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Abstract

In this study, thermal management of Lithium ion (Li-ion) battery pack used in

electric vehicle (EV) is considered. Li-ion cells generate a significant amount of heat

during normal operation. Previous study has clearly identified that temperature

affects the efficiency, safety, reliability and lifespan of the Li-ion battery. There-

fore, a battery thermal management system (BTMS) enabling effective temperature

control is essential for safety and overall performance of the Li-ion battery. Two

critical aspects are key to design of efficient BTMS: firstly being able to predict the

heat generated from Li-ion cells, and secondly to predict how the generated heat is

removed though the cooling plate of the BTMS.

To predict the heat generated from the Li-ion cell, a time-dependent, thermal

behavior of a Li-ion polymer cell has been modelled for electric vehicle drive cycles

with a view to developing an effective battery thermal management system. The

fully coupled, new three-dimensional transient electrothermal model has proposed

and implemented based on a finite volume method. To support the numerical study,

a high energy density Li-ion polymer pouch cell was tested in a climatic chamber for

various electric load cycles consisting of a series of charge and discharge rates, and

a good agreement was found between the model predictions and the experimental

data.

To predict the heat removed, a numerical study has been performed on a cooling

plate of a indirect liquid cooled BTMS. The BTMS has a battery cooling plate with

coolant flowing through rectangular serpentine channels. The temperature distribu-

tion as well as the pressure drop across the battery cooling plate were investigated.



Particular emphasis was placed on the temperature uniformity on the cooling plate

surface as the lifespan of a battery is severely affected by non-uniform tempera-

ture distribution. From the simulations, it is found that the aspect ratio and the

curvature have a significant effect on the surface temperature uniformity, and that

a compromise of the battery cooling plate design would be required between the

temperature uniformity and the pressure drop penalty.

Thermal management of batteries for high discharge applications, for instance,

in hybrid electric vehicle, is more challenging and typically requires turbulent heat

transfer. In turbulent heat transfer not only mean temperatures but also tempera-

ture fluctuations need to be predicted correctly. For this, a numerical turbulent heat

transfer of a triple jet is considered. In this study, a large eddy simulation (LES)

technique was applied to predict the unsteady heat transfer behavior of turbulent

flow. It is found that LES predicted the correct amplitude of temperature fluctua-

tions which was in good agreement with the available experimental data in terms of

mean, RMS, skewness and kurtosis. RANS simulations with two turbulence models

were also conducted along with LES. The RANS based turbulence models produced

a very small amplitude of fluctuations, and failed to predict the correct magnitude

of unsteady thermal fluctuations, highlighting its limitations in unsteady turbulent

heat transfer simulations.

Keywords: battery thermal management; lithium-ion polymer battery; electro

thermal model; EV drive cycles; finite volume method, electric vehicle; BTMS; con-

jugate heat transfer; battery cooling plate; rectangular serpentine channel; laminar

flow; triple jet; thermal striping; mixing; thermal fatigue; LES; RANS.
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1
Introduction

1.1 Background

Environmental regulations, rising energy prices, and increasing public awareness on

global warming coupled with government incentives are creating opportunities for

alternative powertrain vehicles. Electric Vehicles (EVs) offer zero emissions at point

of use and are a route to zero total green house gas as carbon neutral electricity

generation develops. It is anticipated that EV penetration in Europe will grow to

around 1.2 million cars with around 43 original equipment manufacturers (OEM)

and a total of 74 EV models available by 2015 [5]. Research carried out by Boston

1



2 Chapter 1. Introduction

Consulting Group (BCG) [6] in 2008 identified that 26% of vehicles would be fully

electric by 2020 and that the battery costs would decline by 60 − 65% by 2020. A

critical element to the viability of low carbon technology vehicles like EV and HEV

is the right selection of power source. The high specific energy and power capability

of lithium ion cell enable its use in low carbon vehicle applications.

The implementation of electric vehicle technology is dependent on various factors.

The electric car industry, like any new industry, is facing a number of challenges.

The major challenge is costs. Battery technology is expensive, and because batteries

in electric cars need to be able to hold massive amounts of charge to make the cars

practical for most drivers, they have to be built using expensive materials, most

of which are tough to procure. Because electric cars cost a lot to build, they also

cost more than comparable gasoline cars to buy. That makes consumers reluctant to

adopt them. Beyond the costs, electric car makers have a lot of convincing to do with

consumers. Not everyone is sold on the idea that electric cars make sense for their

life. That’s because of range anxiety. And, unless you have access to a specialized

charging station (which are currently in short supply), getting a full charge takes

around eight hours. To add to it the safety, manufacturing and reliability are also

seen as key challenges facing the successful electric vehicle implementation.

So the success of EV/HEV is heavily dependent on the range, efficiency, per-

formance, reliability and life of the Li-ion battery. Li-ion batteries are, however,

sensitive to their thermal environment and it is important that their operating tem-

perature is carefully controlled in order to meet the various targets. Charging or

discharging Li-ion batteries generates powerful electrical currents, and this in turn

generates heat inside the Li-ion cells, which needs to be managed effectively.
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1.1.1 Thermal management of Li-ion cells

Current and previous research has clearly identified that temperature affects the

battery’s ability to charge, provide energy/power to the powertrain, its safety, range,

reliability and overall life. It has been observed that the ideal temperature gradient

within a battery cell, and from a battery cell to another, is believed to be within 5

to 10◦C [7]. Figure 1.1a illustrates the effect of cell temperature on the discharge

characteristics of a high capacity EIG Li-ion cell. It is evident that as the ambient

temperature changes, the available cell capacity is significantly affected. As the

temperature increases the cell capacity rises until about 40◦C, beyond which the

capacity increase is not substantial. With reduction in temperature the discharge

characteristics curve becomes shorter and steeper, leading to reduced cell capacity.

It should also be noted that in order to avoid damage to the cell, charging is also

severely limited at temperatures much below 0◦C.

Figure 1.1b shows the relationship between cell capacity versus cell life for various

ambient temperatures for an typical Li-ion cell. The figure shows that the cell

life is sensitive to ambient temperature. The characteristic curve becomes shorter

with increase in cell temperature leading to reduction in the cell life. The cell has

maximum life at 25◦C, while the life reduces significantly at higher temperature of

55◦C with the cell capacity also reducing below the acceptable level.

Based on the above, it can be concluded that operating Li-ion cells at temper-

atures further away from 25◦C affect the ability to retain the capacity and also

effectively reduce the life span. The solution is therefore, to ensure that cell tem-

peratures are kept in the optimum range for the majority of its operating life.

Hence, managing the thermal environment of the Li-ion cells and the overall bat-

tery is critical. The battery thermal management system (BTMS) has to maintain

the Li-ion cells at the optimum temperature range for maximum performance and
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Figure 1.1: Typical effect of temperature on Li-ion cell. a) Capacity, and b) life.
(Source: EIG Li-ion cell product data sheet [8])

Figure 1.2: Li-ion cell efficiency map-in relation to vehicle operating condition.
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life. The ideal operating temperature range is represented by the yellow/green zone

in Figure 1.2. A typical liquid based BTMS [9] controls the Li-ion cell temperature

by flowing conditioned (hot or cold) coolant through the rectangular channels of a

coolant plate. The cell temperature is regulated to the ideal zone by active heating

in a cold ambient and active cooling in a hot ambient. In addition to this, the BTMS

also keeps the temperatures of the individual cells within the battery pack uniform

in order to avoid reduced performance and life.

1.2 Aims and objective

The aim of the current research is to enable advanced thermal management. Op-

timal thermal management systems not only help improve battery performance,

safety and life but also help reduction in parasitic loses thereby increasing vehicle

range. Hence being able to understand the heat rejection from the cell under vari-

ous conditions and heat removed from coolant plate of the BTMS accurately enables

optimum design of a battery thermal management system. Such understanding is

currently dependent on detailed vehicle level testing and heavy instrumentation.

Considering that the tests have to be repeated for varying load, drive cycles and

ambient conditions to gain an overall understanding, the thermal management sys-

tem development is a challenging task.

Currently, there is limited published numerical work, which can predict three di-

mensional unsteady heat generation from a Li-ion cell for various load, drive cycles

and ambient conditions. There is also limited numerical work done on understand-

ing how coolant plate channel parameters like aspect ratio, gap between channels

affect the pressure drop, cell maximum temperature and uniformity. Being able to

predict these two key aspects would help design efficient battery thermal manage-

ment systems. Hence, the main objectives of the current research focus on numerical



6 Chapter 1. Introduction

modelling of those key aspects:

• Predicting the heat generated by Li-ion cells. This has been covered in Chapter

4.

• Predicting how the generated heat is removed through the cooling plates of

the battery thermal management system. This has been covered in Chapter 5

and also in Appendix.

For the heat generation predictions, an electro-thermal numerical model has been

proposed and validated for Li-ion cells. The fully coupled, three-dimensional tran-

sient electro-thermal model has been implemented for a high energy density Li-ion

polymer pouch cell. In terms of predicting heat removal, a laminar flow through

serpentine channels of rectangular cross section is modeled to study the conjugate

heat transfer through the cooling plate of the thermal management system. In this

study, the effect of the aspect ratio and the radius of curvature of the serpentine

channel on the thermal performance of the cooling plate was considered. Laminar

conjugate heat transfer simulations of a battery cooling plate were carried out at

several Reynolds numbers. Laminar flow through serpentine channels enables lower

power draw from the batteries, resulting in lower parasitic loses and hence enabling

maximum electric vehicle range whilst providing efficient thermal management.

For very high battery discharge applications (i.e., hybrid or range extender vehi-

cles) with onboard conventional engine for continuous battery charging, management

of high heat generation would be primary. For maintaining temperature on batter-

ies in the ideal range for such high discharge applications turbulent heat transfer

is considered. A numerical turbulent heat transfer problem is studied (due to data

available for model validation) for accessing various turbulence modelling methods.

Numerical simulations of a non-isothermal triple jet were performed to validate the
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numerical model, assess the capability and accuracy of LES along with two other

available RANS based models for turbulent heat transfer applications.

1.3 Structure of the thesis

The following provides a brief summary of the subsequent chapters in the thesis.

• Chapter 2: This chapter serves as an introduction to the Li-ion technology,

understanding on various critical processes and terminology used in Li-ion

cells. Also looks at various types commercially available chemistry, types and

formats of li-ion batteries for electric/hybrid vehicle application.

• Chapter 3: This chapter serves as a review on thermal management for Li-

ion batteries, introducing various types of thermal management systems used

for electric/hybrid vehicle applications.

• Chapter 4: This chapter describes the electro-thermal model developed to

predict the thermal behavior of cells. The study also describes the perfor-

mance testing and Li-ion cell electro-thermal characterisation performed for

the validation of the numerical electro-thermal model.

This work has been published : S. Chacko and Y. M. Chung. Thermal mod-

elling of Li-ion polymer battery for electric vehicle drive cycles, Journal of

Power Sources 213: 296-303, 2012.

• Chapter 5: This chapter describes the numerical study on a cooling plate

with serpentine channels used for battery thermal management. Channels

with a rectangular cross section were considered.

This work has submitted for publication : S. Chacko and Y. M. Chung. Lam-

inar conjugate heat transfer of rectangular serpentine channels for EV battery

thermal management, Submitted, 2012.
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• Chapter A: This chapter describes the numerical study of turbulent heat

transfer. Various turbulence models have been used and compared against

experimental data for a triple jet.

This work has been published : S. Chacko, Y. M. Chung, S. K. Choi, H. Y.

Nam, and H. Y. Jeong. Large eddy simulation of thermal striping in non-

isothermal triple jet. International Journal of Heat and Mass Transfer, 54(19-

20):4400-4409, 2011.



2
Li-ion cell technology

2.1 Background

In this chapter the concepts related to Li-ion technology is discussed and reviewed.

As the environment pollution is a serious problem, automobile manufacturers are

forced to shift part of their productions from pure internal combustion systems to

new energy saving vehicles [10]. The proposed solution is to produce clean vehicles

such as pure EVs, HEVs, plug-in hybrid electric vehicles (PHEV) and fuel cell

electric vehicle (FCEV). EVs offer zero emissions at point of use and are a route to

9
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zero total green house gas as carbon neutral electricity generation develops. It has

been estimated that electric systems would be widely used in the near future [5, 10].

EV was first built in Britain by Robert Davidson [11] in 1873, nearly 12 years

earlier than the first gasoline-powered vehicle. It had an energy source, a power con-

verter, an electric motor and a mechanical transmission. While EV rely completely

on batteries for propulsion, HEV combines a internal combustion engine along with

an electric propulsion system. FCEVs use fuel cell for propulsion, have high effi-

ciency, low operation noise and little or no emissions [12]. In principle, the electricity

used by EVs or the hydrogen used by FCEVs could be generated by clean and CO2

free processes, using renewable sources such as solar energy or fossil energy with

CO2 capture and storage techniques. EVs, FCEVs remains the only potential zero-

emissions-vehicle replacements for the internal combustion engine [13, 14, 15]. That

is why they are often regarded as the long-term complete solution to the problem

of pollution and energy shortage. EVs, FCEVs create social benefits by generat-

ing power without polluting emissions, and HEVs by reducing gasoline combustion.

Until now, many researchers have concluded that EVs, HEVs and FCEVs offer the

best possibility for the use of new energy sources [12, 10, 16, 13]. Andersen et al .

[17] have shown that, by using EVs instead of gasoline-consuming vehicles, green

house gas (GHG) emissions would be reduced up to 20% and could be further up to

40% as the electric power generated from renewable sources.

2.1.1 Batteries for low carbon vehicles

A critical element to the success of new technologies like EV, HEV vehicles is the

right selection of power source. There are numerous rechargeable power batteries

such as lead-acid, nickel-based, zinc/halogen, metal/air, sodium-beta and Li-ion [11].

The power battery is by far the largest cost item and a key barrier to the viability of

the battery powered vehicles [18, 19]. At the beginning of the 1990s, the lead-acid
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battery was available for consideration in electric vehicles because of promising cost

and specific-power characteristics [20]. The lead-acid battery had a poor cycle-life

and significant research has gone to improving its cycle-life performance [20, 21]. In

2000, the UK Foresight Vehicle Programme started with the objective of developing

an optimised lead-acid battery as a solution for HEVs [16]. The market acceptabil-

ity of lead-acid had been limited for battery EVs, prompting active development

of higher-specific energy batteries. Nickel metal hydride (NiMH) batteries started

becoming the next choice for the emerging electric vehicle market [22, 23]. It became

widely used due to its comparatively high specific power, energy and life cycle [24].

In 1991, a Japanese company [25, 26] invented the Li-ion battery which provides

longer cycle life, high energy and power, and higher voltages. The capacity and

power output of Li-ion batteries is over three times that for NiMH batteries and

two times that for lead-acid batteries, leading to its commercially proliferation in

EV/HEV [27, 6, 28] and very recently in FCEV applications [29].

2.1.2 Comparison of available batteries

Several electrical energy storage and conversion devices have been considered for use

in EV/HEV vehicle applications [29, 28]. These are illustrated in Figure 2.1 in the

form of a Ragone plot, wherein the abscissa is specific power (which can be thought

of as acceleration in a vehicle) and the ordinate is specific energy (or range in an EV).

The graph shows these quantities for various batteries, electrochemical capacitors,

and fuel cells. Note that this plot shows specific energy and power on a cell level for

batteries made for many different applications, from consumer electronic to vehicles.

From a performance standpoint, the figure shows that Li-ion batteries are superior

to NiMH batteries for EV/PHEV and HEV applications [30]. The figure also shows

that no battery system has the ability to provide energy close to what is possible

with gasoline (internal combustion engine). Finally, the figure also suggests that
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Figure 2.1: Ragone plot of various electrochemical energy storage and conversion
devices.(Source: Product data sheets)

batteries are superior to capacitors for applications where the time of discharge is

greater than the order of seconds [29].

The United States Advanced Battery Consortium (USABC) has set the require-

ments needed for batteries to be used in EV, PHEV and HEV applications [31].

These requirements cover a wide range of issues and include energy and power. In

order to compare the requirements to the performance of these devices illustrated

in Figure 2.1, a few assumptions have to be made, which are done here for the sake

of simplicity. While the USABC requirements for power represent a peak power for

a 10 s charge/discharge, the systems in Figure 2.1 show average power. Similarly,

the USABC requirements show energy as an available energy, which is less than the

total energy of the cell. For a HEV, available energy can be as little as 20− 30% of

the total energy, while for an EV or PHEV, this could be as large as 70− 80%. De-

spite these differences, a superposition of the USABC requirements onto Figure 2.1

is illustrative. The figure shows that while Li-ion batteries can easily satisfy HEV

requirements, the energy is much smaller than the requirements for EVs. Similarly,

the energy needs of a 40 mile PHEV (96 Wh/kg available energy) could be achieved

by a high-energy Li-ion cell (similar to the batteries used in the Tesla Roadster)



2.1 Background 13

[32, 33].

While Figure 2.1 captures the performance map of various batteries, other crite-

ria need to be considered, including cost, cycle and calendar life, and safety [34]. For

example, while PHEVs appear possible with Li-ion batteries today from an energy

standpoint, this would require the use of batteries that are not made for EV appli-

cations, and that are cycled over a very wide state of charge (SOC) range, thereby

limiting cycle life [35]. One could increase the life by limiting the extent to which

these batteries are charged, however, this would limit the energy of the cell, and

thereby increase the cost, and the volume and weight of the final battery. Indeed,

an analysis of presently-available EV batteries with characteristics that enhance cy-

cle/calendar life suggests that meeting the energy requirements for a 40 mile PHEV

is difficult [36]. The typical characteristics of EVs and HEVs power batteries studied

are shown in Figure 2.2. It can be seen that the Li-ion batteries have a better perfor-

mance in terms of energy and power than others [29, 30]. Finally, the importance of

Figure 2.2: Performance comparison of power batteries. (Source: [1])

each of these factors like power, energy etc change from application to application.

Therefore, while peak power could be an important criterion for an HEV, energy

density would be a critical parameter in an EV [24]. Some criteria, such as cost

and safety, remain challenges in all applications [18, 34]. While complicated, the

interplay between these various factors is tractable and Li-ion batteries remain the

most promising candidate for use in vehicular applications. The three main reasons
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for this conclusion are the higher energy, higher power, and the potential for lower

cost of Li-ion batteries when compared to NiMH batteries [28, 30]. This conclusion

has been the reason why significant research efforts have been directed toward Li-ion

batteries [32, 37].

2.2 Li-ion cell structure and chemistry

Lithium-ion batteries are comprised of cells that employ lithium intercalation com-

pounds as the positive and negative materials [38]. As a battery is cycled, lithium

ions (Li+) exchange between the positive and negative electrodes. They are also re-

ferred to as rocking chair batteries as the lithium ions rock back and forth between

the positive and negative electrodes as the cell is charged and discharged [2]. The

positive electrode material is typically a metal oxide with a layered structure, such

as lithium cobalt oxide (LiCoO2), or a material with a tunneled structure, such as

lithium manganese oxide (LiMn2O4), on a current collector of aluminum foil. The

negative electrode material is typically a graphitic carbon, also a layered material,

on a copper current collector.

In the charge/discharge process, lithium ions are inserted or extracted from in-

terstitial space between atomic layers within the active materials. The first batteries

marketed, and the majority of those currently available, utilize LiCoO2 as the pos-

itive electrode material. Lithium cobalt oxide offers good electrical performance, is

easily prepared, has good safety properties, and is relatively insensitive to process

variation and moisture. More recently lower cost or higher performance materials,

such as LiMn2O4 or lithium nickel cobalt oxide (LiNi1−xCoxO2), have been intro-

duced, permitting development of cells and batteries with improved performance

[37, 18]. The batteries that were first commercialised employed cells with coke neg-

ative electrode materials [39]. As improved graphites became available, the interest
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has shifted to graphitic carbons as negative electrode materials as they offer higher

specific capacity with improved cycle life and rate capability [35, 36].

Intercalation processes

Li-ion batteries typically consist of two electrodes, an anode and a cathode with a

separator between them to prevent shorting [40]. The cell is filled with electrolyte.

Figure 2.3 illustrates a typical Li-ion cell sandwich consisting of a graphite anode

and a LiCoO2 cathode. The electrodes consist of active materials bound together

Figure 2.3: Schematic of a typical Li-ion cell.(Source: [1])

with an electronically insulating binder and conductive additives. Each electrode

is pasted onto current collectors. During charge, Li is removed from the cathode

(or positive electrode), transferred through the separator via the electrolyte and is

inserted into the anode [41]. The reverse occurs on discharge. The difference in

voltage of the cathode and anode is the cell voltage. The amount of Li that is

stored in each of these materials is related to the capacity (often given in mAh/g).

The product of the voltage and the capacity is the energy. How quickly the Li is

transferred from one electrode to the other (or how quickly the energy is removed)

is related to the power [38].
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Figure 2.4 shows the typical steady-state charge (constant current) of the anode

and cathode of a Li-ion cell with a graphite anode and a LiCoO2 cathode in an

organic electrolyte consisting of a Li salt (lithium hexafluoro phosphate, LiPF6) in

a solvent (e.g., ethylene carbonate and diethyl carbonate) [37]. This is the battery

Figure 2.4: Steady state charge curve of a Li-ion cell.(Source: [1])

used in laptops and cell phones [28]. The voltage of each electrode is represented with

respect to a Li-metal reference electrode. As the Li is removed from the cathode,

its potential increases, while the potential of the anode decreases with insertion

of Li. The process of Li moving in and out of the electrodes is referred to as

intercalation/deintercalation. The voltage of the battery is the difference in voltage

of the cathode and the anode, which increases as charge proceeds. The abscissa

represents how much Li is stored in the cell, while the ordinate shows at what

voltage the Li is inserted/removed from the materials. In order to increase the

energy of the battery three avenues can be pursued, namely:

• Increase the voltage of the cathode

• Decrease the voltage of the anode
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• Increase the capacity of the cell

However, the thermodynamics of electrochemical reactions other than the inter-

calation of Li (referred to as side reactions) limits these quantities [41]. The three

side reactions worth mentioning in this figure are the oxidation of the solvent that

occurs above 4.2 V, Li-metal deposition that occurs below 0 V, and solvent reduction

that occurs below 1 V . These reactions not only limit the energy of the cell, but

they are also implicated in the life and safety problems associated with Li-ion bat-

teries. Fortunately, it has been observed that Li can intercalate into many different

anode and cathode materials. At present, three classes of cathodes, four classes of

anodes, and four classes of electrolytes are being considered for use in Li-ion cells.

Depending on the combination of the anode, cathode, and electrolyte, one can have

a completely new battery with changes to the energy, power, life, safety character-

istics and low temperature performance [39, 34]. These classes are illustrated in

Figure 2.5 for the three components of the battery.

Figure 2.5: Schematic of a Li-ion cell with the various anode, cathode, and elec-
trolytes that are presently being considered. Changing the combination results in
changes to the energy, power, safety, life, and cost.(Source: [1])
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2.3 Li-ion performance characteristics

A few key parameters used to define Li-ion performance characteristics are described

below [38]:

• Energy density: The energy density of a battery is a measure of how much

energy the battery can supply relative to its weight or volume. A battery with

an energy density twice that of another battery should, theoretically, have an

active lifetime twice as long.

• Energy per mass: It is the gravimetric energy density of a battery.

• Energy per volume: It is the volumetric energy densities of a battery.

• Voltage profiles: The voltage profile of a battery is the relationship of its

voltage to the length of time it has been discharging (or charging). In most

primary batteries, the voltage will drop steadily as the chemical reactions in

the cell are diminished [40]. At some point near the end of the cycle, the

voltage drops sharply to nearly zero volts.

• Self-discharge rates: All charged batteries (except thermal batteries and other

batteries specifically designed for a near-infinite shelf life) will slowly lose their

charge over time, even if they are not connected to a device. Moisture in the

air and the slight conductivity of the battery housing will serve as a path for

electrons to travel to the cathode, discharging the battery. The rate at which

a battery loses power in this way is called the self-discharge rate [42].

• Operating temperature: As a general rule, battery performance deteriorates

gradually with a rise in temperature above 25◦C, and performance deteri-

orates rapidly at temperatures above 55◦C [43]. At very low temperatures

−20◦C to 0◦C, battery performance is only a fraction of that at 25◦C. At low
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temperatures, the loss of energy capacity is due to the reduced rate of chemi-

cal reactions and the increased internal resistance of the electrolyte. At high

temperatures, the loss of energy capacity is due to the increase of unwanted,

parasitic chemical reactions in the electrolyte. Li-ion batteries as a general

rule have a recommended temperature range of 25◦C to 45◦C [44, 7].

• Cycle life: The cycle life of a battery is the number of discharge/recharge

cycles the battery can sustain, with normal care and usage patterns, before it

can no longer hold a useful amount of charge [45, 19].

Many factors influence the operational characteristics, capacity, energy output

and performance of a battery. The effect of these factors on battery performance is

discussed:

Voltage Level

Voltage of a cell or battery is an important parameter, and there are several different

references:

• The theoretical voltage is a function of the anode and cathode materials, the

composition of the electrolyte and the temperature (usually stated at 25◦C)

[46].

• The open-circuit voltage is the voltage under a no-load condition and is usually

a close approximation of the theoretical voltage.

• The closed-circuit voltage is the voltage under a load condition.

• The nominal voltage is one that is generally accepted as typical of the operating

voltage of the battery as, for example, 1.5 V for a zinc-manganese dioxide

battery.
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• The working voltage is more representative of the actual operating voltage of

the battery under load and is lower than the open-circuit voltage.

• The average voltage is the voltage averaged during the discharge.

• The midpoint voltage is the central voltage during the discharge of the cell or

battery.

The end or cut-off voltage is designated as the end of the discharge. Usually

it is the voltage above which most of the capacity of the cell or battery has

been delivered. The end voltage may also be dependent on the application

requirements [47, 48].

When a cell or battery is discharged its voltage is lower than the theoretical voltage.

The difference is caused by internal resistance (IR) losses due to cell (and battery)

resistance and polarization of the active materials during discharge. This is illus-

trated in Figure 2.6. In the idealized case, the discharge of the battery proceeds

at the theoretical voltage until the active materials are consumed and the capacity

is fully utilized. The voltage then drops to zero. Under actual conditions, the dis-

charge curve is similar to the other curves in Figure 2.6. The initial voltage of the

cell under a discharge load is lower than the theoretical value due to the internal

cell resistance and the resultant IR drop as well as polarization effects at both elec-

trodes [41]. The voltage also drops during discharge as the cell resistance increases

due to the accumulation of discharge products, activation and concentration, polar-

ization, and related factors. Curve 2 is similar to curve 1, but represents a cell with

a higher internal resistance or a higher discharge rate, or both, compared to the cell

represented by curve 1 [49, 50]. As the cell resistance or the discharge current is

increased, the discharge voltage decreases and it shows a more sloping profile. The

specific energy that is delivered by a battery in practice is, therefore, lower than the

theoretical specific energy of its active materials, due to:
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Figure 2.6: Characteristics of discharge curve Source.(Source: [2])

• The average voltage during the discharge is lower than the theoretical voltage.

• The battery is not discharged to zero volts and all of the available ampere-hour

capacity is not utilized.

As specific energy equals watthours/gram = voltage × ampere hours/gram,the de-

livered specific energy is lower than the theoretical energy as both of the components

of the equation are lower.

Mode of Discharge (Constant Current, Constant Load,Constant Power)

The mode of discharge of a battery, among other factors, can have a significant

effect on the performance of the battery [51]. For this reason, it is advisable that

the mode of discharge used in a test or evaluation program be the same as the one

used in the application for which it is being tested. A battery, when discharged to a

specific point (same closed-circuit voltage, at the same discharge current, at the same

temperature) will have delivered the same ampere-hours to a load regardless of the

mode of discharge. However, as during the discharge, the discharge current will be

different depending on the mode of discharge, the service time or hours of discharge

delivered to that point (which is the usual measure of battery performance) will,
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likewise, be different [19]. Three of the basic modes under which the battery may

be discharged are:

• Constant resistance: The resistance of the load remains constant throughout

the discharge. (The current decreases during the discharge proportional to the

decrease in the battery voltage)

• Constant current: The current remains constant during the discharge. C rate

is a common method for indicating the discharge at constant current, as well

as the charge current of a battery, is the C rate, expressed as I = M × Cn,

where I= discharge current(A), C = numerical value of rated capacity of the

battery in ampere-hours (Ah), n = time in hours, for which rated capacity is

declared, M = multiple or fraction of C.

• Constant power: The current increases during the discharge as the battery

voltage decreases, thus discharging the battery at constant power level (power

= current × voltage).

In the constant-current mode, the current is maintained at a level such that the

power output at the cutoff voltage is equal to the level required for acceptable

equipment performance. Thus both current and power throughout the discharge

are lower than for the constant resistance mode [52]. The average current drain on

the battery is lower and the discharge time or service life to the end of the battery life

is longer. In the constant-power mode, the current is lowest at the beginning of the

discharge and increases as the battery voltage drops in order to maintain a constant-

power output at the level required by the equipment. The average current is lowest

under this mode of discharge, and hence, the longest service time is obtained. It

should be noted that the extent of the advantage of the constant-power discharge

mode over the other modes of discharge is dependent on the discharge characteristics
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of the battery [38]. The advantage is higher with battery systems that require a wide

voltage range to deliver their full capacity.

Temperature of Battery During Discharge

The temperature at which the battery is discharged has a pronounced effect on its

service life (capacity) and voltage characteristics. This is due to the reduction in

chemical activity and the increase in the internal resistance of the battery at lower

temperatures [53]. This is illustrated in Figure 2.7, which shows the test data for

voltage variation with capacity at different temperatures for an A123 20 Ah cell

(see Section 4.3.1 for test procedure details). It is evident that the cell capacity(Ah)

varies with temperature. Lowering of the ambient temperature results in a reduction

of capacity as well as an increase in the slope of the discharge curve. Both the spe-

cific characteristics and the discharge profile vary for each battery system, design,

and discharge rate, but generally best performance is obtained between 20 and 40◦C

[44]. At higher temperatures, the internal resistance decreases, the discharge volt-

age increases and, as a result, the ampere-hour capacity and energy output usually

increase as well. On the other hand, chemical activity also increases at the higher

temperatures and may be rapid enough during the discharge (a phenomenon known

as self-discharge) to cause a net loss of capacity [54]. Again, the extent is dependent

on the battery system, design and temperature [55]. As the discharge rate is in-

creased, the battery voltage (for example, the midpoint voltage) decreases; the rate

of decrease is usually more rapid at the lower temperatures. Similarly, the batterys

capacity falls off most rapidly with increasing discharge load and decreasing temper-

ature. Again, as noted previously, the more stringent the discharge conditions, the

greater the loss of capacity. However, discharging at high rates could cause apparent

anomalous effects as the battery may heat up to temperatures much above ambient,

showing the effects of the higher temperatures [2].
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Figure 2.7: A123 20 Ah test data illustrating the effect of temperature.

2.3.1 Li-ion cell types based on chemistry

A variety of materials can be paired with carbon-based negatives in battery cells by

using organic electrolytes [38]. Mixed with carbon for increased conductivity and

with binders, these materials are deposited on thin aluminum sheets as conducting

supports .

• LiCoO2: Lithiated cobalt oxide is the main component of the positive elec-

trodes in lithium-ion cells produced on a very large scale for consumer product

applications. It has good storage capacity for lithium ions, adequate chemical

stability, and good electrochemical reversibility [54]. However, it is relatively

more expensive per kilowatt-hour of storage capacity than other oxides and

is therefore not a good candidate for automotive applications of lithium-ion

batteries that are under severe cost constraints.

• Li(Ni0.85Co0.1Al0.05)O2: Commonly termed NCA, this lithiated mixed oxide of

nickel, cobalt, and aluminum has become accepted for batteries in prototypical
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HEV, full performance battery electric vehicle, and the PHEV. It approaches

the favorable characteristics of LiCoO2 at a lower per-kilowatt-hour cost [51].

• Li(Ni1/3Co1/3Mn1/3)O2: Often termed NCM, this lithiated mixed oxide of

nickel, cobalt, and manganese is potentially less expensive than NCA. It can

be charged to two cell voltage levels. At the higher voltage (e.g., 4.1− 4.2 V),

NCM yields excellent storage capacity and relatively low per-kilowatt-hour

cost but tends to degrade through the dissolution of manganese; at lower volt-

age, its capacity is substantially less and the per-kilowatt-hour cost is higher,

but stability appears adequate [40].

• LiMnO2: Lithium manganese spinel, denoted LMS, is more stable than cobalt

oxide and nickel oxide-based positives in lithium-ion cells because the spinel

crystal structure is inherently more stable and has no or little excess lithium

ions in the fully-charged state. Thus, it provides very little lithium for unde-

sirable lithium metal deposition on the negative electrode in overcharge [38].

Also, the threshold of thermal decomposition of the charged (lithium-depleted)

material is at a considerably higher temperature than that of other positive

electrode materials. Despite its lower specific capacity, the expected substan-

tially lower per-kilowatt-hour cost will make LMS attractive, if the efforts

to stabilize the material against electrochemical dissolution of its manganese

content are successful [54].

• LiFePO4: Lithiated iron phosphate (olivine), denoted LFP, is now being used

successfully as a potentially lower-cost positive electrode material. Because of

its lower electrochemical potential, LFP is less likely to oxidize the electrolyte

solvent and thus is more stable, especially at elevated temperatures [34]. Dop-

ing is used to increase the conductivity and stability of this promising material.

The electrolyte used in lithium-ion battery cells is a solution of a fluorinated

lithium salt (typically LiPF6) in an organic solvent, enabling current trans-
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port by lithium ions. Separators are usually micro-porous membranes made of

polyethylene or polypropylene. Because of the low conductivity of organic elec-

trolytes, adequate cell and battery power can be realized only with electrodes

and separators that are much thinner than those used in aqueous-electrolyte

batteries. The need for thin electrodes has made spiral winding of positive

electrode-separator negative electrode composites the preferred method for

the fabrication of lithium-ion cells, but flat cell configurations packaged in soft

plastic (often metallized) enclosures are now gaining acceptance [18].

2.3.2 Li-ion cell advantage and disadvantages

The major advantages and disadvantages of Li-ion batteries, relative to other types

of batteries, are summarized in Table 2.1. The high specific energy (150 Wh/kg) and

energy density (400 Wh/L) of commercial products makes them attractive for weight

or volume sensitive applications. Li-ion batteries offer a low self-discharge rate (2%

to 8% per month), long cycle life (greater than 1000 cycles) and a broad temperature

range of operation (charge at 20◦C to 60◦C, discharge at 40◦C to 65◦C), enabling

their use in a wide variety of applications [48]. A wide array of sizes and shapes is

now available from a variety of manufacturers. Single cells typically operate in the

range of 2.5 to 4.2 V, approximately three times that of NiCd or NiMH cells, and

thus require fewer cells for a battery of a given voltage. Li-ion batteries can offer high

rate capability. Discharge at 5C continuous, or 25C pulse, has been demonstrated.

The combination of these qualities within a cost effective, hermetic package has

enabled diverse application of the technology [38].

A disadvantage of Li-ion batteries is that they degrade when discharged below

2 V and may vent when overcharged as they do not have a chemical mechanism

to manage overcharge, unlike aqueous cell chemistries. Li-ion batteries typically

employ management circuitry and mechanical disconnect devices to provide protec-
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Table 2.1: Advantage and disadvantage of Li-ion batteries.(Source: [2])

Advantage

Sealed no maintenance required temperature
Long cycle life

Broad temperature range of operation
Long shelf life

Low self discharge rate
Rapid charge capability

High rate and power discharge capability
High coulombic and energy efficiency

High specific energy and energy density
No memory effect

Disadvantage

Moderate initial cost
Degrades at high temperature
Need for protective circuitry

Capacity loss or thermal runaway when overcharged
Venting and possible thermal runaway when crushed

Cylindrical designs offer lower power density than NiMH

tion from over-discharge, overcharge or over temperature conditions [51]. Another

disadvantage of Li-ion products is that they permanently lose capacity at elevated

temperatures (65◦C), albeit at a lower rate than most NiCd or NiMH products

[30, 56, 57].

2.4 Cell format

The Li-ion cells are made up of coated metal electrodes, a separator and an elec-

trolyte . Both the positive and negative electrodes store Li-ions, and the separator,

which is non-electrically conductive, insulates them but allows for the transport

of Li-ions between the electrodes. The electrolyte has the organic solvent, which

promotes the transport of the Li-ions which generates an electric current [54]. Li-
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ion cells come in different formats which are predominantly cylindrical, prismatic

or pouch type. Figure 2.8 shows the commercially available Li-ion cell formats.

Cylindrical cells have an anode, separator and cathode rolled up and inserted into

Figure 2.8: Different types of commercially available Li-ion cell formats.

a cylindrical housing usually made of aluminium, while prismatic cells can be rolled

or layered but are flat packed in a housing. Due to their shape, cylindrical cells

Figure 2.9: Schematic diagram of a wound cylindrical cell.(Source: [2])

are robust at the cell level, but as they get larger their external surface area to

volume ratio decreases, thus reducing the heat transfer effectiveness and increasing
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temperature gradient. The pouch or prismatic cell has a higher surface area to vol-

ume ratio which is better for heat transfer. The pouch cells have individual layers

of active material, similar to the prismatic cell, but packed in a flexible composite

aluminium film. The construction of a cylindrical wound Li-ion cell is illustrated in

Figure 2.9. Prismatic or pouch cells can also be packaged with a better volume effi-

ciency compared to cylindrical cells, and can be better integrated with the thermal

management system for a reasonable cost [18]. The fabrication of wound prismatic

cells is similar to cylindrical versions except that a flat mandrel is used instead of

a cylindrical mandrel [51, 58]. A schematic diagram of a wound prismatic cell is

shown in Figure 2.10. The construction consists of a positive and negative electrode

Figure 2.10: Schematic diagram of a wound prismatic cell.(Source: [2])

separated by a 16 µm to 25 µm thick micro porous polyethylene or polypropylene

separator. Positive electrodes consists of 10 µm to 25 µm Al foil coated with the
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active material to a total thickness typically 180 µm. Negative electrodes are typi-

cally 10 µm to 20 µm Cu foil coated with a carbonaceous active material to a total

thickness 200 µm. The thin coatings and separator are required because of the low

conductivity of non-aqueous electrolytes, 10 mS/cm, and slow Li diffusion in the

positive and negative electrode materials, about 10−10 m2/s. Typically a single tab

at the end of the wind is used to connect the current collectors to their respective

terminals [41]. The case, commonly used as the negative terminal, is typically Ni

plated steel. When used as the positive terminal, the case is typically aluminum.

Most commercially available cells utilize a header that incorporates disconnect de-

vices, activated by pressure or temperature, such as a safety vent [59, 18]. One

design is illustrated in Figure 2.10. These devices can limit cell performance at

high rates, i.e., in a typical 18650 cell, 12A discharge results in disconnect after 20

seconds once the temperature of the disconnect device reaches 70◦C due to resistive

heating. The header-can seal is typically formed through a crimp.

We have performed a number of examinations on pouch and cylindrical cells

to compare internal structure. Figure 2.11 shows a cylindrical Li-ion cell stripped,

opened and unrolled. The cell must be fully discharged first if the cell is to be opened

in air and a suitable fume cabinet is needed to clear volatile organic solvents. The

basic structure is consistent across most designs, using electrodes of approximately

100 − 150 microns thickness coated on 20 µm foil of either copper for the negative

electrode or aluminium for the positive. There are usually 20 − 30 of each elec-

trode polarity in a pouch cell. These are interleaved with micro-porous separator of

approx. 20 µm thickness.

2.4.1 Cell layout

Virtually every manufacturer has worked individually and with battery suppliers

to develop Li-ion chemistries that are much more abuse tolerant, as well as being
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Figure 2.11: Cylindrical cells with a) mandrel header opened b) unrolled anode,
separator and cathode.

more durable and reliable [28]. Still, there are substantial tradeoffs between these

automotive-grade Li-ion chemistries. Table 2.2 provides a summary of the more

prominent Li-ion cell designs that have developed [32]. In Tata Vista EV, (Figure

Table 2.2: Properties of Li-ion cells used by vehicle manufacturers.

2.12) Li-ion pouch cells are used. These Li-ion pouch cells are stacked together
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Figure 2.12: Tata Indica Vista EV.

to make a module [9]. A set of these modules are then used to make the complete

battery pack [60]. Figure 2.13 shows how two distinct battery boxes, each containing

six modules, are housed in the Vista EV battery tray. The battery tray is used to

house the packs and is securely mounted on to the Vista EV chassis as in Figure

2.14. Figure 2.15, 2.16 show the battery packs layout of commercially available

EVs, Nissan Leaf and Mitsubishi iMiev, respectively. The battery pack is made of

modules built from prismatic cells. These EVs have the battery packs mounted on

to the vehicle chassis directly.

There are a number of challenges that are likely to impact lithium supply in the

future. Availability of raw material and cost is one of the key challenges. Although

there is sufficient amount of lithium resources available globally to meet the demand.

This poses an inherent risk due to the accessibility of the raw material that is

available only in a specific geography. Unrest or instability of the governments in

these regions can greatly affect the supply and have impact on the battery price

1http://www.green.autoblog.com/
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Figure 2.13: Vista EV battery tray (housing the li-ion pouch battery pack)layout.

Figure 2.14: Vista EV battery tray chassis installation.

and in turn, the vehicle cost. OEMs are looking at overcoming the dependency on

lithium through reuse of lithium batteries in other applications (second-life) and

through recycling the batteries once they have completed their lifecycle. Specialised

processes and dedicated small scale recycling plants closer to vehicle manufacturers

are likely to be the trend in the future. The main challenge hindering the industry
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Figure 2.15: Nissan leaf cell layout.1

Figure 2.16: Mitsubishi iMiev cell layout.2

is the long-term nature of financial investments required by market participants

to develop specialised waste disposal services. As the market is still unexplored,

the specific impacts and overall profitability of these investments are unknown and

thereby create ambiguity and uncertainty about making such commitments.

The commercially available EVs have Li-ion cells of different chemistry/formats

[32]. In the current research an overall Li-ion cell performance evaluation experiment

is performed on various types of cell chemistry/formats for initial understanding of

the cell electro-thermal behavior. Based on the initial understanding a detailed

electro-thermal cell charaterisation experiments is derived and performed on a Li-

ion pouch cell.

The thesis describes all the experimental work conducted towards Li-ion cell

electro-thermal model development and validation in Chapter 4. Section 4.3.1 ex-

plains in detail the overall cell performance evaluation experiments. The overall cell

performance evaluation is based on international standard IEC62660-1:2010 [61]
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with an intent to gain insights into the overall cell electro-thermal behaviour for dif-

ferent chemistry/format. Section 4.3.2 describes the experimental setup/test cycle

and results of the detailed electro-thermal charatersation experiments to support

Li-ion cell model development and validation.

2http://www.green.autoblog.com/
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Battery thermal management

3.1 Introduction

Now, thermal management concepts and its implementation for Li-ion batteries in

EV/HEV applications is discussed and reviewed. The safety, efficiency, reliability

and lifespan of the Li-ion battery is key to the success of low carbon vehicles like

EV/HEV. It is well known that Li-ion cells are sensitive to their thermal environment

in which they operate. It is important that their operating temperature is controlled

in order to meet the vehicle performance targets.

37
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Li-ion cells generate heat during both charge and discharge, and this should be

removed effectively to prevent a severe temperature increase within the cell. It was

found that every degree of cell temperature rise reduces the lifespan of the Li-ion

battery by approximately two months in an operating temperature range of 30−40◦C

[43]. The cell temperature difference should be kept between 5 − 10◦C [62, 63] to

achieve a full lifespan, as large temperature non-uniformity in the battery pack

affects adversely overall cell lifespan as well as available cell capacity [64, 52, 53, 34].

Therefore, a battery thermal management system enabling effective temperature

control becomes essential for overall cell performance and life [55].

During battery charge/discharge, various chemical and electrochemical reactions

take place. Selman et al . [65] have indicated that the temperature increase in the

scaled-up cells is a major concern when the cells are operated at high discharge

rates. The batteries generate much more heat during rapid charge and discharge

cycles at high current levels, such as during quick acceleration of the vehicle [66]. The

improvement of battery-powered vehicles needs large-scale battery; however, with

the size increasing and large packages forming, serious thermal stability problems

will be posed [67].

The performances of EVs, HEVs and PHEVs are very dependent on batteries.

Hence it is very important to know the mechanism of the degradation of the batteries

performance in high temperature and high discharge current. In Li-ion battery,

heat may generate in the solid electrolyte interface (SEI) film, electrolyte and anode

decomposition, the reaction of cathode and electrolyte, the reaction of cathode and

adhesive [57]. Excessive local temperature rise may also cause reduction of cycle life

and thermal runaway [68]. To achieve a good balance between performance and life,

the best operating temperature for Li-ion batteries ranges between 25 and 40◦C, and

temperature distribution from module to module is below 5◦C [69]. As temperature

above 50◦C will lower the charging efficiency or lower the longevity properties, heat



3.1 Introduction 39

control is an important issue for Li-ion and other batteries [70].

In general, temperature affects the battery performance including:

• Electrochemical system,

• Round trip efficiency,

• Charge acceptance,

• Power and energy capability,

• Reliability, and

• Cycle life and cost [69]

Based on the above analysis, there are two main problems caused by temperature

increase. The first is that the high temperature during charge and discharge can lead

to the possibility that temperatures will exceed permissible levels and decrease the

battery performance. Another is that the uneven temperature distribution in the

battery pack will lead to a localized deterioration. Thereof, temperature uniformity,

within a cell and from cell to cell, is important to achieve maximum cycle life of cell,

module, and pack [71].

To optimize the performance of a battery and pack/module, the thermal energy

management system should achieve the following objectives.

• Optimum operating temperature range for every cell and all battery modules,

rejecting heat in hot climates/adding heat in cold climates.

• Small temperature variations within a cell and module.

• Small temperature variations among various modules.
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• Compact and lightweight, easily packaged, reliable, low-cost and easy for ser-

vice.

• A provision for ventilation if the battery generates potentially hazardous gases.

3.2 Literature review

The key to efficient thermal control is to maintain the battery within an ideal tem-

perature zone where it would be self regulating. Below this temperature the battery

would require heating, and above this temperature cooling [44, 7].

The batteries such as Li-ion batteries have high power density, but their power is

severely limited at −30◦C [72]. If the battery is operated at a very low temperature

such as −30◦C in cold winter, the battery must be heated rapidly after a cold

startup. Nelson et al . [73] noted that for a 25 kW delivering power, only 5 kW

could be supplied by the battery at −30◦C. The battery could not heat itself that

rapidly with I2R heating. In such a case, external heating the battery must be

considered, and they suggested two ways [44] to rapid heating:

• With electric heaters within the battery,

• By heating the battery coolant with heat transferred from the engine coolant.

The thermal management system may be passive [68] (i.e., only the ambient

environment is used) or active [7](i.e., a built-in source provides heating and/or

cooling), and can be also divided into four categories based on medium.

• Air based heat/cooling/ventilation (See Figure 3.1)

• Liquid based cooling/heating (See Figure 3.3)
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• Phase change materials (PCM) (See Figure 3.7)

• Combination of above.

3.2.1 Air based thermal management

Considering the use of air for battery thermal management may be the simplest

approach, and air cooling systems are used for EV/HEV because of cost and space

limitations. Figure 3.1 shows an example for both passive and active means of

air cooling. Figure 3.1a shows a passive means of cooling where the ambient air is

directly blown over the batteries. Passive configuration shown in Figure 3.1b enables

both heating and cooling where the ambient air is conditioned by passing through

a heat exchanger. For heating of batteries the air would be heated by the heat

exchanger before flowing over the batteries, while in cooling model the air would

flow through the heat exchanger without heat up. Figure 3.1c shows an active

configuration where the air out is fed back into the inlet were it is reconditioned

before flowing over the batteries for cooling/heating. It is apparent that the air

natural convection for battery dissipation is invalid; heat transfer with air is achieved

by directing/blowing the air parallel or serial across the battery module/pack.

For pouch and prismatic shape of the cells there are two ways for the air to flow

over the battery, which can be seen in Figure 3.2.

The Toyota Prius supplies conditioned air from the cabin as thermal manage-

ment for cooling the batteries. Zolot et al . [23] used a parallel airflow scheme in a

Toyota Prius hybrid electric vehicle, to cool the battery (also used for heating). The

forced air system consists of two vents; one for cabin air to return and the other to

supply outside air. Lou [74] designed a cinquefoil battery pack constituted by 5 long

modules (total voltage of 36 V) to enhance the heat transfer for NiMH batteries.

The experiment showed that the temperature drop was fixed to the expectant target,
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Figure 3.1: Battery thermal management using air.

Figure 3.2: Schematic for air flow over a battery pack.

but the temperature difference was still higher by 5◦C. In addition the temperature

on the battery pack was unevenly distributed.
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Air forced convection cooling could mitigate temperature rise in the battery.

But the application is limited to moderate heat generation. If in case the battery

temperature rises higher than 66◦C, it would be difficult to cool it to below 52◦C by

air-cooling [73]. Furthermore, at stressful and abuse conditions, especially at high

discharge rates and at high operating or ambient temperatures (> 40◦C), air-cooling

will not be proper, and the non-uniform distribution of temperature on the surface

of the battery becomes inevitable [75]. Also use of air is difficult for low temperature

heat up of battery, then we can consider liquid such as water, which has a higher

conductivity than air, for battery thermal management.

3.2.2 Liquid based thermal management

Most of previous studies showed that the heat dissipation could not be significantly

alleviated by air natural or forced convection, particularly in large-scale batteries

[76]. Figure 3.3 shows some common passive and active configurations of liquid

based battery thermal management. Figure 3.3a shows a passive liquid cooling

circuit with a coolant pump circulating the coolant between the battery pack and

heat exchanger. The battery pack heat is removed by the coolant and transferred

to air by the heat exchanger (liquid to air heat exchanger). Figures 3.3b and 3.3c

show active liquid cooling configuration respectively. In this configuration the liquid

to air heat exchanger would be a part of the engine coolant loop for moderate

temperature control and for higher heating and cooling there would be a additional

heat exchanger/heater in the primary battery cooling loop.

The battery thermal management system using liquid could be achieved either

through discrete tubing around each module; with a jacket around the modules;

submerging modules in a dielectric fluid for direct contacts or placing the modules

on a liquid heated/cooled plate (heat sink) [77]. The heat transfer medium could

be water, glycol, oil, acetone or even refrigerants. The relative strengths of air



44 Chapter 3. Battery thermal management

Figure 3.3: Battery thermal management using water.

cooling and liquid cooling were discussed by Pesaran [78, 77]. With the experiment

results, he suggested that using air as the heat transfer medium is less complicated,

though less effective than a system using liquid cooling/heating. Air cooling could be

adequate for parallel HEVs taking advantage of simple configuration whereas more



3.2 Literature review 45

effective liquid cooling might be required for EVs and series HEVs [74]. A liquid

cooled thermal management system was applied for General Motors Volt plug-in

hybrid vehicle [27, 79]. Figure 3.4 shows a liquid cooling thermal management

system in a Mercedes hybrid car. Heat pipe, which makes use of change-of-phase

Figure 3.4: Schematic for a water cooling.1

heat transfer, first suggested by R.S. Gaugler [80] in 1942, has been taken more

attention recent years. It consists of a sealed container whose inner surfaces have a

capillary wicking material to provide driving force to return the condensate to the

evaporator. Figure 3.5 shows the working of a heat pipe. As the liquid is used

Figure 3.5: Working of a heat pipe.2

to complete the phase change process, heat pipe is thought to be liquid for battery

1http://www.green.autoblog.com/
2http://www.ocmodshop.com/heat-pipes-explained/
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thermal management. 1) The working fluid in the schematic absorbs the thermal

energy and evaporates to vapour. 2) This vapour migrates along cavity to lower

temperature end. 3) Vapour condenses back to fluid and is absorbed by the wick,

releasing thermal energy. 4) The working fluid flows back to the higher temperature

end.

In Wu et al . [75], two heat pipes with metallic aluminum fin were attached to the

battery (Li-ion, 12 Ah, cylindrical, 40 mm in diameter, 110 mm in length) surface

to mitigate the temperature rise. Their experimental and simulation results showed

that the heat pipe significantly reduced the temperature rise, especially with the help

of metallic aluminum fin. Jang and Rhi [81] adopted a loop thermosyphon (similar

to heat pipe) cooling method for high efficiency cooling. The system combined

the heat pipe and air cooling; the heating section distributed on the surface of the

battery and the fan blew the air flow over the condenser section. Their experiment

showed that the operating temperature was under 50◦C with pure water as medium

and 45◦C with acetone.

3.2.3 PCM based thermal management

An ideal thermal management system should be able to maintain the battery pack

at an optimum temperature with low volume, weight and cost added. Thermal

management systems such as forced air-cooling and liquid-cooling make the overall

system too large, complex and expensive in terms of blower, fans, pumps, pipes and

other accessories [82]. Therefore, for others thermal management solutions are re-

quired. Figure 3.3 shows an example for a cylindrical cell housed inside a PCM base

enabling heat transfer to and from PCM directly. A novel solution using PCM for

battery thermal energy management was proposed for electric and hybrid electric

vehicle applications. PCM battery management system, first demonstrated by Al-

Hallaj and Selman [83] and patented [84], performed better than the conventional
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thermal management system. Mills and Al-Hallaj [85] designed a PCM thermal man-

agement system and simulated for laptop battery pack using the entropy coefficient

method. Their results showed that PCM significantly improved the performance of

the system and kept the operating temperature lower than 55◦C even at the high

discharge rate. Figure 3.6 shows the schematic of a generic PCM based thermal

management system. Khateeb and Al-Hallaj [86] reported laboratory test results of

Figure 3.6: Schematic of an PCM based thermal management system.(Source: [3])

a Li-ion battery designed for electric scooter application with four different modes

of heat dissipation:

• Natural convection cooling,

• Presence of aluminum foam heat transfer matrix,

• Use of phase change material,

• Combination of aluminum foam and PCM.

Their experiment showed that the method with PCM obtained the best effect.

The PCM offers safety in stressed conditions considering the conduction and absorp-

tion of heat. Kizilel et al . [87] confirmed the validity of using PCM for high-energy
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Li-ion packs thermal management system at normal and stressed operating con-

ditions by experiment. Later a compact type 18650-cell module using the PCM

thermal management system over active cooling was demonstrated [71]. They in-

dicated the possibility to achieve uniform temperature under normal and stressed

conditions if the passive thermal management system is used. Sabbah et al . [68]

compared the effectiveness of PCM to air forced cooling by numerical simulation

and experiment, showed that PCM cooling could keep temperature below 55◦C at a

constant discharge rate at 6.67C (10 A/cell). For low temperature operation, they

Figure 3.7: Battery thermal management using pcm.(Source: [3])

predicted that PCM is an important advantage for EVs operation under cold con-

ditions or in space applications where the battery temperature drops significantly

[83]. Figure 3.7 shows the schematic of PCM based thermal management system

for hot as well as cold ambient condition. For cooling application the PCM matrix

in which the cells are housed is made of high conductivity material to enable high

heat transfer. For a cooler ambient where the priority is heating the matrix consists

of low conductivity material. Because of the heat is stored as latent heat, just a

smaller part of the heat is transferred to the surroundings. The stored heat will be

rejected to the module when the battery temperature is dropping below the melting

point of the PCM.
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3.2.4 Selection of thermal management

The choice of a heat-transfer medium has a significant impact on the performance

and cost of the battery thermal-management system. The heat-transfer medium

could be air, liquid, a phase-change material, or any combination of these media.

Heat transfer with air is achieved by directing/blowing the air across the modules.

However, heat transfer with liquid could be achieved by using discrete tubing around

each module, using a jacket around the module, submerging modules in a dielectric

fluid for direct contact, or placing the modules on a liquid heated/cooled plate

(heat sink). If the liquid is not in direct contact with modules, such as in tubes

or jackets, the heat-transfer medium could be water/glycol or even refrigerants,

which are common automotive fluids. If modules are submerged in the heat-transfer

liquid, the liquid must be dielectric, such as silicon-based or mineral oils, to avoid

any electrical shorts. Using the air as the heat-transfer medium may be the simplest

approach, but it may not be as effective as heat transfer by liquid. The rate of heat

transfer between the walls of the module and the heat-transfer fluid depends on the

thermal conductivity, viscosity, density, and velocity of the fluid. For the same flow

rate, the heat-transfer rate for most practical direct-contact liquids (such as oil) is

much higher than that with air because of a thinner boundary layer and a higher

fluid thermal conductivity. However, because of oils higher viscosity and associated

higher pumping power, a lower flow rate is usually used, making the heat-transfer

coefficient of oil only three times higher than that of air. Indirect-contact heat-

transfer liquids (such as water or water/glycol solutions) generally have a lower

viscosity and a higher thermal conductivity than most oils, resulting in higher heat-

transfer coefficients. However, because the heat must be conducted through walls

of the jacket/container or fins, the effectiveness of indirect contact decreases.

Because of cost, mass, and space considerations and their use in mild climates,

battery packs in early vehicles particularly EVs did not use heating or cooling
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units and depended on the blowing of ambient air for the rejection of heat from

the batteries. Early prototype HEVs also used passive ambient air-cooling. Current

production HEVs (Honda Insight and Toyota Prius) use cabin air for cooling/heating

of the pack. Although the ambient air is heated and cooled by the vehicles air-

conditioning or heating system, it is still considered to be a passive system. For

passive systems, the ambient air must have a mild temperature for the thermal

management to work; otherwise, the performance of the pack can suffer in very cold

or very hot conditions. Outside of these conditions, active components (such as

evaporators, heating cores, engine coolant, or even electric and fuel-fired heaters)

are needed.

3.3 Scope of current work

Management of heat effects associated with lithium-ion batteries remains a chal-

lenge as excessive local temperature rise in Li-ion cells causes reduction of cycle life

and may lead to thermal runaway of individual cells or of an entire battery pack.

Especially in battery packs where the cells are closely packed, in order to exploit

the advantage of Li-ion cells high energy and power density, thermal runaway of a

cell can propagate and cause an entire battery to fail violently. Air based forced

convection cooling is a simple way of mitigating temperature rise in the battery. It

would be difficult to cool and maintain the temperature uniformity within the cells

at higher discharge rates for achieving the safety, performance and cycle life targets.

Similarly, PCM reduce the overall installation costs for thermal management but

are not particularly suitable for all formats of Li-ion cells.

The current work focuses on two key aspects of thermal management by indirect

liquid cooling. The first aspect is being able to predict the heat generated by the

cell at various conditions. A electro-thermal model has been developed, validated
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and this has been discussed in Chapter 4. The second aspect is how the heat

generated is being removed from the cells. A serpentine channel based cooling plate

is used to remove heat through the cells for thermal management. A numerical heat

transfer simulation reflecting modest discharge rates (similar to EV application) for

a laminar flow regime through serpentine channel is discussed in Chapter 5. For high

discharge applications (similar to HEV application), a turbulent heat transfer would

be essential. A numerical turbulent heat transfer problem hence is also studied for

accessing various turbulence modelling methods, the same is reported in Appendix

.





4
Li-ion battery electro-thermal model

4.1 Introduction

Now, the first key aspect of thermal management is discussed i.e., predicting the

heat generated by a Li-ion cell. Lithium-ion polymer batteries potentially have

much higher energy density (∼ 400 W/L) compared to other battery technologies,

and they are already replacing nickel-metal hydride (NiMH) batteries for portable

devices such as laptop computers and smart phones, and also for hand-held devices

in the power tool industry [88]. The high energy/power density of Li-ion batteries

has also made them an attractive power source in electric vehicles and hybrid electric

53
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vehicle , as they can provide longer driving range and higher acceleration. A typical

battery pack for the EV application is composed of a large number of cells to provide

the required power, and the compactness of battery packs poses a challenge for

effective thermal management [88, 44].

The major obstacles to designing a scaled-up of Li-ion batteries for EV applica-

tions have been safety, performance and overall cell life. The safety issue concerns

the thermal runaway of battery cell, and the prediction and prevention of the prop-

agation of thermal runaway have been studied by many researchers. A Li-ion cell

generates heat during both charge and discharge, and the heat generation in the

battery can increase sharply leading to overheating under stressful conditions such

as high power draw and high ambient temperature while overheating can also be

caused by defects in individual cells. If the cells are not thermally managed, the

thermal runaway propagates into an entire battery pack [54]. Various battery ther-

mal management systems have been developed for air- and liquid-cooling to prevent

the thermal runaway propagation without over-designing the cooling system [71].

The different typres of battery thermal management has been discussed in Chapter

3.

The battery cell temperature also affects the performance, reliability and lifes-

pan. High battery cell temperature can cause a shortening of the lifespan of the

Li-ion battery due to increased degradation of the battery cell. It was found that

every degree of cell temperature rise reduces the lifespan of the Li-ion battery by

approximately two months in an operating temperature range of 30 − 40 ◦C [43].

To achieve a full lifespan, the cell temperature difference should be kept below 5◦C

[62, 63] as large temperature non-uniformity in the battery pack affects adversely

overall cell lifespan as well as available cell capacity [64, 52, 53, 34]. Therefore, a

battery thermal management system enabling effective temperature control becomes

essential for safety, performance, reliability and overall cell life [55, 7, 44]. For bet-
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ter design of thermal management system, understanding the real time behaviour

of Li-ion cells in vehicle operating conditions is critical, and modelling its thermal

behaviour in various EV drive cycles can help to design such battery thermal man-

agement systems [88].

4.2 literature review

A larger amount of published work exists regarding single cell battery models. Var-

ious numerical models have been developed to predict the thermal behavior of cells,

and they can be broadly categorised into three groups: electrochemical model, equiv-

alent circuit model and electro-thermal model.

4.2.1 Electrochemical model

Electrochemical models are built upon the physical makeup of the battery and use

diffusion principles and other elements from physics and chemistry [46]. The models

characterize the fundamental mechanism of battery power generation. Electrochem-

ical models often contain systems of coupled partial differential equations that can

be difficult to simulate/solve and are typically not suitable for control design or

models that require evaluation of multiple battery models. Because of the propri-

etary nature of most readily available batteries, the parameters needed to built the

model are often difficult, if not impossible, to obtain.

Many electrochemical models have been proposed to describe battery charge and

discharge characteristics with varying complexity [47, 48, 89, 90, 91, 56, 92]. An en-

ergy balance is used in conjunction with the electrochemical models to predict the

temperature in the battery. The general energy balance for battery systems was pro-

posed by Bernardi et al . [93]. Their model incorporates electrochemical reactions,
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phase changes, mixing effects, Joule heating, and heat transfer in the global energy

balance, assuming that the temperature of the battery is uniform throughout the

cell but changes in time. The heat generation term in the energy balance is coupled

with an electrochemical model to describe battery charge and discharge character-

istics [47, 89, 90, 91, 56, 92]. A fully coupled model [94] uses the latest current and

potential information to calculate the heat generation term whereas a partially cou-

pled approach [95] uses heat generation rates from isothermal discharges to estimate

heat generation rates during nonisothermal discharge. For simplicity, a decoupled

model uses an empirical equations (such as Shepherd equation [50]) to describe the

battery charge/discharge curves. While the decoupled model provides simplicity,

the fully coupled model produces more accurate cell temperature results.

4.2.2 Equivalent circuit model

A simpler alternative approach to the electrochemical first principle models is the

equivalent circuit based models. In such models, the electrochemical elements in

the battery are replaced by an electrically equivalent process. For example, charge

transfer across a boundary can be represented by parallel resistor and capacitor and

ion diffusion can be represented by waves propagating on a transmission line. There-

fore, the construction of the equivalent circuit can be obtained via electrochemical

impedance spectroscopy (EIS) [96] because different elements in the battery show

different behaviors depending on the frequency range. Equivalent circuit models ob-

tained this way show good input to output response when magnitude and frequency

range of the input excitation signal are limited [97].

Though simpler than electrochemical models, equivalent circuit models can still

be difficult due to the inclusion of distributed elements such as the transmission

line or pure frequency domain quantities such as the Warburg impedance [98]. By

lumping elements and assuming homogeneity in certain dimensions, an equivalent
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circuit model can be simplified. The model represents the cell as a combination of

resistors, capacitors and a voltage source. The advantage to this type of model is that

the dynamic model equations are all ordinary differential equations. The equivalent

circuit can be easily parameterised based on the cell electrochemical impedance

spectroscopy (EIS) [96] or the time domain response data from experiments.

4.2.3 Electro-thermal model

Coupled electro-thermal models rely on modelling the polarisation due to mass trans-

port and charge transfer for accurate estimation of the thermal behaviour. A thermal

analog of the electrical problem is created to estimate ohmic, polarisation voltage

losses and estimate the heat for known electrical behaviour. There have been many

previous efforts on the thermal modeling of lithium-polymer batteries for HEV and

EV applications [99, 95, 84].

Gu [100] used experimentally determined polarisation expressions, and con-

structed his model as a network of resistors to predict various properties of a

cell including cell voltage, current distribution, power capability, and energy of a

Zn/NiOOH cell. A linear and nonlinear polarisations expression that defines the

polarisation characteristics of the electrodes was proposed [101]. Bernardi et al .

[93] proposed a thermal model based on general energy balance for battery systems.

Subsequently, this method was used to predict heat generation in prismatic Li-ion

cells. Chen and Evans [42, 102, 103] introduced several two-dimensional and three-

dimensional thermal models. These models were developed based on the transient

heat-transfer equation and the heat generation equation proposed by Bernardi et al .

[93]. The convective and radiative heat transfers on the surface were considered to

be the boundary conditions, and the container of the battery was incorporated into

a part of the boundary conditions to facilitate the calculation. Pals and Newman
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[99] presented a one-cell model and a cell-stack model [95] to examine the effect of

temperature variation on the heat-generation rate and the cell discharge behaviour.

Song and Evans [104] also developed an electrochemical-thermal model,which

was coupled with a two-dimensional thermal model and a one-dimensional electro-

chemical model, to examine the relationship between thermal and electrochemical

behaviour. The heat generation rate in their study was assumed to be from a uniform

heat source based on a general energy balance. Further battery thermal modeling

work included understanding effects of temperature variation on the heat-generation

rate and the cell discharge behavior. Sato [70] summarised that the cell temperature

was a result of the combination of heat generated by electrochemical reactions and

electrical resistance. Recently, Kim et al . [4, 105] used a two-dimensional model

to calculate the cell potential and current density distributions during charge and

discharge separately using a procedure similar to that reported by Kwon et al . [92].

In their study, the thermal behaviour is modeled as a combination of the heat gen-

eration due to the electrochemical reactions and electrical resistance within the cell

as a function of the electric current and state of charge.

A one-dimensional thermal model assumes that temperature gradient is neg-

ligible in the two directions parallel to the current collectors [99, 84]. Such an

assumption may be valid for small-scale batteries. However, this may not be jus-

tified for large-scale batteries since the temperature distribution becomes less uni-

form as the electrode size of a battery increases. Then, a two or three-dimensional

thermal model would be desirable for large-scale batteries [106]. Recently, Kim et

al . [105] developed a two-dimensional model to calculate the potential and current

density distribution on the electrodes of a lithium-polymer battery comprising a

Li[NiCoMn]O2 a positive electrode, a graphite negative electrode, and a plasticized

electrolyte by following the same procedure of Kwon et al . [92]. They adopted a

relatively simple modeling approach by considering only Ohms law and charge con-
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servation on the electrodes based on the simplified polarization characteristics of

the electrodes compared with the papers previously published by other researchers

[95, 101, 100]. Two dimensional thermal modeling of the LIPB was carried out based

on the modeling results of the potential and current-density distributions using the

same procedure described by Kim et al . [4].

4.3 Li-ion cell experiments

Before performing detailed electro-thermal charaterisation for numerical model val-

idation purposes, an overall cell performance evaluation were performed on various

available cell of different formats and chemistry. Nine Li-ion cell types were used for

overall performance evaluation. These comprised four different electrochemical cou-

ples in either of two packaging formats (pouch and cylindrical). Continuous power

tests, lifecycle tests and temp characterisation tests were done to record the overall

cell performance. Capacity, energy and power characteristics were measured and

graphs were normalised so that all cells may be directly compared.

4.3.1 Li-ion cell performance evaluation

Table 4.1 shows the details of all the nine cells tested. The cells were measured in

relation to their storage capability, to choose the best cells to be used in HEV and

EV applications. The tests were based on international standard IEC62660-1:2010

[61]. Figure 4.1 shows a selection of Li-ion cells in different formats. The Cells

A,B,C,D and H are cylindrical cells whereas E,F,G and I are pouch cells. Figure 4.2

shows Cell E/ Cell G/ Cell F pouch cells instrumented with T-type thermocouples.
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Table 4.1: Description of all the nine cells tested.

Manufacturer Capacity Format Chemistry
Cell A 15 Ah Cylindrical Li-ion phosphate
Cell B 8 Ah Cylindrical Li-ion phosphate
Cell C 3 Ah Cylindrical Li-ion phosphate
Cell D 2.3 Ah Cylindrical Li-ion phosphate
Cell E 19.5 Ah Pouch Li-ion phosphate
Cell F 40 Ah Pouch Li-ion NCM
Cell G 14 Ah Pouch Li-ion NCM
Cell H 22 Ah Clindrical Li-ion NCA
Cell I 60 Ah Pouch Li-ion titanate

Figure 4.1: Collection of cylindrical (Cell A/ Cell H/ Cell D) and pouch Li-ion (Cell
G/ Cell I) cells.

Cell performance measurements

All electrical tests were carried out using Bitrode MCV test circuits. These were

connected in parallel where tests involved currents greater than 100 A, which is the

maximum for a single circuit. Thermal measurements were recorded on a 32 channel

temperature data logger at four second intervals, which was the maximum rate for

the system. The thermal chamber used for housing the cell has an operating range

from −40◦C to +80◦C with setting accuracy within ±2◦C. The thermocouple array

accuracy was within ±0.15◦C with standard error of 0.02◦C. The voltage accuracy

is calibrated with 0.1 of full scale reading (5 V) and current accuracy is calibrated

within 0.1 of full scale (100 A).
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Figure 4.2: Thermocoupled Li-ion pouch cells (Cell E/ Cell G/ Cell F).

Figure 4.3 and 4.4 shows the battery environment chamber (Weiss Gallenkamp

Votsch VC3 4060) and the high temperature storage equipment (Weiss Gallenkamp

Votsch VT3050) used for the current tests respectively. The multi-channel temper-

ature measurement system is shown in Figure 4.5.

Figure 4.3: Environment chamber: Weiss Gallenkamp Votsch.

Table 4.2 compares the nine cells selected based on the overall cell performance

experiments. Three cells from same batch of each manufacturer were selected for

the tests to reduce manufacturing variations. The cell format and chemistry are
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Figure 4.4: High temperature battery storage chamber: Weiss Gallenkamp Votsch.

Figure 4.5: Thermal data logger.



4.3 Li-ion cell experiments 63

highlighted in the table for each cell manufacturer. The electrical storage capacity

of the nine cell types ranged from 2.3 Ah up to 60 Ah and so it was necessary to

convert fundamental performance data to standardized units, for example Wh/kg,

to enable ranking the cell types.

The cells were tested for parameters like electrical performance, reliability and

assembly effects. Various key factors for each of the parameters were identified for

evaluating them. These factors are listed in the Table 4.2 below each of the individual

parameters. Within electrical performance, the power and energy density per unit

weight or volume are the significant contributors to range and acceleration in vehicle

applications. For example, power density has higher significance for HEV and energy

density for EV systems. Capacity, nominal voltage and internal resistance are also

critical factors forming a key part of the cell electrical performance.

The other key parameter is reliability. Reliability features are difficult to quantify

given the small sample sizes and probability of selection in the tests. Very low

range values for mass and internal resistance has been taken as indicators of good

manufacturing control. The third key parameter is connectivity. The connectivity

features have not been included in the overall evaluation as the advantage level

depends on the level of manufacturing sophistication available. They have been

listed in the Table 4.2 for reference only. The threaded terminal examples are easy

to build into modules with minimal tooling. The bolts and additional connector

bars, however, add weight and electrical resistance to the system. The construction

of the Cell E pack is an example of a more complex seam welding technology, which

adds no weight and provides a minimal conductance path with robust structure. For

large scale production, the tab weld approach would seem to be advantageous. For

each comparative parameter the three cell types with best performance have been

highlighted. No attempt has been made to provide a formal weighting of importance

to the different parameters. An overall ranking has been identified by summing the
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Table 4.2: Comparison between nine Li-ion cells.

number of performance leaders for each cell type.

Figures 4.6 and 4.7 show the energy density, specific energy for all the nine cells
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Figure 4.6: Energy density comparision

Figure 4.7: Specific energy comparision.

tested. Similarly the Figures 4.8 shows specific power. The data for energy density,

specific energy and specific power has been normalised in Figure 4.8. The normalised

data enables direct comparison between all the nine cells. The Cell E and Cell F

cells perform well in all of the measured parameters. This can be seen clearly on

the normalized graph.

Figures 4.10, 4.11, and 4.12 compare the published capacity (Ah) with the actual

tested capacity at various temperatures. It can be seen that there is variation
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Figure 4.8: Specific power comparision.

Figure 4.9: Normalized data.

between the claimed capacity by the manufacturers and the actual tested capacity.

The capacities are taken as an average of all the cells tested at a known C rate and

temperature. This data shows the degree of variability in production for a given

sample.

The tests were conducted at different ambient temperatures. At 0◦C, Cell D, E

and H demonstrate less de-rating. The worst performing cells are the Cell C samples,
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Figure 4.10: Capacity variation at 0◦C.

Figure 4.11: Capacity variation at 25◦C.

Figure 4.12: Capacity variation at 45◦C.
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although the Cell B samples are also poor in this area. In terms of variation between

samples at 0◦C, Cell I, Cell E and Cell H perform very well. The worst overall

performance here is from the Cell C cells. At 25◦C, the tested capacity exceeds the

published capacity in majority of the cases with Cell F being an exception. The Cell

C and Cell D demonstrate an actual capacity which is very close to the capacity

as published in data sheets. The Cell I and Cell F also give good results when

comparing variance in capacity between cells in the test batch, with the Cell F cells

showing the closest match. At 45◦C, the variance in capacity shows the maximum

deviation from the test average for all the cells tested. Cell E demonstrate less

de-rating at 45◦C. The worst performing cells are the Cell I, Cell G, and Cell H

samples. Looking at variation between samples at 45◦C, Cell C, Cell D and Cell F

cells perform very well. The worst overall performance here is again from the Cell

B.

Cell performance based overall ranking

Based on the analysis in Table 4.2, there is a clear dominance for the pouch cell

designs. This is unlikely to be over-turned by further weight addition, required for

pack assembly, compared to cylindrical cells. Further differentiation can be seen for

HEV and EV applications based on power density and energy density properties.

The Cell E cell has the advantage for power, making it most suitable HEV, while

the Cell F product would be preferable for EV applications. Other properties of the

different chemistries of these two products reenforce the choice along this line. Iron

phosphate cells such as the Cell E have better thermal and electrical stability. The

HEV application will have greater temperature variation given the higher power

operation. The flat voltage profile around the central section of the state of charge

range will give more predictable relationship between power and current output

during operation. Metal oxide cells have higher energy density for increased range.
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The Cell F and Cell G products have similar performances but the larger capacity

of the former makes it more favourable for EV requirements. For numerical electro-

thermal modeling and detailed cell charaterisation testing Cell G cell is selected.

4.3.2 Li-ion cell characterization

In this study, a high energy density Li-ion polymer pouch cell was tested to assess the

electro-thermal cell model. The Li-ion cell has a graphite anode and a Li[NiMnCo]O2

cathode with a nominal capacity of 20 Ah. The schematic of the experimental setup

is shown in Figure 4.13. A climatic chamber was used to provide controlled thermal

conditions during the test (Figure 4.13a). A box was installed around the cells

to ensure well-defined free convective cooling and to protect the cells from forced

convection, which would adversely affect the results. Figure 4.13b shows the Li-ion

cells inside the box. The cell was prepared with 10 thermocouples to measure the

temperature evolution on the cell surface during the test run. The locations of the

thermocouples are shown in Figure 4.13c.

Electro-thermal test cycle

A Li-ion cell was tested using one of the Tata Motors European Technical Centre

(TMETC) cell testing program within operating limits of the cell. The test cycle

consisted of several constant current charge and discharge. Temperature was kept

constant during the measurement at a reference temperature (Tref ). The electri-

cal and thermal measurements at different reference temperatures and discharge

rates were recorded. The cell was discharged at a constant discharge rate until the

lower cut-off limit of 3 V was reached. Each discharge rate measurement required

initialisation steps to precondition the cell before the measurement. These steps

were to ensure that the prescribed electrical and thermal initial condition for each
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a)

b)
c)

Figure 4.13: a) Schematic of Li-ion cell test setup, b) instrumented cell in climatic
chamber, and c) location of thermocouples in mm.

measurement was achieved. Table 4.3 shows the procedure for initialisation and

measurement requirements in detail.

Figure 4.14 shows the electric loading cycle used in this study. The section

AB corresponds to a discharge current of 5C. The constant current discharge was

followed by a 10 minutes break with no electric load. The remaining initialisation

step before the next constant discharge consists of a 1C constant current charge

(section EF) and a constant voltage section (section FG) where the current gradually

reduces below 1 A. A 40 minutes break is then given for the relaxation processes

in the cell chemistry before the next discharge rate measurement. This process of

initialisation was performed between the discharge measurements: sections HI, MN
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Table 4.3: Cell test procedure. Ttest is the test temperature.

Initialization step
Temperature (◦C) Procedure Value Limit criteria

25 discharge 1C Umin ≤ 3.0V
25 break 10 minutes
25 charge 1C Umax ≥ 4.1V

Imin ≤ 1A
Measurement step

Ttest break ≥ 40 minutes
Tcell = Ttest

Ttest discharge various C rates Umin ≤ 3.0V
25 break 30 minutes
25 charge 1C Umax ≥ 4.1V

Imin ≤ 1A

and RS correspond to 0.5C, 1C, and 3C constant current discharge measurements,

respectively. This whole process is repeated for different reference temperatures

(Tref ), ranging from -10◦C to 45◦C. The cell temperature and voltage during charge

and discharge in the entire test cycle were recorded and compared with the electro-

thermal model prediction in Section 4.4.1.

Figure 4.14: Charge/discharge test cycle.
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4.4 Coupled three dimensional electro-thermal model

Most of the previous studies have modelled the Li-ion cell thermal behaviour sep-

arately for charge or discharge, and have not considered the combined effect of

them, typically present in vehicle load conditions [105]. Accurate modelling of the

electro-thermal behaviour of Li-ion cells for dynamic electric loading conditions is

a key requirement to improve battery thermal management system. In this study,

a three-dimensional, fully-coupled electro-thermal cell model, which is capable of

modelling vehicle load conditions, is developed. A high energy density Li-ion poly-

mer pouch cell was tested at various charge and discharge rates in Section 4.3.2 to

provide model characterisation data and also other relevant electrical and thermal

data for validation. The current work focuses on electro-thermal modelling and its

use in battery thermal management studies for EV applications. This model al-

lows for scalability with accuracy and reasonable simulation time which is of prime

importance while modelling full vehicle battery models.

Electro-thermal modeling is an effective way to understand how the design and

operating variables affect the thermal behavior of the lithium-ion battery during

charging and discharging. This method requires the cells to be characterised. Once

characterized, this model is capable of predicting the electro-thermal behavior for a

range of charge and discharge cycles. The current work focuses on electro-thermal

modeling and its use in battery thermal management studies for EV applications.

This is based on the fact that such models allows for scalability with reasonable

accuracy and simulation time which is of prime importance while modeling full

vehicle battery models.

In order to obtain a precise simulation of the thermal behavior of a battery the

internal geometry details and its properties should be estimated as accurately as

possible in the model. It may be impractical to describe completely the compli-
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cated behavior of a lithium battery with existing theoretical expressions. Besides,

an unacceptable amount of calculation time could be required if the model is too

complicated. Thus, it is common to adopt some simplified strategies such as neglect-

ing the radiative heat transfer on the boundaries, taking the layered-structure of the

cells as the homogeneous materials, transferring the container to be a part of the

boundary equations, and degrading a three-dimensional system to a two-dimensional

model. It should be recognized that proper assumptions greatly enhance the value

of the thermal model, whereas any improper assumption can lead to inaccurate or

incorrect simulation results. It is important to ascertain the critical factors which

significantly affect the thermal behavior and also the minor elements which can

be neglected in the thermal model. Hence, in the present work, a detailed ther-

mal model has been developed to verify the assumptions and also to determine the

optimal approach to simplify the thermal model.

4.4.1 Coupled electro-thermal model

The Li-ion cell used in this study is comprised of a pouch case, electrode plates, elec-

trolyte, and separators. To model the thermal behavior of a battery cell accurately,

the configuration, geometry, physical, chemical and electrochemical properties need

to be known. In our electro-thermal model, the cell is characterised by a structure

formed with a homogeneous layer, representing the anode, cathode and separator.

The local heat generation in the battery cell due to the electrochemical reactions

and the mass transfer of ions in the electrolyte are characterised by local internal

resistance and the current densities. The performance of a cell is influenced by the

charge/discharge rate, the ohmic resistance, the activation polarisation or charge

transfer at the electrodes, the concentration polarisation in the electrolyte near the

electrodes, and the cell temperature.

In this study, a simple three-dimensional mathematical model is used to predict
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the electrical and thermal performance of the Li-ion cell. The potential and current

density distribution on the electrodes are calculated using a PDE method proposed

by Kwon et al . [92]. The charge conservation on the electrodes are modelled using

a simplified polarisation characteristics of the electrodes, and Poisson equations for

the potentials of the positive and negative electrodes are derived in conjunction with

Ohm’s law. A modified form of the polarisation expression proposed by Newman

and Tiedemann [107] is used in this study. An additional temperature dependency

term is included in the polarisation expression to account for the Seebeck effect.

The cell terminal voltage (Vcell) can be written as a function of depth of discharge

(DOD), electric current and temperature [92]:

Vcell|Ti,J,DOD =
J

Y
+ U + b(Ti − Tref ), (4.1)

where Y is the conductance, and U is the equilibrium voltage (open circuit voltage).

The first term on the right hand side is the Ohm’s law term, and the current density

is defined as J = I/A, where I is the current normal to the active material, and A is

the active material area. The last term accounts for the Seebeck effect, where Ti is

the cell temperature, and Tref is the ambient temperature. The Seebeck coefficient

b is to be determined from the test data.

A schematic diagram of the current flow in the cell during discharge is illustrated

in Figure 4.15. The distance between the electrodes is assumed to be so small that

the current flow between the electrodes is perpendicular to the electrodes. The

modeling procedure to calculate the potential and current density distribution on

the electrodes is the same used by Kwon et al . [92].

From the continuity of current on the electrodes,

∇−→ip − J = 0 in Ωp, (4.2)
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Figure 4.15: Schematic diagram of the current flow in the parallel plate electrodes
of a li-ion cell.(Source: [4])

∇−→in + J = 0 in Ωn, (4.3)

the where
−→
ip and

−→
in are the linear current density vectors (current per unit length

Am−1) in the positive and negative electrodes, respectively, and J is the current

density (current per unit area (Am−2) transferred through the separator from the

negative electrode to the positive electrode. Ωp and Ωn denote the domains of the

positive and negative electrodes, respectively.

By Ohms law, eqn
−→
ip and

−→
in can be written as

−→
ip = − 1

rp
∇Vp in Ωp, (4.4)
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Table 4.4: Parameters used for the calculation of electrode resistances.

Parameter LixC6 Li[NiCoMn]O2

se(Sm
−1) 1.0 0.139

he(µ) 145 150
sc(Sm

−1) 6.33× 105 3.83× 105

hc(µ) 10 20

−→
in = − 1

rn
∇Vn in Ωn, (4.5)

where rp and rn are the resistances (Ω) of the positive and negative electrodes,

respectively, and Vp and Vn are the voltage at positive and negative electrodes,

respectively. By substituting Equations 4.2 and 4.3 into Equations 4.4 and 4.5 the

following Poisson equations for Vp and Vn are obtained

∇2Vp = −rpJ in Ωp (4.6)

∇2Vn = −rnJ in Ωn (4.7)

The relevant boundary conditions for Vp and Vn are given in Kim et al . [92]. The

resistance, r (rp or rn), are calculated as follows:

r =
1

hcSc + heSe
(4.8)

where hc and he are the thicknesses (m) of the current collector and the electrode

material, respectively, and Sc and Se are the electrical conductivities (Sm−1) of the

current collector and the electrode material, respectively.

The parameters used in the calculations of resistances for the electrodes are listed

in Table 4.4 [92].
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The local heat generation rate of the Li-ion cell is then estimated during charge/discharge

cycle based on the various losses in the cell [108]. The heat generation equation de-

veloped by Bernardi et al . [93] is used in this study:

Q = I

(
U − Vcell − Ti

dU

dT

)
, (4.9)

where I(U − Vcell) estimates irreversible heat component due to deviation of cell

voltage from the equilibrium voltage, and I(Ti
dU
dT

) accounts for the reversible heat

generation due to entropy change. dU
dT

expresses the temperature dependence of the

equilibrium voltage. The heat generation due to the ohmic resistance in the cell is

also considered in the study [109].

In order to model the thermal behaviour of the Li-ion cell, the electrical model is

combined with an energy balance. The unsteady three-dimensional heat conduction

equation can be written as [110, 94, 106]:

ρcp
∂T

∂t
=

∂

∂x

(
kx
∂T

∂x

)
+

∂

∂y

(
ky
∂T

∂y

)
+

∂

∂z

(
kz
∂T

∂z

)
+Q−Qc, (4.10)

where Q the heat generation in the Li-ion cell (Equation 4.9).

At the boundary, a convection thermal boundary condition is applied [93] to

estimateQc, the heat transfer rate with the environment through the battery surface.

Qc = ht(T − Tref ), (4.11)

where ht = 25 W/(m2K) is the convective heat transfer coefficient. The reference

temperature is set to be Tref = 25◦C to reflect the climatic chamber test tempera-

ture.

Equations 4.9 and 4.10 can predict the electro-thermal behaviour at every point

in the Li-ion cell. The heat release from the cell, and subsequent the cell temperature
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Table 4.5: Material properties used in the model. ke is electrical conductivity.

ρ [kg/m3] k [W/mk] ke [S/mm] cp [J/kgK]
Pouch 1.15 0.16 0.1 1900

Positive Terminal 2.7 238 38300 900
Negative Terminal 8.36 398 63300 385

are solved in both space and time. A three-dimensional finite-volume method is used

to solve the electro-thermal model, and the cell volume is discretised as a cartesian

mesh in all three directions. In the finite volume model, the electrodes, separators

and electrolyte are modelled at a macro level, and the volume-averaged material

properties of all the cell components are used [106]. The enveloping pouch is also

considered to model a realistic heat transfer to the environment. The material

properties of the pouch and the tab used in the simulation are listed in Table 4.5.

The density, thermal conductivity and heat capacity of the cell components are

assumed to be uniform throughout the battery and to remain constant within a

known range of temperature.

Y and U in Equations 4.1 and 4.9 are dependent on the depth-of-discharge of

the cell. Y and U values are estimated at various DOD using measurement data

of cell voltage versus current density, where Y is the inverse of the slope, and U is

the intercept. Then, their DOD dependency is modelled following Gu [100]. The

conductance is given by:

Y (DOD) =
∑
k

jk(DOD)k exp

[
Eact
R

(
1

Tref
− 1

Ti

)]
, (4.12)

where R is the universal gas constant (8.314 J/(mol·K)). Arrhenius expression [111]

is used to consider the temperature dependence of the electrochemical model prop-

erty. The activation energy, Eact, is to be estimated from the test data. Similarly,
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the equilibrium voltage is given by

U(DOD) =
∑
l

bl(DOD)l, (4.13)

where jk and ml are the fitting coefficients for Y and U , respectively. In this study,

all fitting coefficients could represent up to 8th-order polynomials, and these coeffi-

cients are determined from discharge test data for various temperatures and C rates.

Similarly, dU
dT

in Equation 4.9 is also characterised with 8th-order polynomials.

Now, the values for b and Eact can be determined using discharge test data. From

Equations 4.1, 4.12 and 4.13 we have

Y (DOD, Ti) =
∑
k

Jk,i(DOD)k =
∑
k

ak(DOD)k exp

[
Eact
R

(
1

Tref
− 1

Ti

)]
(4.14)

U(DOD) +m(Ti − Tref ) =
∑
l

Ml,i(DOD)l =
∑
l

ml(DOD)l +m(Ti − Tref ),(4.15)

where Jk,i andMl,i are fitting coefficients for a given temperature Ti. From Equations

4.14 and 4.15, Eact and m can be deduced

ln

(∑
k Jk,i(DOD)k∑
k jk(DOD)k

)
= Eact

[
1

R

(
1

Tref
− 1

Ti

)]
, (4.16)

where Ea is the slope of the linear fitting of ln
(∑

k Jk,i(DOD)k∑
k jk(DOD)k

)
with respect to

1
R

(
1

Tref
− 1

Ti

)
, and b is the slope of the linear fitting of (M0−m0) to (Ti−Tref ). Test

data at various temperatures, charge and discharge rates are used for cell parameter

characterisation.

4.5 Results and discussion

In this Section electro-thermal model validation and cell characterisation results are

discussed. Before describing the details of the electro-thermal model validation and
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prediction, the cell experimental data is discussed.

4.5.1 Experimental data

Before performing detailed characterisation tests on the Li-ion cell, initial tests with

two configurations are performed to evaluate the forced convection effects on the cell

inside the climate chamber. Two different configuration were tested, first, without

box around the cell and second, with box around the cell (as discussed in Section

4.3.2) to reduce the forced convection effects. For each configuration two Li-ion cells

are tested and the voltage, temperature monitored. Figure 4.16 shows the measured

cell voltage for various C rates between 0.2C to 5C at reference temperature (Tref

= 25◦C) for both configurations. The initial test runs for configuration without box

show a noticeable deviation in electrical and thermal results of the two tested cells.

The results show significant variation between the two cells, in particular, for high C

rates. The deviation in the results was down to the influence of the different cooling

conditions due to forced convection inside the climatic chamber. Figure 4.16 also

shows results of the configuration with box around the cell to reduce the variations

due to a variation in forced convection in the climatic chamber. The results variation

between the two cells inside the configuration with box was minimal and hence this

configuration is used for all future cell characterisation for electro-thermal modeling.

Figure 4.17a shows voltage measurements at a C rate of 0.5 C for various temper-

atures ranging between −10◦C and 45◦C. The voltage measurements show a good

correlation between the two tested cells during constant discharge. Figure 4.17 shows

the capacity variations with temperature. The voltage and temperature variations

between the two cells with cover are minimal. The temperature increase at different

ambient temperatures shows different temperature increase. At low ambient the

temperature increase is higher compared to the measurement at a higher ambient
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Figure 4.16: a) Measured cell voltage - with and without cell cover configurations,
and b) Measured cell temperatures - with and without cell cover configurations

temperature. That is explained due to the change in internal resistance of li-ion

cells at lower temperature. Greater the resistance, higher the heat generated across

it.

The change in cell capacity and resistance during discharge with a C rate of 0.5C

was measured at five different ambient temperatures (Tref ). Figure 4.18 shows that

the usable cell capacity increases significantly with Tref while the internal resistance

of the Li-ion cell decreases. The cell has the maximum usable capacity in a range
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Figure 4.17: a) Measured cell voltages (with cell cover) at constant current dis-
charge of 0.5C, and b) Measured cell temperatures (with cell cover) configuration
at constant current discharge of 0.5C

of 25 ≤ Tref ≤ 45◦C, where the internal resistance remains small. Figure 4.18a

shows the usable capacity variations with temperature. As expected the usable cell

capacity increases with increase in temperature. At a temperature of -10◦C the cell

is capable to deliver about 13.8Ah at a discharge rate of 0.5C and at a temperature

of 45◦C the cell is capable to deliver about 20.5Ah at a discharge rate of 0.5C. he

cell has the maximum usable capacity in a range of 25◦C ≤ Tref ≤ 45◦C, where the

internal resistance remains small(as seen from Figure 4.18b).
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Figure 4.18: Li-ion cell characteristics at several ambient temperatures. a) Capacity,
and b) resistance variation with Tref .

The internal resistance of the cell is also strongly influenced by the cell tempera-

ture as shown in Figure 4.18b. It is very high at sub-zero temperatures, thus causing

a natural block within Li-ion cells preventing them from freely discharging until the

temperatures cross the above zero limit. At a temperature of −10◦C the internal

resistance is about 27 mΩ and at a temperature of 45◦C the internal resistance is

about 4 mΩ.
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4.5.2 Model validation

Now the electro-thermal model results will be discussed. A three-dimensional tran-

sient electro-thermal model is used to predict unsteady temperature distribution on

the Li-ion cell for a given electric load cycle and thermal boundary condition. The

proposed electro-thermal model is correlated with test data for various discharge

rates, and the DOD dependency of the electrical properties in Equations 4.12 and

4.13 are determined.

The electro-thermal model predictions are compared with experimental test re-

sults for several discharge rates. The input drive cycle is as described in Figure 4.14.

The input current and the corresponding SOC measurements are as shown in Figure

4.19. As expected, SOC decreases linearly in time during constant current charge

and decreases during discharge.

Figure 4.19: Experimental input drive cycle showing. a) Current, and b) SOC
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Figure 4.20 shows the average cell voltage and temperature variation during

discharge at Tref = 25◦C. Both average cell voltage and temperature are volume

averaged quantities. The electrical behavior prediction compares very well with

the experimental test results over a wide range of DOD. The sudden voltage drop

observed at the end of discharge (at high DOD) is corrected predicted in the model.

The average cell temperature is also in good agreement with the test results. It can

be seen that there is a steady increase in temperature during the constant current

discharge. As the electrical load increases, the heat generation (given in Equation

4.9) and hence the cell temperature increase. As expected, the largest temperature

rise occurs for the highest discharge rate (higher electrical load) due to the increased

heat generation from the cell.

A Li-ion cell test cycle with a combination of various charge and discharge rates

is then used for validation of charge and discharge behaviour modelling. Figure 4.21

shows a comparison between the experimental test data and the electro-thermal

model prediction. Various cell properties are gathered during the test, and the time

variation of current, SOC, average cell voltage, and temperature are shown in the

figure. A measuring point (P01) is located near the negative tab (see Figure 4.13c).

The overall electrical and thermal results from both test and electro-thermal model

are in good agreement. The initial cell temperature is the same as the ambient

temperature of Tref = 25◦C. At the beginning of the cycle, the maximum applied

discharge current of 5C causes a sharp increase in the cell temperature by more

than 25◦C within approximately 7 minutes, and the amount of this temperature

increase is correctly predicted in the model. The immediate voltage drop during the

5C discharge is also correctly captured. The voltage drop is followed by a relaxation

phase with a sudden voltage rise. This is because the internal resistance decreases

with the temperature rise due to faster kinetics, hence resulting in an increased

cell voltage. Following the residual temperature build up from the 5C discharge

and relaxation phase, the temperature remains below 30◦C during the charge.
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Figure 4.20: Comparison of electro-thermal model prediction with experimental
test results at Tref = 25◦C. a) Average cell voltage, and b) average cell temperature
versus DOD at various discharge rates.

A similar trend of voltage and temperature response is also seen for an applied

discharge current of 3C at the end of the cycle, and the instantaneous increase in

temperature is about 15◦C. A modest temperature increase during 1C and 0.5C
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Figure 4.21: Comparison of electro-thermal model prediction with experimental test
results. a) Average cell voltage, and b) Temperature at thermocouple location P01.

discharge is also well predicted in the model, displaying a much lower slope of the

temperature history.

Figure 4.22 shows the model prediction of temperature contours on the cell sur-

face during the test cycle. Several phases in the test cycle are chosen to display

the battery thermal characteristics during both charge and discharge. U, V, W, X,

Y, and Z points during the test cycle are depicted in Figure 4.14. Temperature on

the positive terminal is higher than the negative terminal due to the lower electrical

conductivity of the positive electrode as shown in Table 4.5.

For higher discharge rates of 3C and 5C, the current flow is significantly high

in the tab area due to an increased current density (in Equation 4.1), hence high

temperature, particularly near the positive tab. The temperature variation on the
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a) b)

c) d)

e) f)

Figure 4.22: Electro-thermal model temperature contour on cell face. a) Point U:
5C discharge, b) Point V: 1C charge, c) Point W: constant voltage step, d) Point
X: 0.5C discharge, e) Point Y: 1C discharge, and f) Point Z: 3C discharge. Contour
plot legend: High temp(Red), Low temperature(Blue)

cell progressively reduces for lower discharge rate as shown in the contour plot.

The three-dimensional model is able to predict the temperature variation on the

cell surface. A similar temperature variation on the tabs and cell were observed

in the recent cell test thermal images of Kim et al . [109]. The results reported in

this section has provided a good validation for the current electro-thermal model.

An excellent agreement is found between the Li-ion cell model prediction and the

test data for charge and discharge, which clearly demonstrates the capability of the

current Li-ion cell model to predict electro-thermal behaviour of the cell for different
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loading cycles.

4.5.3 Drive cycle simulation

The electro-thermal model is now applied to predict the Li-ion cell behaviour for ve-

hicle operating conditions. Two vehicle operating conditions for the electro-thermal

simulation are considered in this section. The first one (Cycle A) is the drive cy-

cles during a hot environment test of an actual electric vehicle. From the TATA

Indica Vista EV (prototype configuration without any active cooling) hot environ-

ment tests at an proving ground during the summer, a gradual temperature increase

was reported for 12% grade climb at 40 km/h [112]. It was also observed that at

the end of the battery capacity there was a significant increase in battery temper-

ature, indicating changes in internal resistance. The second one (Cycle B) is for

a more severe test, where the vehicle was repeatedly accelerated from 20 km/h to

70 km/h and then braked back to 20 km/h. In this case, the battery temperature

traces exhibited a small saw-tooth effect of around 0.2 ∼ 0.5◦C due to the transient

peaks in the battery charge and discharge [112].

Figure 4.23 shows the cell-level electro-thermal prediction for Cycle A. The sim-

ulation is performed for a constant discharge cycle of 1.2C (24 A), representing an

electrical loading for a 40 km/h, 12% (ascending slope) climb vehicle operating con-

dition. Figure 4.23 shows the time variation of current, SOC, average cell voltage,

and temperature on the cell surface for Cycle A. Three measuring points (P01, P03,

and P10, see Figure 4.13c) are located near the negative tab (P01), positive tab

(P03), approximately halfway towards the positive tab side (P10). The SOC predic-

tion shows that the cell would completely discharge in about 3000 seconds as would

be expected for a cell of 20 Ah nominal capacity. The temperature increases at

different locations are gradual, and similar to the one observed in the vehicle level

hot environment tests. The temperature rise time constant is approximately 300
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seconds. There is an additional increase in the temperature at the end of discharge,

which corresponds to an increased resistance.

Figure 4.23: Electro-thermal model prediction for a mild electric vehicle operating
condition (Cycle A). a) Current, b) SOC, c) average voltage, and d) temperature at
P01, P03 and P10.
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The cell-level electro-thermal model is then applied to a more severe vehicle oper-

ating condition (Cycle B), where a vehicle is repeatedly accelerated and decelerated

between 20 km/h and 70 km/h. Each cycle of 30 seconds is repeated for a total of

150 seconds to understand the accumulated thermal behaviour. The discharge step

that represents acceleration was simulated for 1.7C (−34 A), and the charge step

that represents braking was simulated for 0.83C (17 A). Figure 4.24 shows the time

variation of current, SOC, average cell voltage, and temperature at three measuring

points (P01, P03, and P10) on the cell surface for Cycle B. A small saw-tooth effect

is clearly seen in the cell temperature response at the charge/discharge transients,

and a similar feature was observed in the vehicle level hot environment tests [112].

It is found that the temperature increases by more than 1◦C during an aggres-

sive cycle of 150 seconds at a modest ambient temperature. This would mean a

substantial temperature increase for a standard one hour aggressive hot environ-

ment test. Considering the fact that optimum Li-ion cell performance is found at

around 25◦C cell operating point (see Figure 4.18), this would mean that for such

aggressive drive cycles the cells would potentially need an active temperature control

[44].

4.6 Conclusions

A three-dimensional electro-thermal cell model is developed for predicting the elec-

trical and thermal behaviour of a Li-ion polymer cell. The fully coupled model has

been implemented based on a finite volume method. The DOD dependency of the

cell is characterised using the experimental test data. The Li-ion cell test data are

utilised to validate the electro-thermal model. The electro-thermal model predicts

the cell temperature and voltage magnitudes accurately for the test load cycle. The

electro-thermal model is then used to predict the cell level performance for two dif-
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Figure 4.24: Electro-thermal model prediction for a severe electric vehicle operating
condition (Cycle B). a) Current, b) SOC, c) average voltage, and d) temperatures
at P01, P03 and P10.

ferent vehicle drive cycles: one for a mild EV operating condition, and the other for

a more severe operating condition. It is found that a significant temperature rise
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occurs during the severe drive cycle, and an effective temperature control is required

to maintain the optimal cell performance. The model has shown the potential to

be used in battery thermal management studies for EV/HEV applications. The

electro-thermal data and insights on cell surface temperature variation would aid

better design of battery thermal management systems.





5
Indirect liquid cooling using serpentine

channels

5.1 Introduction

The second key aspect of thermal management is discussed i.e., predicting how the

heat generated is being removed from the cells. One of the more recent developments

in battery thermal management strategies is in the use of indirect liquid cooling using

cooling plates [79]. Recently, active indirect liquid cooling using serpentine channels

95
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is used for battery thermal management for EV applications [9]. The coolant passes

through the serpentine channels housed in a battery cooling plate removing the

heat generated by Li-ion cells. The heat in the coolant is then finally dissipated to

air through the radiator [60]. The use of a cooling plate with serpentine channels

provides greater flexibility for cell thermal control by being able to precondition

the coolant when required at the battery inlet to manage the required operating

temperatures within the cells. Thermal management by indirect liquid cooling using

cooling channels has been also used in applications like fuel cells [113] and electronic

cooling [114].

Several fundamental studies for flow through channels were reported in the lit-

erature [115, 116]. Chen et al . [117] compared six different cooling plate designs

for fuel cells, comparing serpentine type designs with parallel types. They found

that the cooling effect of serpentine designs is better than that of parallel designs.

Kou et al . [118] performed three-dimensional numerical simulation of micro channels

of various heights and widths to find the optimum thermal performance. Yuan et

al . [119] performed numerical simulations of fully developed laminar flow and heat

transfer for ducts with rectangular and trapezoidal cross sections. It has also been

verified that mass transfer rate and aspect ratio affect the friction factor and Nusselt

number. Lee and Garimella [120] conducted numerical simulations to predict steady

laminar heat transfer of fluid through rectangular cross sections. Recently, Xie et

al . [121] analysed the heat transfer and pressure drop characteristics for laminar

channel flow. They found that a narrow and deep channel has better heat transfer

than a wide and shallow channel, in spite of the high pressure drop penalty.

Majority of the previous work incorporating coolant channels was related to

micro and mini channels for fuel cells. These type of channels are not only capable

of relatively higher levels of heat transfer but also inherit higher levels of pressure

drop. For an EV application high levels of pressure drop would be counterproductive
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reducing the vehicle range considerably due to increased pumping power. Reduced

pumping power leads to small size pump which leads to reduced energy drain from

the cells and thereby enabling optimum vehicle range for EV. Both micro and mini

channels have relatively high pumping power required for the coolant circulation

and for an EV application the coolant channel pressure drop has to be minimised

in order to ensure high overall EV efficiency. Battery thermal management strategy

for an electric vehicle requires keeping the cell temperature uniform, reduce the cell

peak temperatures and minimise pressure drop for indirect liquid cooling. A normal

serpentine channel with ability to soak in modest level of heat flux with a low

pressure drop is the most appropriate for electric vehicle thermal management. The

key to optimum scenario would be to minimise the pressure drop while maximising

the heat transfer capability at the same time. In the previous numerical studies

on channels conjugate heat transfer was not considered. For design of a thermal

management systems detailed understanding of the heat transfer path, temperature

distribution/ uniformity on the cell as well as the cooling plate with coolant channel

is very critical. In this study, three-dimensional conjugate heat transfer of laminar

serpentine channel flows with a rectangular cross section is considered. The effect of

various design parameters such as channel aspect ratio, radius of curvature, coolant

flow rate on the thermo-hydraulic performance of the coolant channel. The main

objective is to maximise the heat transfer, and minimise the pressure drop.

5.2 Problem definition

5.2.1 EV battery pack configuration

A liquid cooling plate forms an important part of a battery thermal management

system. Figure 5.1 shows a thermally managed battery pack [9]. The battery pack

consists of several battery modules (a stack of Li-ion cells) and liquid cooling plates,
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each battery module is sandwiched between two cooling plates. The heating/cooling

of the battery module is achieved by pumping warmed/cooled/subcooled coolant

through the cooling plate. Coolant temperature is precisely controlled to enable

battery pack temperature to be maintained within the ideal operating range [44] for

maximum battery pack performance, life, reliability and safety.

The heat transfer occurs via conduction from the battery modules to the cooling

plates, then by convection through the coolant from where the heat is removed

into the environment (via a radiator plumbed in the vehicle cooling network). The

liquid cooling plate which consists of serpentine channels needs to maximize the

heat transfer with minimum pressure drop which would enable a smaller size pump

and hence reducing parasitic losses. Minimizing parasitic losses within the thermal

management system is a key requirement for maximizing vehicle range. The cooling

plate which consists of serpentine channels hence needs to be optimized for maximum

heat transfer while minimizing pumping power. By optimizing the design, the BTM

system draws minimum power from the EV system thus maximizing vehicle range.

The current work hence is a study to understand the effect of aspect ratio of the

channel cross section, gap between the serpentine channels.

Battery module

This coolant channel study is for a EV Li-ion pouch battery pack, and the cooling

plate housing the serpentine channels is mounted on the side of the battery module.

The battery modules are stacked one after another to make a battery pack. Each

battery module consists of Li-ion pouch cells as shown in Figure 5.1. These are

arranged with cooling plates placed on two sides as shown in Figure 5.1. Each cell

within the module is housed in a plastic cassette frame. A heat transfer plate made

of a thin aluminum sheet wrapped around the cell provides an efficient heat transfer

path from the cell core to the cooling plate. The heat transfer plate is a planar



5.2 Problem definition 99

Figure 5.1: A EV battery pack representation with battery module, cooling plates,
and interconnecting coolant lines.

member covering one longitudinal side of the cell and extending along the transverse

side of the cell. The side face of heat transfer plate along with the thickness of the

cell connects to the coolant jacket plate, this facilitates a conduction path between

cell and cooling plate.

5.2.2 Cooling plate channel geometry details

A schematic diagram of the battery cooling plate is shown in Figure 5.2. The size

of the rectangular aluminium cooling plate was L1 × L2 for all simulations; the

thickness of the plate was H. The serpentine coolant channel was housed inside the

cooling plate. The channel had a rectangular cross section of A = a × b, where a

is the width and b is the height (or thickness) of the channel. The cooling plate

thickness, H, varies accordingly with the channel height, b. Since the channel side

wall was very thin (1 mm), b ≈ H in this study. The gap between the channels

was determined by the radius of curvature (rc) of the U-bend; g = 2rc. Table

5.6 lists the various dimensions the cooling plate and the rectangular channel for

the baseline case. Various geometries of serpentine channels were considered with
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Figure 5.2: Schematic diagram of coolant channel housed in the cooling plate.

different aspect ratios (AR = a/b) and radii of curvature (rc). Please note that

the cross-sectional area (A = ab) of the channel was kept constant for all the cases

considered, while the hydraulic diameter (Dh = 2ab/(a + b)) varied for each case.

For the baseline case, the aspect ratio is AR = 3.5; the gap between the channels was

g = 6b with rc = 3b. The Reynolds number of the channel was Re = 435. Details

are summarised in Table 5.1. As for boundary conditions, a uniform velocity was

Table 5.1: Baseline case.

AR rc/Dh Re
3.5 2 435

Table 5.2: Grid independence cases.

Cases G1 G2 G3 G4 G5
Grid size 1.0× 106 1.3× 106 1.6× 106 2.1× 106 2.8× 106
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Table 5.3: Aspect ratio cases.

Cases A1 A2 A3 A4 A5 A6
AR 6 3.5 2.2 1.5 1.14 0.875

Table 5.4: Radius of curvature cases. Dh is the hydraulic diameter of the baseline
case.

Cases C1 C2 C3 C4
rc/Dh 0.5 1 2 3

Table 5.5: Mass flow rate.

Cases F1 F2 F3 F4 F5
Re 290 435 580 725 870

applied at the inlet, and the inlet temperature of the coolant was 25◦C. The pressure

boundary condition was prescribed at the outlet of the coolant channel while no-slip

boundary conditions were applied on the channel walls. A uniform heat flux was

applied on the cooling plate surface in contact with the battery module, and the

adiabatic boundary condition was employed on the remaining four side walls of the

cooling plate.

5.2.3 Serpentine Channel

Figure 5.2 shows the serpentine channel geometry, the projection area of the ser-

pentine channel can be calculated

Ap = (n+ 1)alc + 2ac+
n

2
π
(
(rc + a)2 − r2

c

)
, (5.1)
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where lc is the length of the straight section of the channel, n is the number of bends,

and L1 = lc + 2c. Since

h = na+ 2nrc. (5.2)

where h is the distance between the centres of the inlet and outlet, Equation 5.1

becomes

Ap = (n+ 1)alc + a(L1 − lc) +
π

2
ah, (5.3)

= a
(
nlc + L1 +

π

2
h
)
. (5.4)

This shows that the project area Ap increases linearly with the number of U-bend.

The contact area of a U-bend is

As = 2(n+ 1)blc + 4bc+ nbπ (2rc + a) , (5.5)

As = 2nblc + 2bL1 + bπh, (5.6)

= 2b
(
nlc + L1 +

π

2
h
)
, (5.7)

= 2b
Ap
a

= 2
Ap
AR

. (5.8)

Table 5.6: Design parameters for coolant channel in mm.

L1 L2 lc h c a b rc
263 227 189 182 37 14 4 6
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Table 5.7: Case Description.

Grid independence cases Grid size
G1 2.8× 106

G2 2.1× 106

G3 1.6× 106

G4 1.3× 106

G5 1.0× 106

Aspect ratio cases a× b (mm × mm) Dh

A1 (AR=6) 18× 3 0.0052
A2 (AR=3.5) 14× 4 0.0062
A3 (AR=2.2) 11× 5 0.0069
A4 (AR=1.5) 9× 6 0.0073
A5 (AR=1.14) 8× 7 0.0075
A6 (AR=0.875) 7× 8 0.0075

Radius of curvature cases Radius (gap)
C1 3D (18 mm)
C2 2D (12 mm)
C3 1D (6 mm)
C4 0.5D (3 mm)

Mass flow rate cases Flow rate [kg/s]
F1 0.01
F2 0.015
F3 0.02
F4 0.025
F5 0.03

5.3 Computational details

A conjugate heat transfer was considered in this study. For the coolant flow, the

governing equations are the three-dimensional, incompressible Navier-Stokes and

energy equations. The continuity and momentum equations can be written as,

∂ui
∂xi

= 0, (5.9)

∂ui
∂t

+
∂

∂xj
uiuj = −1

ρ

∂p

∂xi
+

∂

∂xj

(
ν
∂ui
∂xj

)
, (5.10)
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and the energy equation with the viscous dissipation term is given by

∂T

∂t
+

∂

∂xj
ujT =

∂

∂xj

(
k

ρcp

∂T

∂xj

)
+
ν

cp

(
∂ui
∂xj

+
∂uj
∂xi

)
∂ui
∂xj

, (5.11)

where ui is the velocity component, p the pressure, T the temperature, ρ the density,

ν the kinematic viscosity, k the thermal conductivity, and cp the heat capacity of the

fluid. A standard conduction heat transfer equation was solved for the solid part.

The governing equations were solved using a second-order finite volume method

and the SIMPLE algorithm for pressure-velocity coupling. For discretisation, a

second-order accurate upwind scheme was used. Simulations were carried out us-

ing the finite-volume CFD code, FLUENT [122]. The three-dimensional computer

model of the cooling plate was constructed using ICEM [123] software, and hexahe-

dral computational grids were generated for the geometry shown in Figure 5.2. For

solid, the unsteady three-dimensional heat conduction equation was solved:

ρcp
∂T

∂t
=

∂

∂x

(
kx
∂T

∂x

)
+

∂

∂y

(
ky
∂T

∂y

)
+

∂

∂z

(
kz
∂T

∂z

)
, (5.12)

where k the effective thermal conductivity of the solid.

An additional coordinate, s, is introduced in this study to describe changes

along the channel centreline; s represents the non-dimensional centreline location,

such that s = 0 at the inlet and s = 1 at the outlet of the coolant channel (see

Figure 5.2). Three average temperatures are defined along the channel centreline

to aid thermal characteristics analysis: Tw is the local channel wall temperature

averaged along the perimeter, Tm is the local bulk mean fluid temperature averaged

over the cross-sectional area, Tm is the mass weighted fluid temperature averaged
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over the cross-sectional area:

Tw(s) =
1

Γ

∫
Γ

TdΓ, (5.13)

Tm(s) =
1

A

∫
A

TdA, (5.14)

Tm(s) =
1

UmA

∫
A

uTdA, (5.15)

where Γ is the wetted perimeter, A is the cross-sectional area, and Um is the bulk

mean velocity. In this study, the Reynolds number is defined as:

Re =
UmDh

ν
, (5.16)

and the Nusselt number is defined as:

Nu =
hlDh

k
. (5.17)

The local heat transfer coefficient hl is given as [124]

hl =
q
′′

Tw − Tm
, (5.18)

where q
′′

is the heat flux.

5.4 Results and discussion

5.4.1 Validation

Prior to the main simulations of the cooling plate with the serpentine channel, a

three-dimensional U-bend flow simulation was conducted to ascertain the reliability

and accuracy of the present numerical methods [125]. The flow configuration was
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chosen to match the experiment of Hille et al . [126]. The cross-sectional area of the

duct was a square (i.e., AR = 1) with a curvature ratio of rc/Dh = 6.5. Simulations

were performed for a Reynolds number of Re = 574, and the corresponding Dean

number (K = Re(Dh/rc)
0.5) was K = 226.

Figure 5.3: Location of the bend defined in terms of φ.
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Figure 5.4: Normalised azimuthal velocity as a function of radial location x at
channel mid-height.

The radial variations of azimuthal velocity were compared with the measure-
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ments of Hille et al . [126] at various locations along the mid-span of the duct. The

bend location is defined in terms of φ as shown in Figure 5.3. Please note that

φ = 0 indicates the beginning, and φ = 180 the end of the bend section. Figure 5.4

shows the normalised azimuthal velocity at φ = 90. Acceleration of the flow along

the outer wall is clearly captured in the simulation. Counter-rotating streamwise

vortices and an additional pair of counter-rotating vortices near the outer wall are

predicted, and these are in good agreement with flow visualisation evidence. These

findings are also consistent with those of Ghia and Sokhey [127] and Chung et al .

[125]. The present U-bend results are in excellent agreement with the experimental

data of Hille et al . [126], demonstrating that the numerical methods employed in

this study are adequate for the serpentine coolant channel flow simulation.

Figure 5.5: Mesh Sensitivity cases. a) ∆p, and b) Tavg.
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In addition to the U-bend validation, a grid independence test was performed

for the cooling plate simulation. The baseline case was chosen based on preliminary

simulations. Details are given in Section 5.2.2 and also in Table 5.1. Five hexahedral

grids were used with grid points ranging between 1×106 to 2.8×106, and details are

summarised in Table 5.2. Figure 5.5 shows the coolant pressure drop (∆p) and the

average cooling plate surface temperature (Tavg) from the grid independence test.

Coolant pressure drop is calculated as ∆p = outlet pressure - inlet pressure, inlet

and outlet pressures are calculated at the entry, exit of the rectangular serpentine

channel respectively. The variations in ∆p and Tavg for the grids used were about

20 Pa and 0.1◦C, respectively, and little changes were observed between 2.1 × 106

and 2.8× 106 grids. Based on these results, the 2.1× 106 grid was used in the main

simulations. Table 5.7 summarises the various simulations carried out to examine

the effects of aspect ratio, radius of curvature and mass flow rates.

5.4.2 Aspect ratios

First, the effect of the aspect ratio of the channel cross section was examined. The

aspect ratio is defined as AR = a/b, where a is the width, and b is the height of

the coolant channel. Please note that the cross-sectional area of the coolant channel

(A = a× b) was kept constant, so the channel height decreased as the channel width

increased (see Figure 5.2). Six AR cases including the baseline case were considered.

(Case A2 is identical to the baseline case). Details are summarised in Table 5.3.

Apart from AR (and Dh), all other simulation parameters were the same in all

cases, so that only the effect of AR could be scrutinised. The channel Re number in

the baseline case was Re = 435.

Figure 5.6 show the flow behaviour close to the bends. The coolant flow is

anticlockwise and φ varies from 0 at the beginning of the bend to the 180 at the

end as shown in Figure 5.6. The flow structures in the bend for various aspect ratio
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a) b)

c) d)

Figure 5.6: Velocity contours near the third bend for various aspect ratio cases. a)
A1, b) A2, c) A3, and d) A4.

cases are shown. From the velocity contours, the change in the flow structure cased

by the bend is clearly seen. The existence of the counter-rotating Dean vortices is

evident. At the beginning of the bend (φ = 0), the outer shear layer becomes thicker

due to high pressure, and the high velocity region moves towards inner wall of the

U-bend; this is more evident for high aspect ratio cases.

Figure 5.7 shows the planar velocity profile for various aspect ratios. The figure

shows the change in the high velocity region as it moves from φ = 0 to φ = 180 along

the bend. Figures 5.8a, and 5.8b shows the velocity magnitude in the mid plane and

close to the channel wall respectively for case A2. The velocity magnitude at the

two planes confirms the movement of the high velocity region towards the inner wall

of the U-bend. Figure 5.8c, and 5.8d shows the temperature contour plots on the

coolant channel walls. Thicker shear layer due to higher pressure at the beginning

of the bend reflects higher temperature on the channel side walls.
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a)

b) e)
f)

Figure 5.7: Velocity profile close to the bend for various aspect ratio cases. a) A1,
b) A2, c) A3, d) A4.

Figure 5.9 shows temperature contours on the surface of the cooling plate. There

were seven bends in the coolant channel between the inlet and the outlet, and the

outline of the serpentine channel is shown in the figure. Temperature distributions

on the plate surface displays a significant level of non-uniformity. Temperature hot

spots are clearly seen around the outlet of the coolant channel, and the size of high

temperature areas increases as the aspect ratio decreases due to a smaller contact

area. Figures 5.9a and 5.9b show good temperature uniformity on the cooling plate

surface with low maximum temperatures whilst a large area of hot temperature is

observed for small AR values (Figures 5.9d, 5.9e and 5.9f).
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c) d)

e) f)

Figure 5.8: Coolant channel flow patterns for case C2. The flow direction is anti-
clockwise. a) velocity on the channel mid-plane, b) velocity near the channel wall,
and c) and d) temperature contour plots on coolant channel walls. Contour plot
legend: High (Red), Low (Blue)

Figure 5.10 shows the velocity and temperature fields in the coolant channel

for the baseline (A2) case. Nusselt number distribution shows that heat transfer

is significantly increased around the bend, and this is attributed to the enhanced

mixing in the bend evident from helicity contours. From Figure 5.10, it is clearly

seen that the serpentine coolant channel flow is fully developed from the second

bend. The velocity field around the third bend is displayed in Figure 5.11 together

with the skin friction (Cf ) and heat transfer coefficient (hl) distributions on the

channel wall. From the velocity contour plot in Figure 5.11, the local acceleration
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a) b)

c) d)

e) f)

Figure 5.9: Wall temperature contours for different aspect ratios. a) A1, b) A2, c)
A3, d) A4, e) A5, and f) A6. Contour plot legend: High (Red), Low (Blue)

and deceleration cased by the U-bend are clearly seen on the channel mid-plane.

As the coolant flow passes the bend, the flow in the mid-plane is decelerated in the

bend while the velocity near the channel wall is significantly increased, resulting in

a high Cf shown in Figure 5.11c. The highest Cf is observed just downstream the

end of the bend (φ = 180) on the side wall as well as on the outer wall. The high

Cf region also has high heat transfer coefficients (Figure 5.11d), and there is a good

correlation between Cf and hl in the bend.



5.4 Results and discussion 113

a) b)

c) d)

Figure 5.10: Case A2. a) Velocity contours at coolant channel midplane, b) Iso
surface contours with Max skin friction, c) Channel Nusselt number contour plot,
and d) Channel wall heat flux contour. Contour plot legend: High (Red), Low
(Blue)

The results along the channel centreline (s) are shown in Figure 5.12, starting

from the channel inlet (s = 0) to the outlet (s = 1). In Figure 5.12a, the coolant

temperature increases gradually as the flow moves downstream. The temperature

increase between two consecutive bends is about 0.4 ◦C. It is interesting to note

that there is a sudden decrease in the bulk mean fluid temperature Tm as the flow

passes bends; the amount of temperature decrease remains the same apart from the

first bend, suggesting that the serpentine coolant channel flow is fully developed and

therefore can be considered as a periodic flow from the second bend. For the large
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a) b)

c) d)

Figure 5.11: Around the third bend for the baseline (A2) case. The flow direction
is anticlockwise. a) Velocity on the channel mid-plane, b) velocity near the channel
wall, c) skin friction, and d) heat transfer contours on the channel wall. Contour
plot legend: High (Red), Low (Blue)

AR case (A1), the effect of the bend is quite small, and Tm increases almost linearly.

The channel wall temperature Tw has a local maximum between the bends, and

decreases significantly around the bend due to the enhanced heat transfer, having a

local minimum just after the bend. The locations for the start and end of the third

bend are indicated in Figure 5.12d. Enhanced heat transfer around the bends is

also clearly seen from the heat transfer coefficient (hl) and the Nusselt number. Nu

begins to increases just before the bend (φ = 0), and has a local maximum at the
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Figure 5.12: Aspect ratio cases. a) Tm, b) Tw, c) h, and d) Nu. The locations for
the start and end of the third bend are indicated.
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end of the bend (φ = 180). The sudden increase in Nu number observed in Figure

5.12d is attributed to the enhanced heat transfer in the outer region of the bends

shown in Figure 5.11d.

The effect of the aspect ratio on thermo-hydraulic properties can be seen from

Figure 5.13. The pressure drop ∆p between the inlet and the outlet rises as the

aspect ratio increases. Compared to the baseline case, ∆p for case A1 is about 50%

larger. The variation in theRe number shown in Figure 5.13b is due to the changes in

the hydraulic diameter (see Table 5.3), with the minimum Re number for the largest

AR. As expected, ∆p is inversely proportional to Dh. One of the key parameters

in battery thermal management system is the temperature variation on the cooling

plate surface. The maximum, minimum, and average temperatures (Tmax, Tmin, and

Tavg) on the cooling plate surface are measured to assess the temperature variation.

Figure 5.13c shows that all three temperatures rise as the channel aspect ratio

decreases, indicating less efficient heat removal from the coolant channel. It is found

that aspect ratio has a strong effect on the surface temperature variation; Tmin rises

faster than Tmax for small AR cases.

The temperature uniformity on the cooling plate surface is measured as the

rms temperature fluctuation. Figure 5.13d shows that large AR cases have better

temperature uniformity as suggested in Figure 5.9. An important requirement of

battery cooling is to have a small temperature variation across the battery surface

with a low Tmax, combined with a lower coolant pressure drop. Based on the pressure

drop and the temperature uniformity, case A2 appears to be most attractive among

all AR cases. The large AR case (A1) would have too high a penalty on pressure drop,

and the small AR cases (A3, A4, A5 and A6) would allow too much temperature

variation on the surface. In the following sections, case A2 is further investigated.
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Figure 5.13: Aspect ratio cases. a) ∆p, b) Re, c) Tmax, Tmin, Tavg, and d) tempera-
ture uniformity index.



118 Chapter 5. Indirect liquid cooling using serpentine channels

a) b)

c) d)

Figure 5.14: Average wall temperature contours for radius of curvature cases. a)
C1, b) C2, c) C3, and d) C4. Contour plot legend: High (Red), Low (Blue)

5.4.3 Radius of curvature

Next, the effect of the radius of curvature (rc) of the bend on the cooling plate

conjugate heat transfer was investigated. The radius of curvature was changed

from the baseline case while all other parameters remained the same. As g =

2rc, the radius of curvature determines the gap between the coolant channels, and

hence the number of bends in the coolant channel. Four different rc values were

considered, corresponding to 5, 7, 9, and 11 bends. Details are shown in Table

5.4. Please note that case C3 is identical to the baseline case (A2). Figure 5.14

shows temperature contours on the cooling plate surface for four rc cases. It can

be clearly seen from the figure that the cooling plate surface temperature variation

is significantly affected by the radius of curvature. For small rc cases, the surface

temperature exhibits relatively small variation, with a lower Tmax. This is mainly

attributed to the fact that a small rc case has a large projection area on the cooling
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plate; the projection area is roughly proportional to the number of bends. Details

are given in Section . The temperature uniformity on the cooling plate surface

deteriorates as rc increases; areas of high temperature appear for the largest rc case,

in particular near the channel outlet (Figure 5.14d). The effect of rc on thermo-

hydraulic properties of coolant channel can be seen in Figure 5.15. As expected,

the pressure drop increases as the radius of curvature decreases and the number of

bends increases. As mentioned earlier, a smaller rc case contains a larger number of

bends and a larger projection area, demanding a higher pumping power. All three

wall temperatures (Tmax, Tmin, and Tavg) increase with rc. The configuration with

the largest rc value has the highest Tmax and Trms. Considering both the pressure

penalty and heat transfer efficiency, case C3 appears to be the most attractive. The

small rc cases (C1 and C2) would have too high a pressure penalty, and the large rc

case (C4) would allow too much temperature variation on the cooling plate surface.

5.4.4 Mass flow rate

Finally, the effect of the mass flow rate (ṁ) on various thermo-hydraulic properties

was examined. The baseline case was chosen here. Figure 5.16 shows the variations

of different thermo-fluid parameters along the centerline of the coolant channel. As

expected, both the coolant temperature (Tm) and the channel wall temperature

(Tw) decrease with the flow rate. However, the overall trend of Tm and Tw are quite

similar for all cases, suggesting the underlying thermo-fluid characteristics remain

unchanged. A sudden decrease followed by a gradual increase in Tm denotes the

location of the bends. The variation in Tw at the bend location is smaller for higher

Re numbers. The heat transfer coefficient and Nu are shown in Figures 5.16c and

5.16d. The Re number effect is discernible, albeit small; large Nu numbers are

observed for high Re flows, but the effect is mainly confined to the bend region.

Figure 5.17 shows the bulk mean fluid temperature at various coolant flow rates.
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Figure 5.15: Radius of curvature cases. a) ∆p, b) Tmax, Tmin, Tavg, and c) temper-
ature uniformity.
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Figure 5.16: Mass flow rate cases. a) Tm, b) Tw, c) h, and d) Nu.
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Figure 5.17: Mass flow rate cases. a) ∆p, b) Tmax, Tmin, Tavg, and c) temperature
uniformity.
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a) b)

c) d)

Figure 5.18: Coolant channel helicity patterns for various mass flow rate cases with
a contour value of 1.7. a) M1, b) M2, c) M3, and d) M4.

The mass flow rate has clearly improved the temperature uniformity, so that the

temperature difference is reduced from 4◦C for case F1 to 0.5◦C for case F5. The

largest Re number flow still remains laminar, supporting the earlier observation

in Figure 5.16d that the main heat transfer characteristics are unchanged. The

pressure drop increases sharply with the Re number. The rate of increase is larger

than expected from the straight channel case, suggesting that the Re number effect

may be more prominent in the bend region. This point is further studied in terms of

the helicity [128] in Figure 5.18. A normalised helicity is used to detect and visualise

vortex cores [129]:

Hn =
−→u · −→ω
|−→u ||−→ω |

, (5.19)

where−→u and −→ω are velocity and vorticity vectors, respectively. Figure 5.18 shows

that there is a enhanced mixing at the bends resulting from the formation of Dean
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vortices. It can be seen that the iso-surface volume increases with the Re number,

indicating stronger mixing and enhanced heat transfer as shown from the tempera-

ture and Nusselt number profiles in Figure 5.16.

Considering the pressure drop and the surface temperaure in Figure 5.17, case

F2 with Re = 435 is found to be the optimum case where the pressure penalty for

the heat transfer gain is small. This flow rate (case F2) also results in the right level

of temperature variation (uniformity index).

5.5 Conclusions

Conjugate laminar heat transfer simulations have been performed for a battery cool-

ing plate with serpentine channels of a rectangular cross section. In this study,

the effect of the channel aspect ratio and the radius of curvature on the thermo-

hydraulic performance of serpentine coolant channels was studied. Constant heat

flux was applied on the surface of the cooling plate to consider the heat generation

from a battery module. Key performance indicators such as temperature uniformity

and maximum temperature were evaluated at several Re numbers with a view to

maximising the heat transfer while minimising the pressure drop of the serpentine

channels. It is found that the aspect ratio had a strong effect on the surface temper-

ature variation. Temperature uniformity on the cooling plate surface was improved

for a small radius of curvature although the pressure drop penalty was high. The

temperature hot spots were clearly seen on the cooling plate surface around the

outlet of the serpentine channel, and the size of the temperature hot spots increased

as the aspect ratio decreased and the radius of curvature increased. In this study,

the potential of conjugate heat transfer simulations in battery thermal management

has been demonstrated.
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Conclusion

6.1 Conclusion

Two key aspects of advanced thermal management were studied in this study. This

includes numerical modeling of heat generated from Li-ion cells and laminar conju-

gate heat transfer from the cell through a cooling plate with rectangular serpentine

channels. In addition to a laminar flow regime, heat transfer in turbulent flow is

also studied to benchmark the capabilities of different RANS and LES models.

The numerical study of heat generated by Li-ion cells has been covered in Chap-

125
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ter 4. A fully coupled, new three-dimensional electro-thermal cell model has been

proposed and implemented based on finite volume method has been developed. This

model is capable of predicting the electrical and thermal behavior of a Li-ion poly-

mer cell. Various performance experiments have been done on different types and

formats of cells to gain an initial understanding of the behavior of Li-ion cells. A

Li-ion pouch cell was characterised electro-thermally in detail to provide data for

the cell model development. The characterisation tests were carried out in a ther-

mally controlled environment inside a climatic chamber. The data for discharge

dependency of the cell on current and temperature for a known load cycle was also

generated for model validation. The electro-thermal model was seen to predict the

cell temperature and voltage magnitudes accurately for the test load cycle. The

electro-thermal model was then used to predict the cell level performance for two

real world vehicle drive cycles, the first one reflected a mild EV operating condition,

and the other a more severe operating condition. It is clearly seen that during the

severe real world drive cycle there is a substantial increase in cell temperatures. It

is clear that effective thermal management is required in such instances to ensure

optimal cell performance. This understanding is key to further thermal management

study and such insights along with other information such as surface temperature

variation on cell surface would play a key role resulting in better design of thermal

management systems. In a separate study, the proposed electro-thermal cell model

is being implemented to predict cell thermal performance estimations in battery

management system and vehicle drive cycle modelling applications. The current

work is also being extended to model the cell electrical dynamics and their effect on

the voltage and temperature.

Laminar conjugate heat transfer simulation of a battery cooling plate with rect-

angular serpentine channels has been performed in Chapter 5. This study assesses

the effects of the channel aspect ration and radius of curvature on the thermo-

hydraulic performance of the channels. A constant heat flux was applied to the
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cooling plate faces to reflect the a battery module heat rejection for a EV appli-

cation. Thermal management performance indicators such as temperature unifor-

mity, maximum temperature were monitored at several Re numbers with a view to

maximising the heat transfer while minimising the pressure drop of the serpentine

channels. It is clearly evident that aspect ratio had a strong impact on the surface

temperature. With reduction in radius of curvature the temperature uniformity in-

creased although the pressure penalty was high. The temperature hot spots were

clearly seen around the cooling plate surface close to the outlet of the serpentine

channel. The size of the temperature hot spot increased as the aspect ratio decreased

and radius of curvature increased. Ability to predict the temperature uniformity and

maximum temperature are key to thermal management studies and the conjugate

heat transfer simulations here have clearly demonstrated its potential use in such

applications.

Heat transfer in turbulent flow applications to benchmark the capabilities of

different RANS and LES models has been covered in Appendix. Numerical sim-

ulations of a triple jet flow were performed to assess the capability and accuracy

of LES and RANS models. Various grid resolutions were used, the fine grid LES,

which used a modest number of grid points, showed good agreement with the avail-

able experimental data. The temperature fluctuations were accurately predcited by

the LES. This study clearly demonstrate the capability and potential of LES for

heat transfer studies. RANS simulations with two turbulence models were also con-

ducted along with LES. The SA and realizable k − ε turbulence models predicted

the mean flow and thermal fields reasonably well, although an over-prediction of the

maximum values was observed with the realizable k−ε turbulence model. However,

the prediction of the temperature fluctuations by the two RANS models was very

poor, indicating that LES not RANS is the appropriate tool to predict the coolant

temperature fluctuations associated with high-Reynolds number turbulent thermal

mixing.
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A
Triple jet simulations

Finally, in addition to the laminar heat transfer, a turbulent heat transfer to bench-

mark the capabilities of different RANS and LES models in a triple jet is studied

with a view to apply the understanding to a high discharge battery thermal man-

agement application. Non-isothermal turbulent jets generate an intense mixing of

different temperature fluids before they develop fully further downstream, resulting

in strong temperature variations in time. Thermal striping refers to these tempera-

ture fluctuations that are observed at the interface between the two non-isothermal

jets. The thermal striping occurs in many engineering applications including liquid

metal cooled fast reactors (LMFR), where severe temperature fluctuations occur
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from the mixing of high and low temperature sodium flowing across the reactor core

subassemblies. In sodium-cooled faster reactor, a typical temperature difference

between the flow streams emanating from the fuel subassemblies and the control

subassemblies is of the order of 100◦C [130]. The large temperature fluctuations

are a primary cause for thermal stresses in the LMFR, and can cause thermal fa-

tigue failure. The thermal striping is one of the major factors to consider in the

design and life management of components of LMFR, and understanding this phe-

nomenon is important in maintaining high safety standards in LMFR. An accurate

heat transfer analysis is required to find its effects on the solid boundary where the

fluid temperature changes rapidly and cyclically.

A.1 Introduction

Thermal striping has been studied experimentally with water, air and sodium as

a working fluid. Wakamatsu et al . [131] carried out an experiment to understand

the thermal striping observed in a faster reactor. The experiment was designed

to reproduce a similar condition in the upper plenum of an LMFR. Hot and cold

water was injected through two rectangular nozzles, and a solid plate was placed

at a small distance above the nozzles. As the two parallel jets impinged on the

solid plate, the incomplete mixing of hot and cold jets of fluid gave rise to large

temperature fluctuations. Tenchine and co-workers [132, 133, 134] used co-axial jets

of air, water and sodium in their experiments. They found that the air tests can

be used to predict the thermal fluctuation behaviour in the sodium reactor [133].

A parallel triple jet configuration has also been used for thermal striping studies

[135, 136, 137]. Kimura and co-workers [135, 136] used a cold fluid in the centre and

hot fluid on both sides to model the configuration of the reactor core outlet of control

rods surrounded with fuel subassemblies. They used both water and sodium as a

working fluid. Recently, Nam and Kim [137] used an air triple jet as a mockup of the
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outlet of the LMNR fuel subassemblies. A large thermal fluctuations were measured

in their experiment with various combinations of inlet velocity and temperature.

There have been a continual effort to predict the temperature fluctuations in

thermal striping using numerical simulations. Many variants of turbulence models

have been used in Reynolds-Averaged Navier-Stokes (RANS) simulations with some

varying successes in terms of predicting mean velocity and thermal fields [138, 139,

140, 141]. Recently, Choi and Kim [142] performed numerical simulations of the

triple jet experiments conducted by Nam and Kim [137]. They found that only the

v2 − f model [143] was able to predict the temperature fluctuations, while other

turbulence models resulted in a steady state flow. However, the amplitude of the

fluctuation predicted was still significantly smaller than the experimental value;

the v2 − f model predicted only a fraction of the amplitude of the temperature

fluctuations observed in the experiment. None of the above RANS models were able

to predict the correct level of temperature fluctuations observed in the experiments,

which is the main cause of thermal striping fatigue damage in LMNR structures.

While RANS models are not able to predict the temperature fluctuations, a

large eddy simulation (LES) technique has been used in limited areas of nuclear

applications to investigate unsteady flow and thermal fluctuations. A few example

of the use of large eddy simulations for calculating turbulent flows and heat transfer

in the nuclear field are given in Grötzbach and Wörner [144] and Simoneau et al .

[145]. The main objectives of this study were to assess the capability and accuracy

of LES in the thermal striping study. To this end, unsteady numerical simulations

were performed to predict the temperature fluctuations in a triple jet using LES.

This is, to the authors’ knowledge, the first LES study of the thermal striping in a

triple jet. A detailed analysis of the flow and thermal fields was carried out and the

results were compared with the available experimental data.
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Figure A.1: a) A schematic diagram of triple jet geometry, b) top view, and c) side
view.

A.2 Triple jet

In this study, a simplified triple jet geometry was considered for numerical simu-

lations to model the thermal striping phenomenon in the outlet of the LMNR fuel

subassemblies. The triple jet geometry was chosen to be the same as in the exper-

iments of Nam and Kim [137]. This geometry is very similar to the model used in

Kimura et al. [136]. The geometry of the triple jet and the computational domain

are given in Figure A.1. The computational domain was composed of three inlet

channels and a main square duct. The three channels were attached to the the base

of the square duct, and the jets were issued from the nozzle. The experiment was

designed to be two-dimensional by using nozzles with a rectangular cross section,

and the previous numerical studies used a two-dimensional grid [141, 142]. How-

ever, we performed three-dimensional numerical simulations using LES technique

in this study. All the geometric quantities were normalized with the nozzle width,

D, equal to 0.015m. The rectangular cross section of the nozzle was D × 10D, and

the corresponding hydrodynamic diameter is Dh = 1.82D. The gap between the

neighbouring rectangular nozzles was 2.5D, and this is the same as the value used

in Kimura et al. [136]. The cross section of the square duct (L× L = 24D × 24D)

was identical to the test section used in the experiments [137]. The main square
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duct was 133D long, and this was long enough to capture the downstream behaviour

of triple jet mixing.

The numerical simulations were concerned with the thermal mixing of an heated

central jet (referred to as hot) in between two adjacent unheated jets at a lower

temperature (referred to as cold). The inlet temperature of the hot jet was Th =

65◦C, while the two cold jets had a lower inlet temperature of Tc = 41◦C; the

discharged temperature difference between the hot and the cold jets was ∆T = 24◦C.

The exit velocities at the three nozzles of the triple jet were all equal to Uj = 10

m/s. The Reynolds number based on the nozzle width and the nozzle exit velocity

was about ReD = UjD/ν = 1× 104.

A.3 Numerical simulation

A.3.1 Large eddy simulation and RANS models

In LES, the Smagorinsky-Lilly model was used to model the sub-grid scale (SGS)

stress tensor (τij = uiuj − uiuj). The SGS stress tensor is modelled as a linear

function of the large-scale strain rate tensor, Sij:

τij −
1

3
δijτkk = −2νSGSSij, (A.1)

Sij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
, (A.2)

where νSGS = L2
s

∣∣S∣∣ is the SGS viscosity, and
∣∣S∣∣ ≡ √2SijSij. Ls is the length

scale for SGS and defined as Ls = min (κd, Cs∆), where the Kármán constant is

κ = 0.42, and d is the distance to the closest wall. The value of the Smagorinsky

constant is chosen as Cs = 0.1, which has been proven to yield good results for a

wide range of flow conditions [122]. The grid filter width is defined as ∆ = V 1/3,
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where V is the volume of the computational cell.

In addition to LES, two turbulence models were also considered in the present

study. Spalart-Allmaras (SA) model [146] was chosen as a relatively simple one-

equation model. The SA model solves the transport equation for the turbulent

viscosity, ν:

∂

∂t
(ρν̄) +

∂

∂xi
(ρν̄ui) = Gν +

1

σν̄

[
∂

∂xj

{
(µ+ ρν̄)

∂ν̄

∂xj

}
+ Cb2

(
∂ν̄

∂xj

)2
]
− Yν + Sν̄ , (A.3)

where Gν is the production of turbulent viscosity and Yν is the destruction of tur-

bulent viscosity that occurs in the near wall region due to wall blocking and viscous

damping. σν̄ and Cb2 are constants, and Sν̄ is a source term. As a second turbulence

model, the realizable k-ε (RKE) model [147] was chosen in this study. The transport

equations for k and ε are:

∂

∂t
(ρk) +

∂

∂xj
(ρkuj) =

∂

∂xj

[(
µ+

µt
σk

)
∂k

∂xj

]
+Gk +Gb − ρε− YM + Sk, (A.4)

∂

∂t
(ρε) +

∂

∂xj
(ρεuj) =

∂

∂xj

[(
µ+

µt
σε

)
∂ε

∂xj

]
+ ρC1Sε− ρC2

ε2

k +
√
νε

+ C1ε
ε

k
C3εGb + Sε,

(A.5)

where Gk and Gb are the generation of turbulence kinetic energy due to the mean

velocity gradients and due to buoyancy, respectively. S =
√

2SijSij, and Sk and Sε

are source terms. σk and σε are turbulent Prandtl numbers for k and ε, respectively.

A full description of those models can be found in Spalart and Allmaras [146] and

Shih et al . [147].
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A.4 Numerical Method

The above equations were solved using a second-order finite volume method and the

PISO algorithm [148] for pressure-velocity coupling. Non-iterative time advance-

ment (NITA) has been chosen for time control with a second order implicit scheme.

For discretisation, a second-order accurate bounded central differencing scheme is

used. The second-order upwind scheme was used for turbulence model equations.

Simulations were carried out using a commercial CFD code, FLUENT [122]. The

three-dimensional computer model was constructed with ICEM [123] software, and

hexahedral computational grids were generated for the geometry shown in the Figure

A.1.

A.4.1 Boundary Conditions

Simulation conditions were chosen to model the triple jet experiment of Nam and

Kim [137] as close as possible. An inlet boundary condition was applied at the

inlet of the three channels. The inlet temperatures of the hot and cold jets were

at 65◦C and 41◦C, respectively. An outflow boundary condition was applied at the

computational domain exit. No slip boundary conditions were applied along the side

wall of the duct. It is worth noting that the previous RANS study [142] modelled

only the core part of the test section using slip boundary conditions at the wall.

Adiabatic boundary conditions were applied at solid walls. This thermal boundary

condition is different from the experiment, where the duct was surrounded by air

at room temperature. In this study, the ambient air surrounding the duct was not

modelled, instead simple adiabatic conditions were used. The main interest in this

study was to assess the capability of LES to predict the temperature fluctuations

observed in thermal striping, and this difference in the thermal boundary condition

did not affect the thermal striping phenomenon as the nozzles were located in the
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middle of the duct (see Figure A.1). Because of this, the thermal field was compared

with the experiment in the core region away from the side walls.

A.5 Results and discussion

Several simulations were performed on different computational grids and the results

were compared with the experiment of Nam and Kim [137] to establish the accuracy

of the present LES study. Three hexahedral grids were used with 1× 106 (coarse),

2× 106 (medium) and 4× 106 (fine) grid points. The first grid point was located at

0.0067D in the fine grid, and the near-wall model was applied in the simulations.

First, instantaneous temperature from LES with three different resolutions is

monitored and compared with the experiment. Figure A.3 shows the time history

of temperature at a monitoring point (x/D = 2, y/D = 15 and z/D = 0). The

monitoring point was located between the hot and cold jets in the mid plane. Note

that the centres of the hot and cold jets were located at x/D = 0, and x/D = 3.5,

respectively (see Figure A.1). The temperature was recorded at 1 kHz in the LES,

while the experimental data was measured at 4 kHz. The experimental data shown

in Figure A.3(a) clearly demonstrates a highly oscillating nature of the temperature

fluctuations. Please note that the oscillation in the experiment is not a sinusoidal

oscillation but an irregular oscillation. The peak-to-peak temperature difference is

about 20◦C. This is very large temperature fluctuations, given that the discharge

temperature difference between the hot and cold jets is ∆T = 24◦C.

Since the prediction of the thermal striping was the main objective of this study,

instantaneous temperature fluctuations were monitored and compared with the ex-

periment. Figure A.3 shows the time history of temperature at a monitoring point

(x/D = 2, y/D = 15 and z/D = 0). The monitoring point was located between

the hot and cold jets in the mid plane. Note that the centres of the hot and cold



A.5 Results and discussion 139

Figure A.2: Grid refinement tests. The time-averaged temperature profiles in the
mid-span (z/D = 0) at y/D = 18.

jets were located at x/D = 0, and x/D = 3.5, respectively. The temperature was

recorded at 1kHz in the LES, while the experimental data was measured at 4kHz.

The experimental data shown in Figure A.3a clearly demonstrates a highly oscil-

lating nature of the temperature fluctuations. Please note that the oscillation in

the experiment is not a regular periodic oscillation. The peak-to-peak temperature

difference was about 20◦C. This is a very large temperature variation, given that the

discharge temperature difference between the hot and cold jets was ∆T = 24◦C. The

prediction of the correct amplitude of temperature fluctuations is very important in

the thermal fatigue study [130], and also is the main reason for the use of LES in

this study.

The temperature oscillation with three different grid resolutions are shown in

Figure A.3. All three LES results predicted a high level of temperature fluctua-

tions. Upon close inspection, however, some differences were found between the

three LES results. The mean temperature in the coarse grid LES (Figure A.3d) was

significantly higher than the experiment, resulting in a negative value of skewness.
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Figure A.3: Time history of instantaneous temperature at the measuring point
x/D = 2, y/D = 15 and z/D = 0: a) experiment, b) fine grid LES, c) medium grid
LES, d) coarse grid LES, e) SA model, and f) RNG k − ε model.

The positive skewness of the fluctuation was correctly predicted in the medium grid

LES (Figure A.3c), but the amplitude of temperature fluctuations was substantially

larger than the experiment. The results improved further with the grid refinement,

and the fine grid LES (Figure A.3b) compared well with the experiment in terms

of the mean, rms, skewness, and kurtosis of fluctuations. The statistics are sum-

marised in Table A.1. It is found from the grid refinement tests that the fine grid

LES can be used to predict the amplitude of temperature fluctuations as well as the

time-averaged thermal field observed in the experiment. In the following sections,
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Table A.1: Statistical comparison of temperature data at the measuring point
(x/D = 2, y/D = 15 and z/D = 0).

Mean RMS Skewness Kurtosis
Fine grid LES 48.5 3.4 0.74 2.9
Medium grid LES 49.1 4.6 0.72 2.6
Coarse grid LES 53.6 4.1 -0.41 2.5
Experiment [137] 46.5 3.3 0.97 3.2

the fine grid LES results will be further analysed to investigate the thermal and flow

field of the triple jet.

A.5.1 Instantaneous temperature fluctuations

The time histories of temperature fluctuation predicted by the SA and realizable

k − ε turbulence models are also shown in Figure A.3. The incapability of the SA

and realizable k − ε turbulence models to predict the oscillatory behaviour associ-

ated with thermal striping is clearly evident. The two turbulence models produced

some level of temperature variations but failed to predict the large amplitude tem-

perature fluctuations observed in the experiment. These results are only marginally

better than the two-layer [149] and SST k − ω [150] models used in Choi and Kim

[142], where those turbulence models resulted in a steady state flow. It should be

noted here that improved results were reported with a few turbulence models. High

frequency thermal oscillations were predicted by the v2 − f model [143], albeit of

smaller amplitudes [142]. Nishimura and Kimura [141] used a low Re number second-

moment closure model to predict the low frequency periodic oscillation of a triple jet

at y/D = 5, but the phase-averaged temperature profiles were over-predicted. The

tendency of turbulence models to produce an over-simplified unsteady flow field was

previous reported. For example, a laminar like vortex shedding was observed in a

super-critical Re number circular cylinder flow with the standard k− ε model [151].
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Figure A.4: Probability density functions (p.d.f.) of temperature fluctuations at the
measuring point x/D = 2, y/D = 15 and z/D = 0: a) experiment, b) LES, c) SA
model, and d) RNG k − ε model.

On the other hand, the average, maximum and minimum temperatures predicted

in the fine grid LES were in good agreement with the experiment, demonstrating

that LES can be used to predict large amplitude thermal fluctuations in thermal

striping.

The temperature fluctuations at the monitoring point were further analysed. The

probability density functions (pdf) from the fine grid LES and the two turbulence

models are plotted in Figure A.4. The pdf predicted in the LES was very similar

to the one in the experiment. The wide temperature range between the low and

high ends was correctly captured in the LES, and the positively skewed distribution

shown in the experiment was also accurately predicted in LES, demonstrating that

LES is capable of predicting the oscillatory behavior of the thermal striping observed

in experiment. On the other hand, the SA and realizable k− ε models could predict

neither the temperature range nor the peak temperature observed in experiment.

Instead, the turbulence models had narrow distributions, indicating the limitation
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a) b) c)

Figure A.5: The three-dimensional velocity contours coloured by temperature show-
ing flow structure of the triple jet: a) LES, b) SA model, and c) RNG k − ε model.
White colour indicates high temperatures and black colour low temperatures. Con-
tour plot legend: High (Red), Low (Blue)

of both RANS models to predict the frequency of temperature fluctuations.

A.5.2 Unsteady flow fields

Figure A.5 shows iso-surfaces of velocity from the LES and the turbulence models.

The surfaces were colored by temperature. The unsteady, intermittent nature of

flow field is clearly seen in the LES. The hot and cold fluid jets became unstable due

to the Kelvin-Helmholtz instability, and interacted to form vortices that travelled

downstream. In contrast, unsteady flow structures were missing in the flow field

predicted by both turbulence models, again indicating the inability to predict the

thermal striping phenomenon.

The instantaneous temperature field of the LES was further analysed. Several

snapshots (24D×50D) of temperature in the mid-plane are shown in Figure A.6. The

oscillatory behaviour of a triple jet was well captured in the LES. Similar unsteady

flow patterns were observed in the experiments of thermal striping [135, 139]. As

the jets were issued vertically from the nozzles, the shear layers started to oscillate

due to the shear layer instability. It is shown that the downstream development

of the triple jet was asymmetric. As the hot jet in the middle oscillated laterally,

the interaction with one cold jet became stronger than the other cold jet. This

flapping motion resulted in an asymmetric development of downstream mixing. As
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Figure A.6: Instantaneous temperature contour plots of LES results in the mid-
plane at several time instants. Horizontal lines inserted indicate y/D = 7, 12, 18,
25 and 35. Red colour indicates hot fluid and blue colour cold fluid. Contour plot
legend: High (Red), Low (Blue)

a) b) c) d)

Figure A.7: Snapshots of temperature from the LES results at four cross sections,
y/D = 7, 12, 18 and 25 from left to right, respectively. Red colour indicates hot
fluid and blue colour cold fluid. Contour plot legend: High (Red), Low (Blue)

the lateral motion continues, the hot jet became closer to alternate cold jets and

started to merge together (see also Figure A.7b).

Figure A.7 shows snapshots of the LES temperature at axial cross sections (24D×

24D). Four downstream locations y/D = 7, 12, 18, and 25 were chosen to cover the

whole range of mixing. As shown in Figure A.7a, the rectangular shape of the cold

jets were still discernible at x/D = 7. The instability started to grow from the both

ends of the rectangular jets, and the hot jet in the middle was no longer symmetric

but rotated in an anti-clockwise direction. It is clearly seen in Figure A.7b that the
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Figure A.8: Instantaneous temperature contour plots of the SA model in the mid-
plane at several time instants. While colour indicates hot fluid and dark colour cold
fluid. Contour plot legend: High (Red), Low (Blue)

flapping motion observed in Figure A.6 was not two dimensional: instead, the jet

oscillated and rotated as they moved downstream. At x/D = 12, as the middle part

of the hot jet moved to one side, the cold jet on the left hand side became weaker

than the other cold jet due to a stronger interaction with the hot jet. As mixing

continued further downstream, the hot jet interacted with the cold jets on both

side and the initial rectangular shape was completely lost at x/D = 18. However,

the mixing was still not completed at x/D = 25, and local areas of hot and cold

fluids were visible in Figure A.7d. Figures A.8 and A.9 represent snapshots of

temperature in the mid-plane for the SA and realizable k − ε models, respectively.

The difference between the LES and the turbulence models is clearly seen. Small

variations were visible in the figures but they looked rather similar to the time-

averaged temperature field. Both turbulence models were unable to predict the

dynamic and oscillatory nature of the triple jet as seen in the LES and experiments

[135, 139].
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Figure A.9: Instantaneous temperature contour plots of the RNG k−ε model in the
mid-plane at several time instants. Contour plot legend: High (Red), Low (Blue)

A.5.3 Time mean quantities

The vertical mean velocity profiles across the triple jet in the mid-plane are presented

in Figure A.10 at four downstream locations. The LES gave good overall agreement

with the experimental data. The gradual transition of the triple jet until it merged

into a single jet flow was well captured. At y/D = 35, the LES velocity profile

looked very similar to a single jet profile, indicating that the mixing between the

hot and cold jets were completed. The small difference between the LES and the

experiment at y/D = 35 is due to the slight asymmetry in the experimental data.

The realizable k − ε model predicted a slower downstream mixing of triple jet,

resulting in an over-prediction of the maximum velocity at y/D = 35. On the other

hand, a faster mixing was predicted by the SA model. This is consistent with the

flow field shown in Figures A.8 and A.9.

The mean temperatures profiles at the same downstream locations are plotted

in Figure A.11. It can be seen that the LES predicted the mean temperature profile

well. The agreement with the experiment was very good at y/D = 12 and 18.

Further downstream at y/D = 35, the experimental temperature is significantly
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a) b)

c) d)

Figure A.10: The time-averaged velocity profiles in the mid-span at a) y/D = 7, b)
y/D = 12, c) y/D = 18, and d) y/D = 35.

Figure A.11: The time-averaged temperature profiles in the mid-span at a) y/D = 7,
b) y/D = 12, c) y/D = 18, and d) y/D = 35.
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Figure A.12: The rms temperature fluctuation profiles in the mid-span at a) y/D =
18 and b) y/D = 25.

lower than the LES, and this is due to different thermal boundary conditions; an

adiabatic condition was used in the simulations, whereas there was heat loss through

the side walls in the experiment. The effect of adiabatic boundary condition became

more evident further downstream as more heat was lost laterally. Again, the slower

mixing of the realizable k− ε model was evident at y/D = 18, where the maximum

temperature was over-predicted.

A.6 Conclusion

In this study, numerical simulations of a non-isothermal triple jet flow were per-

formed to assess the capability and accuracy of LES in thermal striping study.

Three different grid resolutions were used, and our fine grid LES, which used a mod-

est number of grid points, showed good agreement with the available experimental

data. It is found that LES can predict the large amplitude of temperature fluctua-

tions, which are essential information to analyse thermal striping phenomenon. This

study clearly demonstrate the capability and potential of LES in the striping study.

RANS simulations with two turbulence models were also conducted along with LES.

The SA and realizable k − ε turbulence models predicted the mean flow and ther-

mal fields reasonably well, although an over-prediction of the maximum values was
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observed with the realizable k− ε turbulence model. However, the prediction of the

temperature fluctuations by the two RANS models was very poor, indicating that

LES not RANS is the appropriate tool to predict the coolant temperature fluctua-

tions associated with high-Reynolds number turbulent thermal mixing in LMFR.
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