperature is 20°C. An outflow condition is specified at the outlet and 

symmetry conditions are applied when necessary. A convective heat flux is 

applied to all other boundaries with a heat transfer coefficient of 4 W/m2K at 

an ambient temperature of 35°C. This accounts for some heat being lost to the 

surroundings.  

 

6.1.3     Solver Sequence  

The model will be solved sequentially in three studies, one study for each 

physics interface. Two assumptions are made with regard to study analysis: (1) 

the material properties of the cooling fluid and battery materials are calculated 

based on an average temperature of the battery pack; (2) the variations in heat 

generation during the charge-discharge load cycle is slower than the heat 

transport within the battery pack. This implies that the thermal balance can be 

considered as quasi-stationary for the given battery heat source and at a given 

time during the load cycle.  

The laminar flow interface will be solved first, assuming a uniform 

temperature (the inlet temperature) and the properties of the glycol-water 

mixture in the coolant channel being constant. The average heat source 

generated from the batteries can be sorted using the second study, which 

defines a time-dependent study solving the 1D battery model. The simulation 

starts from the initial condition to a set time within the predefined charge-
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discharge cycle (Fig. 6.3). Then, the quasi-stationary temperature of the 

battery pack at that specified time can be solved in a stationary study step, 

which will be the third study, coupling the flow velocity from the first study 

and the average heat source from the last step of the time-dependent simulation 

in the second study.  

The third study can also be made into a time-dependent step that combines 

battery model and flow and heat transfer model to report temperature change 

throughout the entire charge-discharge cycle in Fig. 6.2 and Fig. 6.3. To note, 

in order to improve the convergence of the time-dependent solver and 

accelerate computing time, only two cut sections (see Chapter 6.2.2) from the 

battery pack will be performed.  

 

6.2  Battery Cooling (Single Cell, Time Dependent) 

6.2.1     Decoupled  

Results shown in Fig. 6.8 (a) report that heat pipes kept battery surface 

temperature almost constant after the second cycle, and after the fourth cycle in 

Fig. 6.8 (b). The peak temperature was below 36°C and 46°C at all times under 

four continuous Cycle 1 and six continuous Cycle 2 respectively. Unlike air 

cooling, which was unable to maintain the battery surface temperature under a 

safety limit of 70°C after the third cycle, the combination of heat pipes with 

liquid cooling performs well in dissipating unwanted heat from the battery 

cells. Higher convective heat transfer coefficient in air cooling may be useful 

after repeating the second cycle, but air cooling retains ineffective under 
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aggressive driving scenarios and a higher risk of thermal runaway is very 

likely to be expected.  

 

 (a)  

(b)  

Figure 6.8: BTM comparative analysis between using heat pipe and using air 

convection under: (a) Cycle 1 – repeated 4 times; (b) Cycle 2 – repeated 6 

times (Tamb = 35°C, Tair = Tinlet = 20°C, vair = vg-w = 0.75 m/s). 
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6.2.2     Coupled  

A fully coupled model for 30 cells using a time-dependent solver can be 

computationally costly. In order to reduce the computing time and improve 

convergence, sections from the battery pack are selected. Fig. 6.9 shows two 

sections cut from the pack. Section A contains one battery cell cooled from 

both sides while Section B sits at the edge of the pack with only one side 

cooled by the heat pipe. Symmetrical planes indicated in Fig. 6.9 are applied to 

both sections.  

 

 

Figure 6.9: Sections cut from the battery pack for model demonstration. 
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Fig. 6.10 and Fig. 6.11 demonstrate the temperature and velocity profile 

for Section A and B at t = 300 s, 600 s, 900 s, 1200 s, 1500 s, and 2100 s at an 

initial temperature of 35°C under two flow rates, 0.0595 l/s and 0.595 l/s. The 

velocities range from 0 – 0.06 m/s and 0 – 0.6 m/s respectively. Fig. 6.12 

shows the maximum and average temperature change of the battery during a 

transient simulation. The difference in heating rate between charge and 

discharge is because the entropy change for the charge and discharge reaction 

is different.  

High liquid rate cools down the battery cell drastically, maintaining the 

average temperature change below 8°C with respect to inlet temperature of 

20°C throughout the entire cycle. The maximum temperature, which occurs 

mostly on the top of the battery cell, undergoes huge temperature swings 

showing a maximum of 26°C difference at 1200 s (i.e. the end of the second 

discharge) for Section B (Tbatt, max = 46°C), and 15°C for Section A (Tbatt, max = 

35°C). After 1500 s (the end of the third charge), the maximum battery 

temperature can be effectively reduced by 12 – 14°C during the 600 s relaxing 

time; and the average battery temperature, by 4 – 6°C. For results obtained 

from low liquid flow rate, i.e. 0.0595 l/s, the average (maximum) temperature 

difference is 4°C (6°C) higher for Section A, and 2°C (3°C) higher for Section 

B. In addition, pressure and velocity distribution across the liquid box are 

displayed under two flow rates for two sections cut from the battery pack in 

Fig. 6. 13 – 6.16. The velocities change by x10, while pressure difference 

results in x102 from inlet and outlet. The resultant pressure change is 270 Pa 

for 0.595 l/s case.  
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(a)  

(b)  

Figure 6.10: Temperature and velocity profile of Section A at t = 300 s, 600 s, 

900 s, 1200 s, 1500 s, and 2100 s under (a) q = 0.0595 l/s and (b) q = 0.595 l/s 

(Tamb = 35°C, Tinlet = 20°C). 



 
192 

 

(a)  

(b)  

Figure 6.11: Temperature and velocity profile of Section B at t = 300 s, 600 s, 

900 s, 1200 s, 1500 s, and 2100 s under (a) q = 0.0595 l/s and (b) q = 0.595 l/s 

(Tamb = 35°C, Tinlet = 20°C). 
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Figure 6.12: Battery temperature change (maximum and average) of the 

selected battery cells cooled at both sides and one side in a 30-cell battery pack 

(Section A and Section B) under a 2100 s 4C charge-discharge cycle mentioned 

in Fig. 6.3 (Tamb = 35°C, Tinlet = 20°C, q = 0.0595 l/s and 0.595 l/s). 

 

 

 Figure 6.13: Pressure distribution across the liquid zone of (a) Section A and 

(b) Section B under v = 0.0595 l/s at t = 600 s.  

 



 
194 

 

 

Figure 6.14: Pressure distribution across the liquid zone of (a) Section A and (b) 

Section B under v = 0.595 l/s at t = 600 s.  

 

Figure 6.15: Slices of velocity distribution across the liquid zone of (a) Section 

A and (b) Section B under q = 0.0595 l/s at t = 600 s.  
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Figure 6.16: Slices of velocity distribution across the liquid zone of (a) Section 

A and (b) Section B under q = 0.595 l/s at t = 600 s.  

 

6.3  Battery Cooling (30 Cells, Stationary) 

6.3.1     Decoupled  

The decoupled model is to apply a constant value for the heat generation 

of the battery cell treating the whole pack as a standalone thermal model.  

Steady state temperature distribution across the battery pack under 1 – 4C 

discharge rate is demonstrated in Fig. 6. 17 under both low and high flow rate. 

Unevenly distributed heat can be found at sides, where only one side of the 

battery cell is in contact with the heat pipe. Low flow rate is unable to maintain 

the maximum battery temperature below 50°C especially at high discharging 

rates. The maximum temperature can be reached to as high as 73.58°C if 4C is 

constantly discharged and low flow rate (0.0595 l/s) is supplied. High flow rate 

can help battery dissipate heat well achieving nearly uniform temperature 

distribution under low and high discharge rates. The maximum temperature 
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can be therefore reduced to 49.61°C at 4C steady state discharge rate. The 

pressure contour across the liquid box between the inlet and outlet suggested 

from Fig. 6.18 is insignificant due to large surface area for inlet assumed in the 

liquid zone, which is 17 Pa difference maximum under high flow rate. 

Velocities obtained vary from 0 – 0.016 m/s and 0 – 0.16 m/s across the liquid 

zone from two applied flow rates (Fig. 6.19). Fig. 6.20 demonstrates the 

temperature distribution among 18 cells where cooling is available for both 

sides of the battery cell. Highly uniform temperature distribution is achieved at 

0.595 l/s maintaining the maximum temperature below 46.96°C at 4C 

continuous discharge. Higher flow rate also reduces the average battery surface 

temperature difference across 18 cells to approximately 6°C under 4C 

discharge rate compared to 10°C over 30 cells. Nonetheless, low flow rate can 

be suitable for 1 – 2C continuous discharging where a lower heat dissipation 

rate is expected. 

 

 

(a) 
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(b) 

Figure 6.17: Steady state temperature and velocity profile of the 30-cell battery 

pack under 1 – 4C discharge at (a) q = 0.0595 l/s and (b) q = 0.595 l/s (Tamb = 

35°C, Tinlet = 20°C). 

 

 

Figure 6.18: Pressure contour profile of the 30-cell battery pack under (a) q = 

0.0595 l/s and (b) q = 0.595 l/s (Tamb = 35°C, Tinlet = 20°C). 
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Figure 6.19: Velocity profile (8 slices of y-z plane) of the 30-cell battery pack 

under (a) q = 0.0595 l/s and (b) q = 0.595 l/s (Tamb = 35°C, Tinlet = 20°C). 

 

 

 

(a) 
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(b) 

Figure 6.20: Steady state temperature and velocity profile of the 18-cell battery 

pack (cooled at both sides) under 1 – 4C discharge at (a) q = 0.0595 l/s and (b) 

q = 0.595 l/s (Tamb = 35°C, Tinlet = 20°C). 

 

6.3.2     Coupled (Quasi-Stationary)  

As mentioned earlier in solver sequence, a quasi-stationary study will be 

applied for 30 cells, which couples the laminar flow in the first study and the 

average heat source from the last step of the time-dependent study in the 

second study. This implies that the battery heat source used for the quasi-

thermal balance is at a given time during the 4C load cycle, written as Qh,t 

(W/m3). The heat generation rate varies significantly from 299.95 s (599.95 s) 

to 300 s (600 s) according to Fig. 4.12 and Fig. 6.4, so it is suggested to use 
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Qh,t=300s, Qh,t=600s, Qh,t=299.95s and Qh,t=599.95s as heat source references for 30 cells 

in the quasi-stationary study.  

Results for 30 cells and 18 cells (battery cells cooled by both sides) under 

those conditions under two cooling rates are displayed in Fig. 6.21 and Fig. 

6.22. At higher cooling rate, the temperature difference across the whole pack 

after reaching to steady state status can be maintained below 5°C under low 

heat source generation rates (Fig. 6.21), i.e. Qh,t=300s and Qh,t=600s, and below 

3°C for batteries cooled from both sides. High heat generation rates obtained 

from 4C charge at 299.95 s (i.e. Qh,t=299.95s) and 4C discharge at 599.95 s (i.e. 

Qh,t=599.95s) reduce the temperature uniformity of the battery pack leading to 

approximately 35°C between the maximum and minimum temperature from 30 

cells and 25°C difference from 18 cells under 0.595 l/s. Heat spots are mainly 

found among top surfaces of the battery cells where no cooling is supplied.  

 

 

(a) 
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(b) 

Figure 6.21: Quasi-stationary temperature and velocity profile of the battery 

pack that contains 30 cells and 18 cells at the heat generation rate Qh,t obtained 

from coupling 1D electrochemical battery model and heat transfer model at (a) 

t = 300 s and (b) t = 600 s.  
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 (a) 

 

(b) 

Figure 6.22: Quasi-stationary temperature and velocity profile of the battery 

pack that contains 30 cells and 18 cells at the heat generation rate Qh,t obtained 

from coupling 1D electrochemical battery model and heat transfer model at (a) 

t = 299.95 s and (b) t = 599.95 s.   
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6.4  Battery Preheating (30 Cells, Time Dependent) 

The thermal management of heat pipe preheating can be effective, where 

the heat energy is extracted through fluid heating from an electric heater or a 

bioethanol heater, and is transferred to each single battery cell simultaneously 

via heat pipes. The heat pipe in this case is operated under gravity-assisted 

condition. It is assumed that energy or heat is available to warm up the battery, 

so the focus will be transferring this thermal energy to the battery by using heat 

pipes.  

The heat power estimation was based on a simple lumped capacitance 

model. This was to calculate the amount of power needed to warm up the 

battery during winter in a specific amount of time. The efficiency of heat 

transfer from source to the model was assumed to vary from 50% to 100% 

dependent on cell formation (e.g. width to length aspect ratio), cell and pack 

hardware and assembly, and heating methods. The heat transfer equation can 

be formulated below where the heat loss from the battery hA(T-T0) was 

negligible compared to q if assuming 100% heat transfer efficiency. 

                                                               (6.1) 

Fig. 6.23 indicates the amount of heat power required per battery mass at 

the rate of temperature rise. The results were based on a lithium-ion battery 

cell with mass of 0.453 kg and specific heat capacity Cp of 1,060 J/kg°C (Table 

4.1). In order to heat up a 13.59 kg lithium-ion battery pack (30 cells) from -

20°C to 0°C in 5 or 10 minutes, a minimum power of 0.96 kW or 0.48 kW can 

be estimated under 100% efficient process.  
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Figure 6.23: Estimated heat power requirement under 50%, 75% and 100% 

efficiency. 

 

Numerical simulation for the target 30-cell lithium-ion battery pack within 

900 s has been performed. Laminar model was used and a number of 

monitoring points were set to report system transient thermal response in 900 s 

(time step: 2 s, solution save interval: 10). Natural convection was considered 

on the exterior surfaces with film coefficient of 2 W/m2K at two sides and 3 

W/m2K on the top surfaces. The bulk temperature for all convection surfaces 

and initial module temperature were assumed to be -20°C. The heat source 

available on-board is the hot glycol-water mixture discharged through the 

liquid box underneath, at an inlet temperature of 40°C. The mass flow rate of 

fluid inlet is 0.059 kg/s (i.e. 0.595 l/s) in proportion with the experiment. The 

battery pack has 6 rows and each row contains 5 cells. The cell number 

demonstration can be found in Fig. 4.2 and the results obtained under 40°C 

preheating is demonstrated in Fig. 6.24.  
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Figure 6.24: Thermal response of 30-cell battery under 40°C preheating in 

900s. 

 

In order for all 30 cells (cell 1-30) to reach to at least 0°C, it takes 

approximately 540 s (9 minutes) under 40°C preheating. From previous 

calculation, the minimum heat power required to heat up such battery pack 

from -20°C to 0°C in 9 minutes is 0.43 kW. The temperature increases of the 

first cell in each row (cell 1, 6, 11, 16, 21, 26) appear to be more significant 

than the rest cells in the same row, and the temperatures of cell 3, 4, 8, 9, 13, 
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14, 18, 19, 23, 24, 28, 29 experience the slowest increase among others in the 

same row. Delays in temperature increase from the last two rows (row 5 & 6) 

can be seen from the first 80 s. The degree of temperature uniformity across 

row 1, 3, 5 remains poorer than row 2, 4, 6, reflected by a considerate 

temperature difference between cell 1, 11, 21 and the rest cells in the same 

row. The average rate of temperature rise within 540 s is 0.045 °C/s (2.7 

°C/min), and within 900 s is 0.035 °C/s (2.1 °C/min). Improving fluid flow 

inside the liquid zone by constructing buffer plates or creating a dynamic flow 

velocity profile to compensate for localised temperature increase are therefore 

suggested for future work in order to increase pack temperature uniformity. 

 

 

6.5  Summary 

The application to battery thermal management at pack level has been 

evaluated based on a scale-up model, which contains 30 lithium-ion battery 

cells. This model simulates the temperature profile in 30 cells and heat pipes in 

connection with a glycol-water coolant channel. Both decoupled/coupled 

battery cell model and flow and heat transfer model are used to evaluate 

battery cooling and preheating under stationary and time dependent manner. It 

aims to reveal the limitation of the proposed method by covering an extensive 

range of battery operating conditions. 

With the provision of two EV driving cycles given by FAW, heat pipe 

cooling is compared with air cooling under repeated cycles. Higher convective 

heat transfer coefficient in air cooling may be useful after repeating the second 

cycle, but air cooling retains ineffective under aggressive driving scenarios. 
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The heat pipe liquid cooling, however, keeps the peak temperature under 4 

continuous cycles (Cycle 1) below 36°C and 46°C at all times within 6 

continuous cycles (Cycle 2). In addition, two locations within the battery pack 

are selected for a fully coupled time dependent analysis. Heat pipe liquid 

cooling cools down the battery cell drastically, maintaining the average 

temperature change below 11°C and 8°C throughout the entire cycle under 

0.0595 l/s and 0.595 l/s cooling rate respectively.  

Results from decoupled model for 30 cells show that high flow rate (0.595 

l/s) can effectively reduce the temperature difference across the battery pack to 

10°C (30 cells) and 6°C (18 cells) under the worst scenario (continuous 

maximum 4C discharge rate), maintaining the maximum temperature below 

49.61°C (30 cells) and 46.96°C (18 cells). Quasi-stationary evaluation takes 

battery heat source as the quasi-thermal balance at a given time during the 4C 

load cycle, and temperature variation seems substantial at higher heat 

generation rates such as  Qh,t=299.95s and Qh,t=599.95s. Temperature monitoring for 

battery preheating under 40°C, 0.595 l/s is performed on a time dependent 

basis. In order for all 30 cells to reach to at least 0°C, it takes approximately 

540 s (9 minutes). The temperature uniformity was reported as ‘poor’, which 

generates thoughts of improving fluid flow inside the liquid zone by 

constructing buffer plates or creating a dynamic flow velocity profile to 

compensate for localised temperature increase to achieve thermal 

homogeneousness of battery pack temperature distribution.    
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Chapter 7   

Exploring Biomimetic Wicks in Ultra-thin 

Flat Plate Heat Pipes for Improved Surface 

Wettability and Capillary Limit 

7.1  Concept Design  

7.1.1     Background  

Microelectronics has become the very key element for today’s high tech 

industry due to the fact that it is smaller, thinner, lighter, and more portable. 

Heat pipe, as one of the many kind to help managing the thermal environment 

of the devices, also needs to be downsized. Particularly, in areas where spatial 

limitation is encountered and for device (e.g. battery cell with small gaps) that 

requires a large surface area to volume ratio to capture as much power density 

as it possibly can, flat plate heat pipe (FPHP) comes to consideration due to its 

well defined geometry and the ability in reducing thermal spreading resistance 

by 40 times compared to normal heat pipes.  

The basic mechanism of a heat pipe is performed through three sections: 

the evaporator, the adiabatic section, and the condenser. Working liquid is 

heated and vaporised in the evaporator, and the generated vapour flow to the 
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condenser releasing latent heat. The resultant liquid condensate will then be 

drawn back to the evaporator due to capillary forces thus repeatedly forming 

the above cycle. The axial vapour and liquid flow created by induced pressure 

differences takes credits for heat pipe operation, such that the elimination of 

external pumping system is possible.      

The widely used cylindrical heat pipes have clear advantages because they 

can be treated as natural pressure vessels, which can endure large pressure 

differences generated by liquid and vapour inside, and the compressive or 

tensile forces resultant on the walls. For FPHP with high surface area to 

volume structural integrity, the large surface area is vulnerable to withstand the 

pressure difference exerted between pipe internal and external causing material 

failure. Adding support posts or sintered column posts into the heat pipe 

becomes the highest priority especially in ultra-thin FPHPs, which help to 

strengthen the overall structure counteracting the pressure. These structural 

supports, however, create obstacles prohibiting vapour and liquid two-

dimensional flow, and add a significant amount of weight to the entire heat 

pipe. One aim of this design is to form lighter structural supports that do not 

clog the flow passage while maintaining excellent capillary force.  

Another issue, found in battery cells in particular, requires heat pipe to 

cope with anti-gravity (evaporator is above the condenser) where capillary 

limit is challenged. Wick pore size, wick thickness, and wick structure are all 

required to be optimised such that high capillary pressure and high 

permeability can be obtained at the same time. Some trade-offs exist. For pore 

size-wise, smaller pores generate larger capillary head but low wick 

permeability impeding liquid flow. Thick wick enhances heat transfer ability 



 
210 

 

by enlarging surface area but considerably results in high radial thermal 

resistance lowering the allowable maximum evaporator heat flux. 

Homogenous wick structure is only able to satisfy one beneficial criterion, 

either high capillary limit or high permeability. In addition, due to 

contradictory purposes served by heat pipe evaporator and condenser, the wick 

should be designed separately. The wick criteria associated with capillary limit 

for the evaporator, adiabatic and condenser are necessary to be individually 

examined and designed. 

In a prior art, common deficiency is often found in ultra-thin FPHPs, 

especially in anti-gravity condition because optimum heat transfer potential is 

not fully exploited. The internal structure, either be lacking of vapour voids 

after flattening, or be failed to satisfy both evaporator and condenser, hindering 

such heat pipe to be well functioned.  

Examples of ultra-thin FPHP devices, which take into account of vapour 

voids, can be seen by reference to US Pat. 2010/0266864 A1 [235], 

2010/0319882 A1 [236], and 2012/0118537 A1 [237]; while heat pipe with 

different wick structures for evaporator, adiabatic and condenser can be seen 

from US Pat. No. 4489777 [238].  

To date, no one has devised an ultra-thin FPHP with enough vapour space 

while producing excellent capillary limit by applying different wicks for each 

heat pipe segment, especially under anti-gravity condition.  

 

7.1.2     Biomimetic Possibility 

The possibility of mimicking desirable properties from nature accelerates 

material improvement and generates commercial interests. For heat pipe 
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development, many attempts have been made in heat pipe wicks to enhance its 

capillary performance by using mimic biology. Constructing biporous, 

composite, or nanopillar wicks with aim of achieving hierarchical structure has 

been found in many studies, and mimicking beetle shell surface to obtain 

hybrid wettability shows biomimetic potential in heat pipe wicks.  

The diversity and adaptability of the natural world fascinates mankind and 

enables human revolution. Our attempt in developing new manufacture 

methods to synthesise an isolated function in nature is encouraged, and the 

necessity to fully understand such natural occurring process avoiding blindly 

copying nature is demanded. For heat pipe improvement, a change in wick 

structure can help generate effective results. With the provision of the wick, a 

heat pipe can work in any orientation. The wick serves the function of further 

complicating the boiling process offering additional nucleation sites beneficial 

for bubble formation and modifying the movement of liquid and vapour 

towards or from the heated surface Grover [239]. The associated capillary 

force created by the wick, notably, forms the main criteria in evaluating heat 

pipe performance, which helps to achieve passive operation, i.e. pulling back 

the condensed liquid from condenser to evaporator enabling the cycle. 

Therefore, it is desired to investigate some nature generated capillary effect 

from plants, insects, to aquatic animals in terms of cell or surface structures.   

Many biomimetic studies towards superhydrophobic or superhydrophilic 

effect [240-243] have been conducted in recent years offering a convenient 

path for engineers to extract relevant details (e.g. surface structure, contact 

angles/wettability, materials in contact) for current technology development. In 

mimic biology, capillary effect is always accompanied by adopting 
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hierarchical surface structure for micro- or nano-scale applications, which is 

the response to various mechanisms including dissipation, friction and wetting 

[244]. It is the hierarchical structure that helps the species to achieve the 

adaptability in diverse forms of functions based on various characteristic 

length scales. If such hierarchical structure helps plants and creatures establish 

their adaptable mechanisms of energy dissipation and transition, it is possible 

that the engineers can follow the principles in order to develop improved 

environment-friendly technologies.  

In heat pipe development when heat flux exceeds hundreds or thousands 

of W/cm2, constructing biporous or bidisperse [245-248], composite (e.g. 

sintered-grooved) [249-255], micro- or nano-pillar wicks [256-258] seems to 

offer a better solution. These can be attributed to hierarchical structure, which 

helps to achieve high capillary pressure while maintaining relatively high 

vapour permeability. Mono-porous or single structure will always lead to high 

capillarity but low permeability or low capillarity with high permeability. In 

addition, Zhao et al. [259] proposed a beetle inspired superhydrophobic 

condenser with hydropihilic bumps to accumulate condensate so as to achieve 

hybrid wettability.  

 

7.1.2.1   Hierarchical Structure from Nature  

7.1.2.1.1 Wetting Phenomenon  

Many biological structures at the micro- and nano- scale in both plant and 

animals have demonstrated their interaction with water and hence the 

wettability. For instance, surface structure or roughness of the xylem in trees 

varies among species and differs with climates [260]. In hot and dry climate, 



 
213 

 

xylem with small warts indicates superhydrophilicity, where the contact angle 

of water within xylem is extremely low, i.e. increased wettability. The water 

collecting ability of the capture silk of the Cribellate Spider [261] gives light 

to the surface wettability. With periodic spindle-knots and joints, continuous 

condensation and directional water drops collection can be achieved. The 

unique system of cactus [262] composed of well-distributed clusters of conical 

spines and trichomes on the cactus stem and multi-level grooves from 

microgrooves to submicorgrooves on the spine intrigues the investigation of 

structure function relationship and wetting mechanism. Furthermore, desert 

beetles [263, 264] that use multi-functional elytra surface structure 

(hydrophilic bumps on hydrophobic base) to capture water from humid air, and 

a systematic structure of spikes, scales and channels involved in moisture 

harvesting lizard’s skin [265-267] indicate the level of hierarchical order 

influencing surface properties.  

 

7.1.2.1.2 Capillary Effect  

A cohesion-tension theory has often been applied into trees, despite the 

fact that the exact mechanism of water transport has not been fully understood 

[268]. It is said that water can be transported by tension forces caused by 

capillary force and leaf transpiration. The capillarity increases when xylem 

diameter is smaller, and branching of the xylem increases capillarity [269]. In 

addition to the surface properties of certain lizards mentioned earlier, they 

employ capillary transport over their skin to assist drinking. In the case of 

Moloch Horridus, its spikes [266] help to encourage water to run over the skin, 

and micro-structured scales [265], often covered in a honeycomb structure of 

walls, increase surface wettability. The channels, which are inter-scalar and 
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differ from 10 µm [265] to 100 – 150 µm [266] will form inter-scalar capillary 

system and capillary connections for moisture harvest. A gradient of capillary 

sizes to passively lift water can vary according to the distance from the mouth, 

with smaller capillaries near the mouth and larger capillaries far away from it. 

 

 

Figure 7.1: MRI scanning of live plants. (a) Musa X Paradisiaca. (b) Salix 

Flamingo. (c-d) 3D water flow distribution in xylem vessels obtained from (c) 

Musa X Paradisiaca and (d) Salix Flamingo. (e-f) Cross-sectional and 

longitudinal view of water distribution of (e) Musa X Paradisiaca and (f) Salix 

Flamingo (Note: signal intensity level helps reflect water distribution, blue 

indicates low intensity, i.e. less water; red indicates high intensity, i.e. more 

water). (g) MRI scanned rate of water transport Jv (mm/s) in the xylem vessel 

of Salix Flamingo (an average peak velocity of 0.2 mm/s was obtained).  
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For a more comprehensive study of capillary effect in plant, we introduced 

MRI scanning (Philip 3T Achieva machine, with resolution of 0.3×0.3 mm 

with 3 mm layer gap) of two chosen plants: Musa X Paradisiaca and Salix 

Flamingo (Fig. 7.1 (a-b)). MRI provides the possibility of visualising internal 

structures and metabolites of the plants occurring in vivo. The major aims are 

to study how plants move water upwards, find potential biomimetic solutions 

to improve fluid flow in porous structures, and form a better understanding of 

capillary effect in porous media.  

Fig. 7.1 (c-d) demonstrate the water flow distribution in 3D and Fig. 7.1 

(e-f) display the magnetic signal intensity reported by MRI that reflects the 

degree of water concentration from both cross-sectional and longitudinal view. 

Results indicate that water flow through the xylem is very efficient because a 

considerate amount of water distribution in xylem vessels was seen throughout 

the entire plant (from the bottom to the top). However, due to machine 

resolution limit, the precise structure of xylem vessel and water molecule 

movement was hard to observe. Further work on exploring xylem cell contact 

angle and capillarity is desired and may be fulfilled by adding tracer to the 

stem.  

Fig. 7.1 (g) shows the rate of transport Jv (mm/s) in the xylem obtained 

from Salix Flamingo, which suggests an average of peak velocity of 0.2 mm/s. 

Usually for wide xylem vessel that has radius ranging from 100 – 200 µm, the 

highest peak water transport velocities are 4 – 13 mm/s; for smaller one which 

varies from 25 – 75 µm, a lower average peak velocity of 0.3 – 1.7 mm/s can 

be resulted [270]. This implies that for Salix Flamingo, it has smaller vessels 

that tend to result in lower peak velocities. According to Poiseuille’s equation 
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(Eq. 7.1), the pressure gradient  can be estimated to overcome the 

viscous drag that arises as water moves through an ideal xylem vessel at this 

velocity Jv (0.2 mm/s) through ideal uniform xylem vessel with a radius of 25 

µm. If assuming µ (µ = 8.9×10-4 Pa·s at 25°C) is the water viscosity of xylem 

sap, the pressure gradient  required is 2,278 Pa/m. To note, for real 

vessels, where irregular inner wall surface and constrictions exist, they often 

have large resistance to water flow.  

                                                                      (7.1) 

 

7.1.2.1.3 Theory Behind  

The concept of hierarchy can be defined as two or more levels created by 

combinations of structures of different dimensions, and the number of levels or 

so-called hierarchical order is related to a particular function of each level of 

material structure [271]. This translates to surface roughness, and if small 

roughness superimposes onto a smooth surface, such as the mentioned surfaces 

of cactus, beetles and lizards, changes in system behaviour can be resulted. 

One of the many system behaviours is the phenomenon of wetting, and it 

indicates how well the liquid moves to expose its fresh surface and to wet the 

surface of the solid in turn. Notably, the fundamental parameter that 

characterises surface wettability is the contact angle (CA) [272]. The CA is 

defined as the angle formed by the intersection of the liquid-solid interface and 

the liquid-vapour interface and is determined by a combination of surface 

tension and external forces such as gravity [273]. Favourable surface wetting 

has a CA less than 90o while unfavourable wetting has the angle greater than 

xp  /

xp  /

















x

r
J

p

v



8

2



 
217 

 

90o. In various ranges of CA degrees, hydrophilic/hydrophobic (solid in 

contact with water, 0° < CA ≤ 90° for hydrophilic and 0° < CA ≤ 180° for 

hydrophobic) and superhydrophobicity (150° < CA ≤180°)/superhydrophilicity 

(almost 0°) can be introduced.  

Another classic element of wetting of liquid droplets in systems from 

centimetre to micro- or nano-meter scales is contact angle hysteresis (CAH) 

[274]. CAH was firstly explained by Cassie and Baxter [275], and it is the 

difference between the advancing and receding CAs. A low CAH is a measure 

of dissipation, and a high CAH is a measure of wetting [276]. CAH intrigues 

the relationship of the surface texture and solid surface energy and it occurs 

when the CA is not a fixed value, i.e. can have any value between the 

advancing and receding CA values [277, 278]. Moreover, CAH is believed to 

complicate the wetting cycle changing the behaviour from reversible to 

irreversible qualitatively.  

As mentioned by Nosonovsky and Bhushan [276], a small adjustment in 

surface structure/roughness may lead to a significant change in capillary force. 

This is because small-scale roughness produces new energy equilibriums and it 

changes the shape of water meniscus and hence, the meniscus force. The 

capillary effect is created due to the tendency of a liquid to minimise its free 

surface energy, which can be defined as the work energy input to the change of 

surface area. Molecules at a curvature surface have fewer bonds thus higher 

energy leading to surface tension. Hierarchical structure provides a platform 

for such energy to be spent on breaking generating cohesive force among the 

liquid molecules and adhesive force among molecules of other adjacent 

substances. It has been pointed out that capillarity depends on scale, and a 
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range of length-scales in hierarchical structure help to respond to different 

mechanisms such as wetting. Surface with only one scale of roughness cannot 

perform well [279], so it is desired to have large-scale details that offer 

structural strength while small-scale details for desired wetting properties and 

capillary effects.  

 

7.1.2.2   Hierarchical Structure from Heat Pipe Wicks 

7.1.2.2.1 Biporous Wicks  

Biporous wicks are aimed to overcome heat transfer efficiency in the 

evaporator and they can be recognised by constructing a low level of hierarchy 

structure where clusters of smaller particles are present. Many works have 

been conducted in exploring the benefits [245-248] and a good agreement on 

producing both high capillary pressure and high vapour permeability is 

established. It has an advantage in relatively high heat flux transfer 

performance, more than hundreds of or thousands of W/cm2. It has two levels 

of pore sizes: small solid particles (small pore) within a bigger porous particle. 

This results in biporous wicks having a special performance in vaporisation 

because it increases the number of small evaporating menisci with high heat 

transfer ability in second level pores. The bubbles can easily escape from large 

pores thus eliminating the chances of blocking the condensate return. The 

capillary forces developed in smaller pores are larger than those in bigger 

pores, so if increasing the evaporative heat flux, bigger particles will be filled 

by vapour but smaller pores still allow more evaporation. Very little variation 

in temperature drop can be seen when increasing heat flux, because the 

additional heat is taken away by evaporation in smaller pores. In addition, due 
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to the fact that capillary forces created in smaller pores are bigger, sucking 

effect is created enabling liquid to be sucked completely into minor pores 

[245]. A recent study [246] found that the effectiveness of biporous wicks 

subjects to an optimal ratio of particle to cluster size. The ratio should allow 

full wetting of both inter-cluster and inter-particle pores thus achieving 

maximum volume flow and capillary force. This again indicates the 

importance of multi-scale in hierarchy structure, at which desirable properties 

can be obtained.  

 

7.1.2.2.2 Composite Wicks  

Composite wick is known as combing two types of single structure such as 

metal fibres and axial grooves, screen mesh and axial groove, and sintered- 

groove [249]. It is often designed to decouple capillary pumping from flow 

resistance in heat pipes. It provides better capillary force while maintaining 

high permeability. A plurality of documented benefits of integrating groove 

and sintered wicks suggest a great role the hierarchy structure plays. The 

combination of groove and sintered wicks can be found in many works, with 

either longitudinal grooves lining inside the casing covered by sintered 

powders [249-252] or sintered powders forming groove structures [253-255]. 

Both configurations tend to utilise the advantages of grooves, which provide 

high longitudinal capillary pumping; and of sintered wick that provide high 

capillary pressure and the ability in dealing with anti-gravity. Grooved 

structure gives lands or channels to help the formation of continuous layer of 

longitudinal liquid [253], and sintered wicks eliminate the chances of non-

uniform circumferential liquid distribution [254]. Non-uniform circumferential 
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liquid distribution has always been found in groove wicks, both in evaporator 

and condenser, driving the imbalance of some grooves carrying excess liquid 

or none, i.e. dryout [253]. Therefore, exploiting advantages of both structures 

may help to overcome the common deficiency brought by single structure 

enhancing heat pipe performance efficiently and effectively.  

 

7.1.2.2.3 Micro- or Nano-pillar Wicks  

The advantages of mirco- or nanopillar wicks are that they sustain higher 

thermal conductivity compared to sintered wicks, and exhibit high 

permeability with low liquid pressure drop [257]. For a given wick 

morphology, the capillary effect can be improved by an order of magnitude if 

thin nanostructured layer formation is found on the post surface [280]. Pillar 

structure may always be found in microchannels to enhance the surface to 

volume ratio while increasing capillary flow. Ding et al. [258] studied the 

wetting behaviour of the titanium micropillars numerically and experimentally, 

and Zhang and Hidrovo [256] investigated the wicking principles given by 

nanopillar. Ranjan et al. [257] analysed wicking and thermal performance for 

the use in passive heat spreaders. They pointed out that different pillar 

geometries such as cylindrical, conical and pyramidal structures, being 

compared at a fixed porosity and permeability, have the potential of producing 

high capillary pressure and maximising thin-film evaporation. These again 

indicate the function of nanostructures creating desired wetting properties and 

capillary effects.  
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7.1.2.2.4 ‘Beetle Shell’ Wicks  

A new type of vapour chamber with beetle mimicking condenser wicks 

was proposed by Zhao et al. [259]. They fabricated a hybrid surface consisting 

of hydrophilic pillars (185 µm in height) and a superhydrophobic base. Unlike 

normal heat pipes that eliminate the external forces for liquid return, 

electrostatic force is applied to drive the accumulated water drops attached on 

the hydrophilic bumps back to the evaporator. The overall concept of such 

design is to reduce the use of wicks lowering heat pipe thermal resistance.   

 

7.1.3     Sintered Powder Wick Review 

Sintered powder wick is often used in heat pipes for that it can drive the 

internal condensate flow under any orientation due to the provision of the 

capillary force. Operating in this fashion, the heat can be continuously 

absorbed and released achieving an isothermal two-phase transfer. Desired 

characteristics of a sintered wick to achieve high thermal performance 

including the capillary pressure and wick permeability have always been the 

focus of previous investigation. However, these two properties are inversely 

related to the wick pore size so that the trade-offs between them should be 

carefully examined. A successful operation requires the capillary pressure that 

drives the working fluid inside the wicks to balance out the total viscous 

pressure drop that depends on the wick permeability. Small pores increase the 

capillary pressure but reduce permeability that induces a higher pressure drop 

of the liquid. Therefore, the heat pipe thermal performance is strongly 
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dependent on the wick structure and the ratio K/Reff is considered as a key 

design parameter for characterising the capillary limit.  

Numerous studies on sintered powdered wicks have been carried out to 

find the optimum geometric properties including wick pattern, size, thickness 

and shape, as well as fabrication parameters such as the effect of sintering time 

and temperature. The use of patterned or multi-scale wicks has been proposed 

by Semenic and Catton [248], who suggested using biporous wicks to improve 

capillary and boiling performance. The rationale behind is that smaller-scale 

pores tend to generate large capillary pressure to draw the liquid flow and 

provide sites for film evaporation or bubble nucleation, while larger-scale 

pores have low flow resistance for the bulk liquid transport and create vapour 

ventilation paths due to high permeability. According to Weibel et al. [232], 

sintered powder wicks exhibit an optimum particle size if a wick thickness is 

given. For a constant powder size, thicker wick extended the maximum dryout 

heat flux [248]. The layer thickness-to-particle diameter ratio t/3 = 3.85 (0.95 

mm/247 µm) was found by Chien and Chang [281], suggested to be the 

optimum value. Wang and Peterson [282] investigated the thickness effect in 

relation to the maximum capillary limit by using a two-dimensional analytical 

model of a square sintered powered evaporator. Increasing the wick thickness 

resulted in larger capillary limit but led to high surface superheat limiting the 

evaporative heat flux. Tsai and Lee [283, 284] studied the structural 

differences and powder shape effect in limiting the evaporative heat transfer. 

They compared the sintered dendritic-powder wicks with spherical structure 

and found that dendritic-powder wicks achieved higher heat fluxes at the same 

superheat level, although low in permeability and effective thermal 



 
223 

 

conductivity. The reason for this is due to thin-film evaporation. As pointed 

out by Hanlon and Ma [285] and Wang et al. [286] , thin-film evaporation 

attribute to more than 50% of the overall evaporative heat flux with only small 

temperature differences. Inter-pores in dendritic sintered powder structure help 

divide working liquid into smaller volumes thus promoting more meniscuses 

and thin films.  

In addition to understanding those parametric effects, visual observation of 

the wicks is given to provide a deep insight into the capillary performance. For 

instance, Byon and Kim [287] used sintered glass powder wicks and a high 

speed camera to visualise the capillary flow. This was done by measuring the 

height of the rising liquid as a function of time and a comparison between bi-

porous and monoporous wicks was made. Their semi-analytic model suggested 

that to achieve an optimal capillary performance, the cluster size should be 4 – 

6 times larger than the particle size. For biporous wicks notably, the effect of 

gravity on the capillary performance is more cluster size-dependent than 

particle size-dependent. Weibel et al. [288] visually observed vapour formation 

characteristics during evaporation/boiling from homogeneous and modified 

wick structures, and proposed an approach to improve thermal performance by 

integrating carbon nanotube (CNT) arrays on to the sintered powder. The 

boiling curve obtained from such method shows that lower superheat for 

boiling incipience was resulted and lower overall thermal resistance can be 

achieved at low heat fluxes. Other visualisation methods of the wick capillarity 

including infrared thermal imaging [251, 289] and fluorescent dye and 

ultraviolet light characterisation [290] have also been investigated.  
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Espinosa et al. [291] studied the thermophysical properties of the sintered 

wicks from fabrication effect. Sintering temperature and time were 

investigated, and results show that a good agreement with 15% uncertainty was 

achieved for sintering temperatures below 550°C, and 26% for temperature up 

to 950°C. In addition, they pointed out that Kozeny-Carman correlation 

overpredicts the permeability, and the modified Young-Laplace equation has 

less than 5% accuracy in measuring capillary pressure. Small differences in 

powder pouring, particle packing, and powder handling prior to sintering all 

contribute to random sintered wick structure with different thermal 

conductivities. A ‘two-sphere model’ for estimating thermal conductivity was 

developed and a thermal conductivity chart in relation to the sintering 

temperature and time was provided. These two factors have also been 

investigated by Jiang et al. [292], and they argued that sintering neck growth, 

porosity and shrinkage can be greatly affected by sintering temperature and 

time. The proper sintering temperature suggested for 159 µm sintered wick is 

950°C, and 900°C for 81 µm and 38 µm. The proper time for 0.45 mm and 0.6 

mm thick wicks is 3 hours while for 0.75 mm thick, 1 hour. In addition, Choi 

et al. [293] prepared sintered porous wicks that meet the design criteria via low 

temperature sintering method with an isothermal sintering and active cooling 

process. Capillary pressure was increased while the impact on permeability 

was minimised.  

Based on above findings of sintered powder wicks, the design for current 

novel heat pipe wicks is encouraged to follow geometric properties and 

fabrication parameters in relation with capillary pressure and wick 

permeability. 
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7.2  Novel Heat Pipe Wick  

7.2.1     Potential Mechanism  

The wick structure incorporates with a low level of hierarchy structure and 

the intension of creating such wick structure has been explained. By varying 

surface roughness and wick pore sizes at each section of the heat pipe and 

along the heat pipe, wettability at the evaporator as well as the capillary 

pumping force generated from the condenser to the evaporator will be 

presumably improved. A two-scale sintered powder (small pores on the top 

and larger pores at the bottom) in a grooved form at the evaporator is shown, 

and a slope is created along the heat pipe (three sections with different stack 

heights) enhancing capillary pumping force (Fig. 7.2). Grooved structure gives 

lands or channels to help the formation of continuous layer of longitudinal 

liquid [253], while the sintered wicks eliminates the chances of non-uniform 

circumferential liquid distribution [254]. Non-uniform circumferential liquid 

distribution has always been found in grooved wicks, both in evaporator and 

condenser, driving the imbalance of some grooves carrying excess liquid or 

none. It is the subject of the present invention to characterise corresponding 

wick structures for each section namely evaporator, adiabatic and condenser to 

achieve expected individual functionality, to maximise the overall heat pipe 

performance in dealing with limited space or anti-gravity, to optimise the 

balance of gravity, liquid and vapour pressure drops, and to compromise the 

resultant counter effects in terms of wicks pore size, structure and thickness.  
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Figure 7.2: Novel integral wick design for evaporator, adiabatic and condenser 

in flat heat pipes.  

 

For evaporator wicks, distributed liquid supply, effective vapour removal 

and a short conduction path are considered for optimal design. Limited high 

flux heat removal is often found in liquid-filled evaporator (large thermal 

resistance) unless it is very thin [255, 294]. In this evaporator (Fig. 7.3), larger 

pores will be constructed along the pipe wall with smaller pores on top 

forming groove structure. Those grooves provide short heat conduction paths, 

and the arrayed wick structure establishes several acute-angle portions where 

capillary forces are at large. This helps induce larger capillary pressure drop 

along the heat pipe. Fig. 7.4 illustrates how liquid forming meniscus bridges at 

those acute-angles, which develop a negative pressure inducing an intrinsic 

attractive force. These menisci help the evaporator achieving maximum 

wetting ability. The layer that consists of larger pores benefits liquid return and 

distribution, and decreases the chances of nucleate boiling; whereas the layer 

on the top, which has smaller pores, enhances the ability of lifting the liquid, 

i.e. maximised wetting.  
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For adiabatic section, uniform sintered powder size is distributed with 

medium stack height. Only larger sintered powders are formed with no 

grooves. This is to provide a transitional path for liquid return from the 

condenser to the evaporator. As to the condenser, relatively larger pores are 

needed using groove structure to increase surface area while obtaining great 

ability in absorbing latent heat of vaporisation. Compared to the evaporator, 

the pore size should be larger, and the channels created should be smooth to 

reduce wetting and pressure drop, both from the returning liquid and from the 

vapour liquid shear forces. Additionally, space for vapour flow passage is 

maximised in each section eliminating the concern of clogged vapour space 

after flattening. A slope is created along the heat pipe from the evaporator to 

the condenser enhancing capillary pumping force especially under anti-gravity 

condition.  

 

 

Figure 7.3: Heat and liquid flow path in the evaporator. 
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Figure 7.4: Liquid forming meniscus bridges at acute-angles among wick pores. 

 

 

7.2.2     Mathematical Model 

7.2.2.1   Porosity   

For such integral wick structure with two-scale sintered powders forming 

grooves, the effective radius is determined by the sintered wicks and the 

meniscus is assumed to be a circle, with radius nr and r. The model shown in 

Fig. 7.5 can be used to calculate the effective capillary radius rc in both tight 

and loose alignment.  

 

Figure 7.5: Illustrating wick pore distribution scenarios. 
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For tight alignment, the effective capillary radius  among three equally 

large powders with radius nr is as follows, 

                                                                      (7.2) 

Similarly, for  among three equally large powders with radius r, 

                                                                      (7.3) 

For effective capillary radius  among two large powders with radius nr 

and one smaller copper powder with radius r, 

                                                                (7.4) 

For effective capillary radius  among two small powders with radius r 

and one large copper powder with radius nr, 

                                                         (7.5) 

For loose alignment, the effective capillary radius  and  among three 

equally large and small copper powders respectively is as follows, 

                                                                    (7.6) 

                                                                    (7.7) 

It can be deduced from Fig. 7.5 that the number of copper powders on 

each layer with large and small powders is L/2nr and L/2r respectively. The 

centre distance t between adjacent layers of large or small powders and large 

and small powders in axial direction is:  
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For tight alignment, 

                                                                    (7.8) 

                                                                    (7.9) 

                                                                    (7.10) 

For loose alignment, 

                                                                          (7.11) 

                                                                            (7.12)                                                                                                                                                                                                                                           

 

Hence, the wick porosity known as the void fraction for such sintered wick 

in a flat heat pipe can be determined.  

 

If only tight alignment is present, assuming the thickness of the wicks with 

large pores is and small pores with equivalent thickness  in 

which  

           (7.13) 

 

Put Eq. 7.8 – 7.10 into Eq. 7.13 and assuming  is negligible enough 

compared to , the theoretical minimum porosity would be: 
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                  (7.14) 

                                                                         

Similarly, for loose alignment only, the theoretical minimum porosity is: 

                  (7.15) 

 

 

7.2.2.2   Permeability  

The liquid capillary flow within the wick is much more complicated than 

that through a porous medium, but the underlying physics they offer is similar. 

Capillary effects are always accounted by two mechanisms: the permeability 

and the capillary pressure due to surface tension. In order to simplify the 

discussion, the porous medium can be taken as stable, inert and 

nondeformable, and the liquid within is incompressible. Photomechanical and 

thermal effects are neglected. A control volume method is adopted where the 

amount and identity of matter in that control unit may change with time, but 

the shape and position of the volume remain fixed. A capillary tube model 

suggested by Bear [295] will be established where the capillary tubes are non-

uniform. Fig. 7.6 shows such configurations under two different flow paths in 

a heat pipe with diversities in diameters over one direction. The models only 

give the permeability K in one direction, which is acceptable because the main 

flow path in that direction is fairly predominant.  
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(a)  

(b)  

(c)  

Figure 7.6: Illustrating (a) liquid flow paths in the heat pipe; and schematic of 

a unit for (b) a one-scale sintered copper powder porous medium from the 

condenser to the evaporator (liquid return path: one flow direction); (c) a two-

scale sintered copper powder porous medium in heat pipe evaporator (liquid 

evaporator path: one flow direction).  
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From Hagen-Poisseuille’s Law, which governs the steady flow via a 

straight capillary tube of diameter  in one direction,  

                                      (7.16) 

Where   

Qs – total fluid flow discharge rate 

 – tube length 

 – Newtonian fluid viscosity 

 

According to Darcy’s law,  

                                         (7.17) 

The specific discharge through cross section area WH in the controlled 

volume block for N tubes, 

                                (7.18) 

Assuming the diameters over one direction in the tube is not uniform, 

                                  (7.19) 

Hence, 

                                       (7.20) 

                (7.21) 

Therefore,  

                                          (7.22) 
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7.2.2.3   Capillary Pressure and Capillary Speed 

Fig. 7.7 shows the schematic diagram of a micro-scale capillary with 

vapour-liquid interfaces (or fluid-fluid interface), the unit vector F exerted on 

these two fluids phases, and interfaces between the liquid or vapour phase and 

the solid copper powders. The shape of the fluid meniscus is determined by the 

imbalance between the surface tension and the solid fluid adhesion force. The 

movement of the interface makes the equilibrium position to be adjusted at all 

times. The phenomenon (‘drainage’ or ‘imbibition equilibria’) helps to identify 

the maximum and minimum capillary pressure [296].  

 

Figure 7.7: Microscale capillary with solid-fluid and fluid-fluid interfaces. 

 

In our integral wicks, the radius of curvature of the menisci in evaporator 

is small and decreases when the liquid evaporates. It becomes bigger due to the 

presence of larger pore size at the condenser and also when the vapour 

condenses. The resultant capillary pressure across the heat pipe is described 

below: 

                                 (7.23) 

                                            (7.24) 
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where R represents the effective radius of the wick, θ the contact angle, the 

maximum value can be achieved when assuming perfect wetting, i.e. cosqe =1 

, cosqc = 0The effective radius R is a critical factor in determining capillary 

head and can be estimated from hydraulic radius rh, 

                                        (7.25) 

The capillary speed  has been used to evaluate the performance of heat 

pipe wicks. h is the capillary rise distance,  the water viscosity,  the 

porosity, and water density. It can be obtained by a momentum balance, 

where the capillary pressure equals to the total pressure loss composed of the 

viscous friction loss and hydrostatic pressure generated by gravity, 

                                        (7.26) 

Therefore, 

                                        (7.27) 

The capillary pressure can be also obtained when taking porosity  into 

consideration: 

                                     (7.28) 

where  is the surface tension at the liquid-vapour interface,  the contact 

angle, S the specific surface area, which can be approximated by ( is 
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powders [297]; D the wick powder diameter), and the density of the solid. 

Hence for spherical powder, the effective radius is:  

                                        (7.29) 

Therefore,  

                             (7.30) 

 

7.2.3     Results and Discussions  

Adopting hierarchical structure in evaporator, which is a two-scale wick 

pore distribution, causes low volume porosity, although grooved structure 

tends to increase the overall porosity and permeability. In this analysis, a range 

of effective wick pore radius from 25 µm to 200 µm will be considered. Fig. 

7.8 presents capillary pressure Pc versus effective radius at two assumed 

porosities, ε1 = 0.4 (based on previous calculation, Eq. 7.14) for the evaporator 

and ε2 = 0.75 for the condenser (largest porosity expected to get for sintered 

power wicks [298]). To note, the actual porosity is much more complicated 

and it depends on several factors including wick size and properties, sintering 

temperature and time, and fabricating methods.  

Large wick pore size makes capillary pressure insignificant, and bigger 

porosity results in low capillary pressure. At a lower range of wick pore size, 

capillary pressure varies significantly especially under low porosities; whereas 

at a higher range, the value of capillary pressure does not change dramatically 

no matter how big the porosity is. The capillary pressure drop across the heat 

pipe can be obtained if the effective pore radii in both evaporator and 
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condenser are known. To quantify the effect, the effective pore radius in the 

evaporator due to two-scale pore size distribution can be taken as 40 µm, and 

for the condenser, 100 µm. The resultant capillary pressure drop is 7,175 Pa. If 

reducing the pore size in the evaporator to 25 µm while maintaining at the 

same porosity, the total pressure drop increases 4,725 Pa. If increasing the pore 

radius in the condenser to 200 µm, only 350 Pa is increased. This indicates the 

dominant role the evaporator plays, such that the two-scale pore size 

distribution shall be carefully optimised to achieve good porosity and 

permeability. 

 

 

Figure 7.8: Capillary pressure Pc versus wick pore radius r (25~200 µm) at two 

volume porosities ε1 = 0.4 and ε2 = 0.75, η = 8.94×10-4 Pa·s, σ = 0.07 N/m, λ = 

1, ρ = 5.61×103 kg/m3 (for sintered copper powder density [297]). 
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Figure 7.9: Calculated capillary speed dh/dt versus height h (gravity-assisted) 

at r1 = 25 µm, ε1 = 0.4, r2 = 50 µm, ε2 = 0.75, η = 8.94×10-4 Pa·s, σ = 0.07 

N/m, λ = 1, τ = 2 . 

 

Figure 7.10: Calculated capillary speed dh/dt versus height h (horizontal) at r1 

= 25 µm, ε1 = 0.4, r2 = 50 µm, ε2 = 0.75, η = 8.94×10-4 Pa·s, σ = 0.07 N/m, λ = 

1, τ = 2 . 
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Figure 7.11: Calculated capillary speed dh/dt versus height h (anti-gravity) at 

r1 = 25 µm, ε1 = 0.4, r2 = 50µm, ε2 = 0.75, η = 8.94×10-4 Pa·s, σ = 0.07 N/m, λ 

= 1, τ = 2 . 

 

In order to evaluate the capillary speed, Fig. 7.9 – 7.11 demonstrate the 

calculated capillary speed dh/dt versus height h with suggested parameters 

under three conditions (gravity-assisted, horizontal, and anti-gravity 

condition). Particle size and porosity under similar pore morphology (same 

tortuosity factor τ, same shape factor λ, and same density of sintered powders 

ρ) have been investigated. The effective radius in evaporator r1 with two-scale 

pore size is taken as 25 µm, and the uniform pore size in condenser r2 is 50 

µm. Results imply that coarse or big powders are favourable for capillary 

speed. A particle size of 50 µm has a much faster capillary rise rate than that 

with a mean dimension of 25 µm. Increasing porosity enhances the capillary 

rising rate at lower height and maintains at a high rate of capillary rise under 

gravity-assisted condition even at high range of height. A dramatic drop can be 

seen under anti-gravity condition from 40 mm to 80 mm indicating the 
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significant role played by gravity. Additionally, for anti-gravity condition, 

large pores result in high speed of capillary rise changing from 24 mm/s to 4 

mm/s over the height range of 20 mm to 60 mm. For smaller pores with low 

porosity, capillary speed maintains steady, at 2 mm/s to 3mm/s over the range 

of 20 mm to 80 mm.     

 

7.3  Fabrication   

Fig. 7.12 – 7.15 show the schematic of the novel FPHP and fabricated 

samples. It consists of an evaporator, a condenser and an adiabatic section in 

between. The mechanism is similar to conventional cylindrical heat pipes, 

which transfers heat from one end to the other via two-phase heat transfer loop. 

The size of the FPHP is 105 mm long, 65 mm wide and 4 mm thick. The wick 

structure is sintered-grooved composite structure with 150 – 200 µm copper 

wicks forming narrow and tall grooves (0.6 × 1.0 mm2) in the evaporator, and 

wide and flat grooves (0.8 × 0.8 mm2) in the condenser. A tapered structure 

along the FPHP was created aiming at improved heat transfer ability. Small 

pores and high pitch wicks increase the ability in lifting the liquid achieving 

maximum wetting at the evaporator and provide large evaporative surface area 

to increase latent heat of vaporisation. Low pitch wicks create enough smooth 

lands reducing wetting and pressure drop, and subsequently enhance the 

absorption rate of late heat of vaporisation. The base thickness for the wicks is 

0.2 mm. 4 copper pillars (size 2 × 4 mm2) were constructed at the centre of the 

FPHP for structural support. The amount of de-ionized water was optimised to 

be 3.5 ml for this particular heat pipe. 
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Figure 7.12: Schematic of the present flat plate heat pipe (FPHP) with 

dimensions in mm. 

 

 

Figure 7.13: FPHP fabricating assemblies with dimensions in mm. 
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(a)  

(b)  

(c)  

(d)  

Figure 7.14: FPHP parts: (a) upper wick mould; (b) bottom wick mould; (c) 

upper copper plate; (d) bottom copper plate. 
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(a)  

(b)  

(c)  

Figure 7.15: Fabricated samples: (a) upper plate; (b) bottom plate; (c) final 

product.  
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The main fabrication steps will be briefly described below. 

 

 Cleaning and oven drying 

The impurities on upper/lower half copper plate of the FPHP were 

removed by an ultrasonic vibrator (75 ± 5°C, 30 minutes) and organic 

solvent detergent. It will then be put into an oven (90 ± 5°C, 30 minutes) 

to dry the surface completely.  

 

 Powder filling 

Filling the graphite mould with 150 – 200 µm copper powder and give it a 

good shake to ensure powders with large radius (heavy) will precipitate at 

the evaporator bottom. The condenser mould was inserted with 200 µm 

copper powders only.  

 

Figure 7.16: Fabrication in process – powder filling. 

 

 Holding and sintering  

Hold the moulds and the upper/lower plate, and put them into a sintering 

furnace at 960°C, N2, H2 environment for 6 hours.  
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Figure 7.17: Fabrication in process – holding. 

 

Figure 7.18: Fabrication in process – furnace sintering.

 

Figure 7.19: Fabrication in process – upper and bottom plates after sintering. 
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 Inserting copper pillars  

4 copper pillars were positioned in the centre of the FPHP. The pillars were 

used to strengthen the inner structure of the FPHP.  

 

 Welding 

Hold the upper/lower plate and the pillars, welding the product at the 

furnace at 850°C, N2, H2 environment (3 Mps, 15 l/min) for 2 hours.  

 

Figure 7.20: Fabrication in process – holding sintered upper and bottom plates. 

 

 

Figure 7.21: Fabrication in process – product after welding. 

 

 Inserting tail pipe and welding 

Insert the tail pipe into the FPHP for future liquid filling purpose. The pipe 

welding will take place in a high frequency (30 KHz, vacuum) welding 

machine for 1 minute.  
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Figure 7.22: Fabrication in process – product after inserting tail pipe and 

welding. 

 

 Annealing  

The annealing will be made in annealing furnace at 500°C, N2, H2 

environment (15 l/min). 

 

 Evacuating and liquid filling 

 

Figure 7.23: Fabrication in process – water filling trials. 

 

A vacuum pump was used to evacuate the FPHP down to 0.075 torr. The 

working fluid requires high purification to avoid non-condensable gases 
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during operation, and this was done via distillation. Once the liquid was in 

purified condition, it was weighed by a precision digital scale (readability: 

0.002 g) and was injected to the wicks through an injector (readability: 

0.01 g). After several trials, the optimum water filling was 3.50 g.  

 

 Degassing  

The heat pipe will be degassed under 100°C to further eliminates the 

unwanted gas inside the FPHP. To note, the degassing process may extract 

a certain amount of water filled in the wicks. The measured final amount of 

water inside the wick after degassing was approximately 2.00 g.  

(a)  

(b)  

Figure 7.24: Fabrication in process – (a) 1st degassing equipment; (b) 2nd 

degassing equipment. 
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 TIG welding 

TIG welding was adopted to seal the FPHP completely by crimping and 

cold welding the tail pipe (0.62 s).  

 

Figure 7.25: Fabrication in process – TIG welding machine. 

 

Scanning electron microscopy was used to study the surface and structures 

of the wick samples. The specimens were examined using a Philips scanning 

electron microscope (FW6800/70) at an accelerating voltage of 20 kV. Fig. 

7.26 and Fig. 7.27 show the morphology of the fabricated wick sample at the 

evaporator and the condenser. Fig. 7.28 demonstrates the surface morphology 

of the wick particles (150 – 200 µm dendritic powders) sintered at 960°C at 

four locations: evaporator substrate, evaporator pillar, condenser substrate, and 

condenser pillar. 
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(a)  

(b)  

Figure 7.26: SEM micrographs showing the integral wick sample (150 – 200 

µm dendritic powders sintered at 960°C at the evaporator: (a) planar view; (b) 

profile view. 
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(a)  

(b)  

Figure 7.27: SEM micrographs showing the integral wick sample (150 – 200 

µm dendritic powders sintered at 960°C at the condenser: (a) planar view; (b) 

profile view.  

 

 



 
252 

 

 

(a)                                                             (b) 

 

 (c)                                                              (d) 

Figure 7.28: SEM micrographs showing the surface morphology of the wick 

particles (150 – 200 µm dendritic powders sintered at 960°C: (a) evaporator 

substrate; (b) evaporator pillar; (c) condenser substrate; (d) condenser pillar.  

 

 

7.4  Summary   

This chapter introduces a novel heat pipe wick structure inspired by 

biomimetic capillary in hierarchical structure. Some fundamental studies of 

surface wetting and capillary effect from nature have been reviewed. It is the 

hierarchical structure that helps the species to capture water from humid air 

based on various characteristic length scales. Contact angle and capillary effect 

associated with hierarchical structure have been discussed, and a recent study 
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of MRI scanning of live plants was introduced. This method provides the 

possibility of visualising how plants move water upwards through the inner 

structure of vascular system occurring in vivo, and obtains the rate of water 

transport in the xylem vessel. Significantly, the idea of applying hierarchical 

structure to heat pipe wicks has been realised and a novel integral wick 

structure inspired by such structure was demonstrated in detail. With provision 

of the numerical results in terms of capillary pressure and capillary rise rate, 

the fundamental behaviour of the biomimetic inspired wick can be identified 

reflecting the role that biomimetics plays in modern heat pipe technology. 

Fabrication process was then introduced for this particular heat pipe, assisted 

by scanning electron microscopy to study the surface and structures of the 

fabricated wick samples.  
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Chapter 8   

Conclusions and Future Work 

8.1  Conclusions  

Lithium-ion batteries enable energy storage technology to be applied in 

many areas. The thermal issues found in lithium batteries, which corresponds 

to safety, thermal runaway, sub-zero temperature performance were studied in 

this thesis. An extensive literature review was provided in terms of battery 

mechanism, configuration, market penetration and BTM strategies such as air 

cooling, liquid cooling, phase-change materials and heat pipes. With aim of 

understanding the thermal behaviour of the current lithium-ion batteries, 

modelling through advanced software such as COMSOL multiphysics was 

introduced. The approaches used to predict the battery heat generation rate was 

discussed, which range from simple decoupled models to complex fully 

coupled models and can be find in area of battery cooling systems.  

The development of battery thermal model and validation were fulfilled by 

an experimental and simulation study. A conceptual 2-cell prototype for 

experiment that mimics the WEIZHI battery cooling and heating system is 

introduced. The purpose of this prototype is to evaluate the heat pipe BTM 

method under pre-defined battery thermal conditions. It also serves the 

function of validating material properties and parameters for simulation inputs. 
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The eligibility of substituting atonal 324 for lithium-ion battery electrolytes has 

been assessed. The surrogate battery achieved similar temperature results 

under low power inputs, and was more prone to temperature change. This 

facilitates the extension of applying the proposed thermal management method 

to a wider range of battery operating conditions, implying that the 

cooling/heating solution is not limited to a certain type of batteries but suitable 

for various batteries with a broader range of cooling/heating needs. 

As a result, a 2-cell prototype was constructed and implemented to 

evaluate the heat pipe BTM solution. Battery cooling was assessed through 

steady state operating conditions and duty cycle scenarios. The effects of 

adding fins or replacing with perforated plates have been evaluated. Results 

show an improved heat transfer after adding circular fins at an optimised fin 

height of rf/r0  = 2 based on fixed fin thickness and fin pitch. But it is difficult 

to conclude whether changing perforated plates is beneficial for the overall 

heat transfer. The feasibility of using sintered copper-water heat pipes under 

sub-zero temperatures was also assessed by exposing the test rig to -15°C/-

20°C for more than 14 hours. Data indicates that the heat pipe was able to 

function immediately after long hours of cold exposure and that sub-zero 

temperature conditions had little impact on heat pipe performance. 

The application to BTM at pack level was then conducted based on a 

scale-up validated FEM model, which contains 30 cells. The thesis has 

presented a computationally efficient modelling by using symmetrical features 

to predict the dynamic thermal performance of two selected sections within the 

battery pack. The model developed can serve EV application in the area of 
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simulating battery packs thermal behaviour, design of cooling/preheating 

systems, and optimisation of BTM systems.  

It is desired to have a higher liquid cooling rate in combination with heat 

pipes to effectively decrease the peak temperatures and improve the 

temperature uniformity of the pack. FEM analysis covers a wide range of 

battery working conditions based on either decoupling or coupling, revealing 

the limitations of the proposed solution.  It is possible to find the best cooling 

rate for a particular thermal condition eliminating additional energy input. For 

instance, low coolant flow rates (0.0595 l/s) can be sufficient in reducing the 

peak temperature below 40°C while achieving good uniformity if the battery 

dissipates less than 12 W/cell. Moreover, the minimum heat power required to 

heat up such battery pack from -20°C to 0°C in 9 minutes is 0.43 kW. 

Thoughts on improving fluid flow by constructing buffer plates or creating a 

dynamic flow velocity profile to compensate for localised temperature increase 

are made for future work.  

It can be concluded that the proposed heat pipe method for BTM is 

suitable for EV applications. The heat pipe is able to maintain the surrogate 

battery below 40°C if it generates less than 10 W/cell and helps reduce the 

battery temperature down to 70°C under uncommon thermal abuse conditions 

(e.g. 20 – 40 W/cell). The temperature uniformity has also been evaluated 

under variable input power and cooling conditions, and it is advised that both 

sides of the battery should be heat pipe-cooled in order to improve temperature 

uniformity to a much higher level. Moreover, the durability and feasibility of 

using sintered copper-water heat pipes under sub-zero temperatures has been 

assessed and data show that the heat pipe was able to function immediately 
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after long hours of sub-zero temperature conditions. The degree of thermal 

performance degradation was seen as little from 8 repeatable tests and data 

repeatability and reproducibility tests, and reasonably short heating time period 

under 40°C pre-treated coolant discharge makes it ideal to preheat EV batteries. 

Other benefits such as material availability, mature manufacturing technique, 

and the flexibility in maintenance also add to the likelihood of mass production.  

In addition, a novel flat plate heat pipe was designed and fabricated. The 

innovation introduces a low level of hierarchical structure and integrated wicks 

for different heat pipe sections including evaporator, adiabatic and condenser. 

Mathematical modelling of capillary pressure and capillary rise rate was 

performed, followed by fabrication process.  

 

8.2  Future Work  

The work presented in this thesis can be extended to a more rigorous study. 

An experimental setup of an electric vehicle BTM system is being planned to 

measure the surface temperature distribution across the WEIZHI battery pack. 

The experimental setup has already been developed and tests are currently 

planned. This allows the comparison between experimental data and model 

predictions developed in Chapter 6 thus validating the accuracy and 

consistency of the FEM modelling. It has been noted that the practicality of the 

proposed solution can be destroyed by copper-aluminium corrosion, so a 

substitute for the aluminium plate is required. Phase-change materials (PCMs) 

would be a better candidate if proper design and melting point are carefully 

made. PCMs also allow the same methodology to be applied to cylindrical 
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cells, such that the geometry effect on thermal issues can be compared. 

Additional analysis will be performed to investigate battery lifespan for both 

thermal managed and unmanaged packs under aggressive usage patterns. It is 

planned to calibrate the heat generation rate through experiment enhancing the 

accuracy of the FEM models.  

On the other hand, performance test of the fabricated wick samples is 

constructed. Thermal characteristics such as thermal resistance and the highest 

heat flux under anti-gravity condition will be examined. The test unit is 

demonstrated below. Fig. 8.1 shows the thermocouple arrangement and Fig. 

8.2 demonstrates the setup for the flat plate heat pipe at horizontal condition. 

Angles can be adjusted as indicated by Fig. 8.3 to explore the heat pipe thermal 

performance under anti-gravity and gravity-assisted conditions.  

 

Figure 8.1: Thermocouple arrangement on the flat plate heat pipe.  
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Figure 8.2: Performance test setup for the flat plate heat pipe sample at 

horizontal orientation. 

 

Figure 8.3: Testing the flat plate heat pipe at various angles including anti-

gravity conditions (40o, 90o) and gravity-assisted conditions (-40o, -90o).
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Appendix A – Thermocouple Calibration 

Welded tip thermocouples (K-type) are the most widely used temperature 

sensors in laboratories due to wide operating range (-200 – 1250°C) and fast 

responding. The standard accuracy given by K-type thermocouple is ±2.2°C or 

±0.75% above 0°C, affected by deviations in the alloys (nickel-chromium). 

However, deviations between thermocouples differ little and a much higher 

accuracy can be achieved by individual calibration. 

A thermocouple consists of two dissimilar metal wires intimately welded 

together at one end (a junction) that generates a small thermoelectric voltage in 

relation to temperature when the junction is heated. Thermocouple calibration 

is an important measure to improve experimental accuracy. A direct calibration 

can be done by measuring either at a series of fixed point temperatures (e.g. 

melting/freezing point) or by comparing with standard thermometers in 

thermally stabilised baths or furnaces [299].  

For this Ph.D. experimentation, a 9-point calibration from -20°C to 70°C 

was run. The monitored temperature points (in water bath) are -20°C, 0°C, 

10°C, 20°C, 30°C, 40°C, 50°C, 60°C and 70°C. This was sufficient as the 

working range of tests were set within this range. 16 K-type thermocouples 

were connected with two TC-08 thermocouple data loggers. A water bath filled 

with glycol-water mixture was provided for a stable and constant temperature 

environment.  

The apparent temperature readings recorded from the Pico software were 

compared with the standard temperature obtained from RS 206-3738 portable 
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digital thermometer (Fig. 5.9) in Table A.1. Results prior to calibration are 

demonstrated in Fig. A.1 – A.2. Linear fitting curve was used to calibrate each 

thermocouple and an example can be found in Fig. A.3. The total values of 

temperature readings and offsets after calibration are plotted in Fig. A.4 – A.5 

and summarised in Table A.2. Before calibration, the average (maximum) 

accuracy of these thermocouples was ±2.06% (±8.60%) or ±0.61°C (±2.01°C). 

After calibration, the average (maximum) accuracy was improved to ±1.80% 

(±6.74%) or ±0.59°C (±1.90°C). 

 

 

Figure A.1: 16 K-type thermocouples measured readings compared with 

standard readings before calibration. 
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Figure A.2: 16 K-type thermocouples offsets prior to calibration. 

 

 

Figure A.3: Example of using fitting curve for thermocouple 16. 
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Figure A.4: 16 K-type thermocouples measured readings compared with 

standard readings after calibration. 

 

 

Figure A.5: 16 K-type thermocouples offsets after calibration. 



 

 

5 

Table A.1:  K-type thermocouple measurements before calibration  

Standard 

(°C) 

Apparent Reading (°C) 

 TC-1 TC-2 TC-3 TC-4 TC-5 TC-6 TC-7 TC-8 

-19.3 -20.10 -19.72 -20.70 -20.84 -20.90 -20.71 -20.83 -20.14 

0 0.28 0.56 0.14 0.13 0.14 0.14 -0.27 -0.33 

10.1 10.48 10.54 10.09 9.72 9.50 9.82 10.31 10.43 

20.0 20.34 20.31 20.13 19.77 19.55 19.85 20.13 20.24 

29.6 30.19 30.09 30.09 29.74 29.46 29.67 29.80 29.96 

39.1 40.13 39.95 40.15 39.85 39.52 39.70 39.63 39.85 

48.8 49.88 49.71 50.17 49.90 49.46 49.53 49.31 49.54 

58.4 59.71 59.49 60.10 59.83 59.48 59.50 59.15 59.40 

68.2 69.62 69.34 70.10 69.82 69.53 69.50 69.06 69.34 

 TC-9 TC-10 TC-11 TC-12 TC-13 TC-14 TC-15 TC-16 

-19.3 -20.23 -20.32 -20.75 -20.75 -20.07 -20.29 -20.96 -20.26 

0 0.06 -0.19 -0.22 -0.03 0.04 0.16 0.15 0.18 

10.1 10.16 10.48 10.37 10.17 10.00 10.28 10.03 9.95 

20.0 20.10 20.16 20.09 19.92 19.82 20.10 20.09 20.00 

29.6 29.69 29.59 29.47 29.28 29.39 29.67 29.91 29.39 

39.1 39.75 39.41 39.29 39.08 39.17 39.43 39.84 39.95 

48.8 49.87 49.36 49.22 48.98 48.92 49.16 49.72 49.94 

58.4 59.64 59.11 58.97 58.76 58.72 58.95 59.59 59.81 

68.2 69.57 68.99 68.86 68.69 68.61 68.83 69.53 69.79 

Accuracy 
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Maximum 

= ±8.60%; or = ±2.01°C 

Average 

= ±2.06%; or = ±0.61°C 

 

 

 

Table A.2:  K-type thermocouple measurements after calibration  

Standard 

(°C) 

Apparent Reading (°C) 

 TC-1 TC-2 TC-3 TC-4 TC-5 TC-6 TC-7 TC-8 

-19.3 -19.78  -19.44  -20.38  -20.55  -20.60  -20.35  -20.24  -19.95  

0 -0.03  0.16  -0.40  -0.61  -0.74  -0.53  -0.49  -0.24  

10.1 10.30  10.42  10.06  9.83  9.66  9.84  9.84  10.08  

20.0 20.43  20.47  20.30  20.06  19.85  20.01  19.96  20.20  

29.6 30.25  30.22  30.24  29.98  29.73  29.87  29.78  30.00  

39.1 39.97  39.86  40.08  39.80  39.51  39.63  39.50  39.71  

48.8 49.90  49.71  50.12  49.82  49.49  49.59  49.42  49.62  

58.4 59.72  59.46  60.06  59.74  59.38  59.45  59.24  59.43  

68.2 69.75  69.41  70.20  69.87  69.46  69.51  69.27  69.44  

 TC-9 TC-10 TC-11 TC-12 TC-13 TC-14 TC-15 TC-16 

-19.3 -20.07  -19.94  -20.16  -20.14  -19.83  -19.81  -20.37  -20.20  
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0 -0.29  -0.31  -0.49  -0.54  -0.33  -0.24  -0.50  -0.36  

10.1 10.06  9.97  9.80  9.72  9.88  10.00  9.90  10.02  

20.0 20.21  20.04  19.89  19.78  19.88  20.04  20.09  20.20  

29.6 30.05  29.81  29.67  29.53  29.58  29.77  29.97  30.06  

39.1 39.78  39.47  39.35  39.18  39.18  39.40  39.75  39.83  

48.8 49.72  49.34  49.23  49.03  48.98  49.24  49.73  49.80  

58.4 59.56  59.11  59.02  58.79  58.68  58.97  59.62  59.67  

68.2 69.61  69.08  69.00  68.74  68.58  68.91  69.70  69.74  

Accuracy 

Maximum 

= ±6.74%; or = ±0.59°C 

Average 

= ±1.80%; or = ±1.90°C 
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Appendix B – Fin Analysis  

  

Figure B.1: Thermal resistance network at the condenser. 

 

Fig. B.1 shows the thermal resistance model at the condenser section. The 

total thermal resistance Rt is the sum of two contributions: Rr (unfinned portion 

of the heat pipe) and Rf (fin). Rw (heat pipe wick) and Rp (heat pipe wall) can 

be included into Rr if hr is known. The thermal resistance of the unfinned 

portion of the heat pipe Rr:  

                                             (B.1) 

where 

hr – heat transfer coefficient of the heat pipe 

Ar – surface area of unfinned portion of the heat pipe,  

N – number of fins, for a fixed fin pitch 

δf – fin thickness 

 

 

rr

r
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The heat transfer coefficients hr, hf that determine Rr and Rf depend on the 

flow patterns of the ambient fluid. For hr ( ), the Nusselt number Nur 

can be obtained according to cross flow past a cylinder [234] (Eq. B.2). The 

Reynolds number can be calculated by using a characteristic velocity v, which 

is based on the average fluid velocity across the fins.  

                                      (B.2) 

For  

40 < ReD (ReD = ρvDh/µ) <4,000, Pr ≥ 0.7 

 

For hf, the Nusselt number Nuf can be expressed assuming developing 

flow across an array of parallel plates with isothermal fin surfaces [300]. Nuf is 

presented as functions of x* and Prandtl number Pr from 0.01 to 50.  

                                   (B.3) 

where 

x* - dimensionless flow axial distance, known as Graetz number (x* = 

x/DhRePr); 

 

Fin performance can be characterised by fin efficiency. It accounts for the 

temperature reduction between the fin and the ambient fluid due to fin 

conduction and convection from or to the fin surface. The definition of the fin 

efficiency is the ratio of the fin heat transfer rate to the heat transfer rate of the 

fin of same geometry and condition where the entre fin were at the base 

temperature (i.e. infinite thermal conductivity) (Eq. B.4).  

 

D
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                                             (B.4) 

where 

Af – total surface area,  

Tb – fin base temperature 

– medium temperature 

 

Shah [301] presented the fin efficiency formulas for circular fin of uniform 

fin thickness (thin fins) using Eq. B.5 – B.6. The correlation of ηf is indicated 

as functions of a dimensionless group mle. 

                                                    (B.5) 
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                                                    (B.6) 

If  

 

where 

, , ,  

 

 for ,  for  

 


TTAh

Q

Q

Q

bff

wf

f

max



 22
22 ofcor rrNlrA  

T

  b

ef mla




  445.0*257.26.0


 r






tanh
f

  445.0*257.26.0


 r

2/1

2
















fw

fh
m

 2

f

fe ll



o

f

r

r
r *

  246.0* 
 ra

  )3863.113.0(exp* 


eml

e rml

*0893.09107.0 rb  2* r *ln17125.09706.0 rb  2* r



 

 

11 

Appendix C – Measurement Uncertainties  

System without fins 

Table C.1:  Measurement uncertainties for system without fins under 10°C  

Test  Heat input 

(W) 

Heat output 

(W) 

Uncertainty (U) (%) 

Heat  

Flux (P) 

Resistance (R) Thermal 

conductivity (Khp) 

Heat transfer coefficient at 

cooling end (hc) Total (Rt) Heat pipe (Rhp) 

1 20.09 21.89 8.9 16.67 12.72 11.74 2.09 

2 31.06 33.00 6.24 6.71 4.84 5.10 0.58 

3 39.68 39.87 0.47 0.73 0.24 0.75 0.43 

4 49.24 53.82 9.3 3.44 2.83 2.40 0.76 

5 59.63 62.30 0.61 7.94 5.51 5.30 0.51 

6 70.1 69.54 0.8 12.73 9.46 9.88 3.35 

 

Table C.2:  Measurement uncertainties for system without fins under 20°C  

Test  Heat input 

(W) 

Heat output 

(W) 

Uncertainty (U) (%) 

Heat  

Flux (P) 

Resistance (R) Thermal 

conductivity (Khp) 

Heat transfer coefficient at 

cooling end (hc) Total (Rt) Heat pipe (Rhp) 

1 19.96 19.14 4.08 7.96 6.51 6.21 1.32 
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2 30.96 29.37 5.15 1.01 1.32 1.40 0.63 

3 39.61 37.44 5.48 1.14 1.26 1.17 2.05 

4 49.08 52.78 7.54 1.40 1.26 1.18 0.10 

5 59.49 60.22 1.22 4.67 2.29 2.25 0.50 

6 69.09 71.53 3.53 1.76 3.01 3.00 0.76 

 

Table C.3:  Measurement uncertainties for system without fins under 30°C  

Test  Heat input 

(W) 

Heat output 

(W) 

Uncertainty (U) (%) 

Heat  

Flux (P) 

Resistance (R) Thermal 

conductivity (Khp) 

Heat transfer coefficient at 

cooling end (hc) Total (Rt) Heat pipe (Rhp) 

1 19.96 21.63 8.37 0.74 1.41 1.42 4.99 

2 30.83 32.46 5.29 0.64 0.13 0.13 0.86 

3 39.36 37.35 5.11 0.41 1.20 1.19 1.78 

4 48.82 52.22 6.96 1.83 0.98 0.98 1.01 

5 59.44 58.02 2.39 0.17 0.34 0.33 0.69 

6 68.75 66.66 3.04 0.23 0.56 0.55 3.74 

 

Table C.4:  Measurement uncertainties for system without fins under 35°C  

Test  Heat input 

(W) 

Heat output 

(W) 

Uncertainty (U) (%) 

Heat  

Flux (P) 

Resistance (R) Thermal 

conductivity (Khp) 

Heat transfer coefficient at 

cooling end (hc) Total (Rt) Heat pipe (Rhp) 

1 19.85 19.54 1.58 1.62 3.67 4.33 11.45 
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2 30.78 35.32 14.75 2.31 1.46 1.32 3.48 

3 39.40 39.25 0.4 0.71 0.54 0.68 1.46 

4 48.77 48.29 0.98 1.28 1.20 1.34 2.39 

5 59.14 56.14 5.07 0.66 1.79 1.91 4.12 

6 68.68 69.78 1.6 1.28 1.66 1.72 6.96 

 

 

System with fins 

Table C.5:  Measurement uncertainties for system with fins under 10°C  

Test  Heat input 

(W) 

Heat output 

(W) 

Uncertainty (U) (%) 

Heat  

Flux (P) 

Resistance (R) Thermal 

conductivity (Khp,wf) 

Heat transfer coefficient 

at cooling end (hc,wf) Total (Rt,wf) Heat pipe 

(Rhp,wf) 

1 20.01 21.39 6.9 7.57 11.28 10.42 1.95 

2 31.00 28.88 6.83 1.97 3.13 3.35 5.66 

3 39.55 37.66 4.78 0.72 0.67 0.35 6.63 

4 50.17 51.27 2.19 2.51 5.38 5.35 2.35 

5 59.38 56.28 5.22 3.44 4.55 4.44 9.43 

6 68.83 71.11 3.31 2.87 3.81 3.62 7.17 
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Table C.6:  Measurement uncertainties for system with fins under 20°C  

Test  Heat input 

(W) 

Heat output 

(W) 

Uncertainty (U) (%) 

Heat  

Flux (P) 

Resistance (R) Thermal 

conductivity (Khp,wf) 

Heat transfer coefficient 

at cooling end (hc,wf) Total (Rt,wf) Heat pipe 

(Rhp,wf) 

1 19.95 20.26 1.55 4.30 7.40 7.08 6.48 

2 30.86 32.61 5.67 2.26 3.19 3.28 0.81 

3 39.38 39.28 0.25 0.79 0.47 0.67 4.02 

4 48.84 49.21 0.75 0.31 0.45 0.25 5.61 

5 60.19 61.77 2.55 3.36 4.86 4.89 0.38 

6 68.71 67.04 2.44 3.69 5.76 5.89 6.89 

 

Table C.7:  Measurement uncertainties for system with fins under 30°C  

Test  Heat input 

(W) 

Heat output 

(W) 

Uncertainty (U) (%) 

Heat  

Flux (P) 

Resistance (R) Thermal 

conductivity (Khp,wf) 

Heat transfer coefficient 

at cooling end (hc,wf) Total (Rt,wf) Heat pipe 

(Rhp,wf) 

1 20.17 20.06 0.55 1.42 0.26 0.20 5.08 

2 30.77 32.17 4.57 1.40 2.56 2.56 12.45 

3 39.26 35.55 9.45 2.21 3.19 3.15 7.51 

4 48.64 47.38 2.60 0.47 0.52 0.57 1.70 

5 59.07 61.84 4.68 1.54 2.93 2.96 4.77 

6 68.54 64.36 6.10 1.21 3.09 3.12 18.56 
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Table C.8:  Measurement uncertainties for system with fins under 35°C  

Test  Heat input 

(W) 

Heat output 

(W) 

Uncertainty (U) (%) 

Heat  

Flux (P) 

Resistance (R) Thermal 

conductivity (Khp,wf) 

Heat transfer coefficient 

at cooling end (hc,wf) Total (Rt,wf) Heat pipe 

(Rhp,wf) 

1 20.09 22.11 10.01 4.46 4.55 4.72 8.80 

2 30.74 31.16 1.38 0.07 0.62 0.66 1.90 

3 39.21 37.01 5.61 0.92 1.78 1.79 3.01 

4 48.64 51.09 5.04 1.60 1.16 1.19 2.38 

5 59.29 59.04 0.43 1.44 1.06 1.09 7.19 

6 68.49 70.99 3.65 0.57 0.07 0.02 4.14 
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Appendix D – Selected Raw Data from Tests 

 
Figure D.1: Steady state cooling, 2.5 W/cell 35°C ambient 20°C cooling. 

 

 
Figure D.2: Steady state cooling, 5 W/cell 35°C ambient 20°C cooling. 
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Figure D.3: Steady state cooling, 10 W/cell 35°C ambient 20°C cooling. 

 

 
 

Figure D.4: Steady state cooling, 15 W/cell 35°C ambient 20°C cooling. 
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Figure D.5: Steady state cooling, 20 W/cell 35°C ambient 20°C cooling. 

 

 

 
Figure D.6: Steady state cooling, 30 W/cell 35°C ambient 20°C cooling. 
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Figure D.7: Steady state cooling, 40 W/cell 35°C ambient 20°C cooling. 

 

 

 
Figure D.8: Transient cooling, 4 repeated cycles at 35°C ambient 20°C cooling. 
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Figure D.9: -22 ± 3°C overnight for 15+ hours. 

 

 

 
Figure D.10: -15 ± 3°C overnight for 20+ hours. 
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Figure D.11: -15 ± 1°C ambient 20°C preheating. 

 Figure D.12: -15 ± 1°C ambient 40°C preheating. 
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Figure D.13: -12 ± 2°C ambient 20°C preheating. 

 

 
 

Figure D.14: -10 ± 2°C ambient 40°C preheating. 
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