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Thermal management for electric aviation
A product development approach
Uppili Murali
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract
Lithium-ion batteries (LIB’s) are gaining momentum as a suitable and sustainable
solution which can be utilised in many different applications and market. In order
to be used in electric aircraft the batteries have to be lightweight, they also should
also be safe enough to support second-line of defense during an electrical outage. As
the global electric aircraft markets are expected to reach 27.7 billion USD by 2030.
Battery industry is also expected to evolve and grow as the need evolves.

The safety, lifetime and reliability of LIBs are directly dependent on the operating
cell temperature, which makes the thermal characterization of battery cells vital.
Therefore, understanding the different thermal effects within the battery is of ut-
most importance for selecting the correct battery thermal management systems
(BTMS). Understanding the heat distribution through the cell is important, as the
cells exhibit orthotropic properties. This master thesis deals with understanding the
dependence of different cooling strategies on the cell by creating a thermal model
of a Li-ion pouch cell determining temperature distribution within the cell volume.
A commercial CFD tool was utilised for performing the necessary simulations. The
simulations were based on the heat generated during high discharge profiles. To
validate the simulated results, experimental tests were conducted based on the pre-
defined profiles and the results are will be utilized to further improve the simulation
approach and calibrate the model to improve its accuracy and reliability.

It was observed that the thermal resistance is the highest only when the terminals
are cooled and the lowest when the cells are cooled radially. The heating tests also
showed similar trends in the thermal resistance characterisation. while comparing
the experimental and simulated results the difference in maximum temperatures was
found to be approximately 5%, with the experimental temperatures being higher
than the simulated results. As the tests were carried out only on a specific dis-
charge case while repeating the experiments for other discharge profiles might give
a different perspective and more valuable information.

Keywords: Thermal management, CFD, electric aviation, experimental validation,
cooling, heating
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1
Introduction

This chapter presents the reader with a background about Northvolt the need for
batteries in the aviation industry, purpose of the thesis, research questions and
delimitations.

1.1 Project Background
The rise of renewable power generation in the current energy market has created
an increasing demands for different forms of energy storage systems. The lithium
battery is at the forefront to fulfill the market demands of these storage systems,
as they are lightweight with high energy density. Batteries which are intended
to be used as an power source on an aircraft should have a high energy density, be
lightweight, reliable, require minimal maintenance, and be able to operate efficiently
in all sorts of harsh climates. As aviation standards continue to evolve and rise as
the demand increases, there’s a greater demand for the advancement of technology
in the battery industry to deliver batteries capable to ensure the performance of the
aircraft. Not only the batteries employed in the aircraft need to be lightweight, they
also should be powerful enough to serve as the second-line of defense in the event of
an electrical outage [1]. The Global electric aircraft markets are expected to reach
27.7 Billion USD by 2030 [2] as shown in Figure 1.1.

Figure 1.1: Aviation market trends[2]
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1. Introduction

The characteristics of Lithium batteries have made them attractive both for many
different applications and sectors. However, despite their advantages, there are
major hindrances pertaining to a battery system such as safety, cost, limited cycle
life, etc. Temperature at which the Lithium batteries has to be operated have a
high impact on safety, lifetime and performance. The optimum operating range
for these batteries is 15-35°C [3] otherwise the performance and lifespan will be
reduced and furthermore leading to undesirable events such as thermal runaway. In
addition, temperature difference within the cells, battery modules within a battery
pack should also be controlled, else it will impact its performance during operation
and results in aging of the battery system. Thus, an effective battery thermal
management system is necessary to dissipate the heat generated inside the battery
system. In the case of low-temperature scenarios, heating of the battery cells is
required to ensure its best performance [4].

1.2 Objective

The Objective of the thesis work is to
• To develop a 3-dimensional thermal model of a battery cell in a level where

the geometry, anisotropic material properties are taken into consideration for
different cooling strategies

• To use the above developed thermal model to estimate the battery cell tem-
perature for predefined ambient conditions and cooling strategies.

• To develop a test setup to further investigate and validate the simulation
results for different cooling strategies

1.3 Delimitations

As the thesis work is performed within 20 weeks and to achieve the goals within
the stipulated time, there are various choices made in this thesis work to perform a
detailed study. They are

• The numerical investigations and the experimental validations are based on
the predefined conditions, other test conditions are not evaluated due to time
constraint.

• Heat transfer by conduction will be considered, while radiation effects are not
taken into account due to a relatively lower heat transfer.

• The experimental verification of internal temperatures within the battery cell
is not carried out since it involves cell disassembly. However, surface tem-
peratures which are estimated from the simulation model are compared with
experimental results.

• No detailed CFD simulations of the cooling system will be performed.
• Battery cell aging and cell swelling is a complex function of drive cycles. Hence,

they are ignored in this study

2



1. Introduction

1.4 Research Questions
The work carried out during the thesis time period sought answers for the following
research questions within the scope of the project.

1. What are the different strategies to cool and heat the cell for the predefined
test conditions?

2. Which is the most effective position for cooling and heating the cell?

3. What could be the amount of heat flux that is necessary to removed or given into
the cell in order to maintain the cell at the optimum temperature range?

1.5 Report Outline
This report begins with a brief introduction of the thesis work as well as the basic
theory for the reader to be able to understand the work carried out. The report is
then presented in chronological order of how the work was carried out, beginning
with benchmarking and literature study, concept design along with conclusions.
Potential future work and Recommendations given to the company are given at the
end of the report.

1.6 Confidentiality
The data and information utilized in this thesis work are kept confidential and such
confidential information shared by the participants are respected and not shared
outside the research group. The anonymity of the research data are respected by
not mentioning the organisation and personal information. The report uses data
and facts from external references which are cited accordingly to acknowledge the
work.

3
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2
Theory

In this chapter, a brief explanation of the theoretical background necessary to un-
derstand the thesis work is laid out. It starts from the basics of heat transfer then
moving into the different aspects of battery cells and finally briefly describes about
the contemporary thermal management system.

2.1 Heat Transfer Mechanisms
Heat energy is one of the most useful forms of energy as it can be transferred one
medium to another medium by different possible ways. They can also be transferred
with or without the availability of transfer media. The heat energy always flows from
a region which is at a higher temperature to lower temperature which is analogical to
flow of electricity from higher potential region to lower potential region as comparted
in Table 2.1. The primary way for heat transfer within the Li-ion cells is through
conduction as the cell is made up of different solid materials and the heat transfer
from the cell surface to the coolant takes place through convection either through
direct or indirect means. The heat transfer through radiation are relatively very
low as the temperature difference between the cell and the ambient temperature
very small. It is necessary to consider heat losses through radiation only when the
difference between source and sink is around 300°C [5]. Hence heat loss through
radiation is excluded from this study.

Table 2.1: Comparison of thermal & electrical parameters [5]

Thermal Electrical
Flow Heat Current
Resistance Thermal Resistance Resistance
Potential Temperature Voltage

2.1.1 Conduction
When the heat is transferred within solids and also between solids which are in
physical contact. When the heat energy is applied to a solid, the molecules which are
constituted within the solids starts to vibrate with higher amplitudes and frequencies
as they absorb the applied energy. Heat transfer through conduction is dependent
on the thermal conductivity of the material k, the temperature difference between
region of interests and the cross-sectional area perpendicular to the heat flow. In

5



2. Theory

the Figure 2.1 the heat flow Q through a solid with thermal conductivity k with
one end of the solid at temperature T1 which is continuously heated and T2 is the
temperature at a distance of δ x from T1. From Fourier’s law of heat conduction,
the above parameters are related as,

Q = kA
(T1 − T2)

∆x = kA
δT

δx
(2.1)

When ∆x→ 0, this reduces to differential equation form,

Q = kA
dT

dx
(2.2)

Figure 2.1: Heat transfer through conduction [5]

In Equation 2.2, k [W/mK] stands for thermal conductivity which is the charac-
terisation of the material’s ability to conduct heat. Thermal conductivity is also
depends on temperature at which it is being operated, hence it varies with change
in operating temperatures. Equation 2.2 corresponds to heat flow in x-direction.
When the heat transfer takes place through all three primary directions within the
body, as shown in Figure 2.2 it is called as 3-dimensional (3-D) heat transfer and is
given by equations 2.3 and 2.4.

Qtotal = Qx +Qy +Qz (2.3)

Q = kxAx
dT

dx
+ kyAy

dT

dy
+ kzAz

dT

dz
(2.4)

For isotropic materials, kx = ky = kz whereas for anisotropic materials, kx 6= ky 6= kz.

6



2. Theory

Figure 2.2: 3D heat transfer by conduction [5]

2.1.2 Steady State and Transient Operation
Consider a specific small volume of a one dimensional object, where there is a con-
tinuous exchange of thermal energy. A measurable quantity of heat flows into the
volume which is Qin and a different quantity of heat flows out of the same volume
which is Qout. The difference in these quantities gives the rate of change of energy of
the volume which is dEvol

dt
[5]. Then these parameters are related as in this Equation

2.5,
dEvol

dt
= Qin −Qout (2.5)

When the rate of energy change tends towards zero the object has attained a state
called thermal equilibrium. This is state is achieved when a time-dependent process
is executed for a longer period of time, which results in the state where the all
dependent parameters attain equilibrium state. When the change in time does not
affect the state of the system, the object has attained steady-state. This transforms
the Equation 2.5 as the term dEvol

dt
becomes zero.

Qin = Qout = 0 (2.6)

Qin = Qout = Qconduction = kA
(T1 − T2)

t
(2.7)

In the Equation 2.7, T1 and T2 are wall temperatures at entry and exit of the
volume respectively, whereas k and A are thermal conductivity of the object and
cross-sectional area perpendicular to the heat flow. t represents thickness of the
object parallel to the heat flow. When we compare this Equation 2.7 to the electrical
circuit with temperatures is analogical to electrical potential and heat flow to electric

7



2. Theory

current and the thermal resistance Rtherm is also be analogus, which is defined in
the Equation 2.8

Rtherm = t

kA
(2.8)

In reality, most of the heat transfer processes are transient in nature as the duration
is pretty short to fulfil the application demands and hence a steady-state is rarely
attained. Especially in this thesis work, the heat generated by the battery varies
continuously with time and a lumped system analysis is a method to solve for the
temperature while assuming uniformity throughout the study volume.

2.2 Li-ion Cells

Lithium ion cells consists of an electrolyte and two electrodes as depicted in Figure
2.3 Cathode is the negative electrode, and anode is the positive electrode, where the

Figure 2.3: Li-ion cell [6]

lithium ions are located when the battery is discharged. The electrolyte also has
a separator, which acts as the boundary between the anode and cathode, lithium
ions move through the electrolyte from positive to negative electrode during the
charge and vice versa while discharging. During charging, the lithium ions carry the
electrons in the the positive electrode, and the electrolyte allows only ions to pass
through them, when is battery is connected to the external circuit which has the
loads, flow reversal happens as the electrons flow from negative to positive, and so
the battery is discharging [6].

8



2. Theory

2.2.1 Lithium Metal Cells
Instead of using typical graphite material as the anode which is the predominant
anode material in Li-ion cells, using lithium metal as the anode is being considered
as it is improving the energy density of rechargeable battery as illustrated in Figure
2.4. The emerging LBs with lithium metal anode (LMA) are with different cathodes
(i) lithiated metal oxide as cathode material, (ii) Li-S batteries with S (Sulphur)
composite as cathode material and (iii) lithium-oxygen (Li-O2) batteries with O2 as
cathode material are being considered [7].

Figure 2.4: Comparison of Li-ion and Li-metal cells

2.2.2 Cell Format
The predominant lithium-ion cell formats at the market are the cylindrical, pris-
matic, and pouch cells. The various cells have different chemistries, designs, and
configurations which are designed in accordance to various applications [8]. The
lithium cells can be used both as a primary and secondary batteries. The primary
batteries are based on non-electrically reversible chemical reactions which implies
that they cannot be recharged and generally used in the electronic devices for a
single time usage, whereas the secondary batteries is based on reversible electro-
chemical reactions, which makes them rechargeable and makes them available for
longer period of time and usage. The energy density of LIBs makes them suitable
for different applications and different markets such as EV, Portable devices and
BES [8].

2.2.3 Pouch Cell
The cell format considered in this thesis work are pouch cells, the characterisation
and the construction of pouch cells are explained below.

2.2.3.1 Cell construction

Instead of using a metallic cylinder or a glass-to-metal electrical feed-through like
a cylindrical or prismatic cells, pouch cells utilises conductive foil-tabs are welded

9



2. Theory

Figure 2.5: Cell Format (a)Cylindrical (b) Prismatic (c) Pouch [9]

to the electrodes and they are fully sealed outside utilising the "pouch" structure
outside where the positive and negative terminals are welded respectively . Figure
2.6 illustrates the construction and the layers of the pouch cells.

Figure 2.6: Pouch cell construction [10]

They are the most effective battery solution for portable applications which require
high current load, such as drones and hobby gadgets. The pouch cells can deliver
high load currents but it performs best under light loading conditions and with
moderate charging Some stack pressure is recommended but allowance for swelling
must also be made. The pouch cells can deliver high load currents but it performs
best under light loading conditions and with moderate charging. As the pouch
cell offers a simple, flexible and lightweight solution to battery design even with the
downside of stack pressure and allowance for swelling as illustrated in the the Figure
2.7 [9].

10



2. Theory

Figure 2.7: Cell swelling [9]

The pouch cell are the most efficient when the usage of space is considered as it
achieves 90–95 percent packaging efficiency. Eliminating the metal enclosure reduces
weight, but the cell needs support and allowance to expand in the battery module
or in the pack design [9].

2.2.4 Cell Terminologies
There are few general terminologies associated with batteries which are briefly de-
scribed in this section below.

1. Energy: The power delivered by a cell at instantaneous C-rates for specified
times at corresponding battery voltage is called energy delivered by the battery. It
is expressed in watt-hours [Wh]. It is obtained by multiplying discharge power with
discharge time [11].

2. State of charge (SoC): SoC is defined as the remaining charge capacity within a
battery which is expressed as a fraction of current available capacity to its maximum
capacity. It is one of the most common terms which one can observe on electronic/-
electrical devices expressed in % [11].

3. Depth of discharge (DoD): The amount of charge which has been consumed at a
point in time during the discharge cycle is called as depth of discharge. It is opposite
to that of SoC and is generally represented in %. When a battery is fully charged,
its SoC is 100%, while DoD is 0% and vice-versa is also true, i.e, when its Soc is 0%

11



2. Theory

and DoD is 100% which signifies that the battery is fully discharged [11].

DoD% = 100− SoC% (2.9)

4. Capacity: The capacity of the battery is defined as the charge content of a bat-
tery which is often in expressed in Ah (ampere-hour) [11]. The battery is considered
to be fully charged When the SoC is at 100%,and at lowest when SoC is 0%. For
example, a battery of capacity 17 Ah is fully discharged if a constant current of 17
A is drawn for an hour when the battery is fully charged state i.e., from 100% SoC
to 0% SoC.

5. C-rate: C-rate is the current rate at which a battery is charged or discharged
which is expressed in A (ampere). For example, C-rate of 1C for a 17 Ah cell means
a constant current of 17 A, whereas 3C is 17 × 3 = 51 A. When a fully charged cell
is discharged at 1C and 3C respectively, it theoretically discharges the cell fully in
1 hour and 0.33 hour respectively [11].

5. Internal resistance (Rint): The opposition offered to the flow when the circuit
is completely open or closed is called as internal resistance. It is a function of
temperature and SoC. It is often depicted in the order of mW [11].

2.2.5 Heat Generation
Heat generation in lithium-ion batteries occurs both due to reversible and irreversible
reactions in the cell. Reversible heat is due to the isentropic heat that originates at
the electrodes and arises from reversible entropy change due to the electrochemical
reactions. Irreversible heat which is generated at electrodes, electrolytes, and current
collectors contributes to 70% of the total produced amount. It is called to as the
ohmic heating of a battery cell and is directly dependent on the C-rate varies with
cell temperature [12]. From the Figure 2.8 it is clearly evident that as the discharge
rate increases heat generation also increases.
The most standardised formula defining heat generation in a battery cell during an
electro-chemical reaction is given by the Equation 2.10 [12].

Q = I (Vo − V )− IT dV0

dT
(2.10)

In the above equation Q stands for heat generation, I represents the applied cur-
rent, Vos the open-circuit voltage, and V is the actual cell voltage. The first term
I (Vo − V ) accounts for the irreversible losses in the cell. The term on the right
defines entropic heat. The cell voltage V deviates from the open-circuit voltage Vos
when the current starts flowing in the battery. This happens due to electro-chemical
polarization and the resulting energy loss transforms into heat [12].

Qirr = I (Vo − V ) = I2Rint (2.11)

Here in this equation 2.11 Qirr represents heat generated during charge/discharge
cycle, while Rint stands for over-potential resistance
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Figure 2.8: Heat generation Vs DoD [12]

Ohmic heating is due to the the internal resistance of a battery, and this resistance
is a function of the state of charge and temperature as depicted in the Figure 2.9.
Higher internal resistance can be observed under lower battery operating tempera-
tures. Moreover, this ohmic resistance is lowest at the SOC of 60-90% and higest
with lower and higher SOC [13].

Figure 2.9: Dependence of internal resistance on the operating temperature and
SOC [13]

13



2. Theory

2.2.6 Thermal Management
Performance of lithium-ion cell dependents directly on the cell operating tempera-
ture. Hence, it is necessary to main the temperature of the cell within its operating
range. Lithium batteries have an optimum working temperature at 15-35°C [3].
When it is operated outside this range, it will have a long lasting impact on the
performance and lifetime of the batteries. The most important factors are discussed
below

2.2.6.1 Capacity fade:

When exceeding an optimal temperature of a cell will lead to increase in the cell
internal resistances which in turn will reduce the performance and the capacity of
the cells. In addition this, higher operating temperatures will increase the cycle
performance loss and also loss is the capacity of the cells when it is cycled. Cells
that operate at higher temperature have a higher capacity loss after each cycle in
comparison will cell at lower temperatures this is due to the phenomenon called
lithium plating which results in loss of lithium-ions and a shorter lifespan [14].

2.2.6.2 Thermal Runaway:

As the cell temperature increases above the operating limit, it will cause a series of
undesirable exothermic reactions to occur which will further increase the temper-
ature. If this happens, it creates a continuous chain type reaction and results in
the event called thermal runaway. An experimental study was conducted on Li-ion
batteries showed that the highest temperature which was recorded was found to be
870 °C internal cell temperature. This lead to a thermal runaway event. If the event
is not controlled this could cause severe fire and explosion. The different reasons
that thermal runaway could occur is due to high temperature, overcharge, short
circuiting and nail penetration [15].

2.2.7 Cooling Strategies
As explained in the previous sections, inappropriate battery temperature will have a
severe effects on many different aspects. Hence, BTMS is required for every battery
system. The primary duty of a BTMS is to keep the batteries in the optimum tem-
perature range and maintain an even temperature distribution. The most common
thermal management methods for battery packs are reviewed here.

2.2.7.1 Direct Cooling:

When the heat is removed directly with cooling medium it is called as direct cooling,
Direct cooling, also known as immersion cooling, covers the entire surface of the cell
and cools it uniformly. The main advantage of this strategy is to overcome hot/cold
spots in the cell and thereby increasing the performance. The biggest challenge is
to developing the coolant for direct cooling as the ideal coolant should be dielectric
with low viscosity and high thermal conductivity and thermal capacity [16]. Figure
2.10 shows the example of immersion cooling technology. Owing to its cost and
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complexity, immersion cooling is predominantly used in data center servers and
power electronics. .

Figure 2.10: Immersion cooling [16]

2.2.7.2 Indirect Cooling:

Indirect liquid cooling is a strategy which is achieve by enabled the conducting heat
to the ambience through a medium or a heat exchanger. This type of thermal man-
agement is adopted by different industries and commonly used in electric vehicles
owing to its heat transfer, safety and reliability. The liquid cooling system has been
widely developed and adopted in recent years due to its cooling performance over
air cooling.When the heat dissipation is accomplished only by ambient cooling it is
passive cooling,and when the cooling or heat is accompoloshied by external source
it is called as active cooling. The most commonly adapted active cooling is through
heat exchangers which utilises indirect cooling by corrugated cooling channel and a
cold plate. The Figure 2.11 is a well known example for corrugated cooling channel
which is also called as serpentine cooling pipe, from Tesla Model S [17],

Figure 2.11: Corrugated channel from Tesla S [17]

2.2.8 Heating
Thermal management includes both cooling and heating strategies of the batteries.
However, only certain studies have been done to determine different ways of heating.
This could be due to the exothermic nature of battery operation as there will always
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be natural heating from the operation of the cells. As, low operating temperature
will only degrade the performance and life out of the batteries. Heating up the cells
is analogous to the cooling strategy and also the time it takes to heat the batteries
to the optimum temperature range. Heating of lithium cells from sub-zero up to
ideal temperatures could be accomplished into three different strategies, namely
convective heating, self-internal heating, and mutual pulse heating [4].

2.2.8.1 Self-internal heating:

At low temperatures, the internal resistance of the cells is higher, therefore more
heat will be generated inside the cells as they start to operate. As the cells started
to operated even while charging and discharging the temperature steadily reaches
the optimum temperature range and then it facilities higher charge and discharge
profiles. The main downside is degrading calendar life even though the cells are
operated at very less charge and discharge profile [4].

2.2.8.2 Convective heating:

The batteries themselves supply a small potential to the electric heater and a fan.
The air is which is forced down by the fan over the electric heater, heats the cells
up by convective heat transfer [4].

2.2.8.3 Mutual pulse heating:

The batteries are divided into two or more groups. One group is discharged to
charge the other group of batteries and the other group is discharged to charge
the previous group. This cycle is alternatively repeated between the groups. This
method is quite faster when compared to the internal heating and it provides more
reliable and uniform heating compared to convective heating. This method uses
least battery capacity than the other methods described. The biggest downside of
this method is the cost due to a more complex temperature sensing and control
systems to switch the charge and discharge profiles [4].
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Methodology

In this chapter, the entire workflow of the thesis work is elaborated and also the
different cases and their setup in Star-CCM+ are explained. The project was split
into two studies, where the first study comprises of a simple model involving a cell
is used to verify different cooling strategies available on the cell level. Then the
feasible solutions were selected for the next set of iterations which included other
components. Finally, these results are validated by experimental results

Figure 3.1: Thesis workflow

The structured workflow as listed in the Figure. 3.1 is utilised to solve the problem,
as it eliminates uncertainties and non feasible solutions and will lead to feasible
solutions [18].

3.1 Benchmarking
The literature study and benchmarking was carried out based on the research ques-
tions framed for the thesis work. Initially, the study was carried out with a wider
scope of search on the different strategies and methodologies of cooling the battery
module using commercial benchmarking tool a2mac [19]. Later the study was grad-
ually narrowed to the cell level as it is the smallest building block on which different
level such as modules and packs are built upon. The initial search utilised both the
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methods searching internally and searching externally as defined in product devel-
opment terms [18]. Initially, the different competitor battery modules products were
identified and selection of modules were based on cell format. The benchmarking
gave insights to different type of thermal interface, cooling characteristics, charge
and discharge profiles. Based on insights from the benchmarking ideas and key
parameters which are necessary for further development of cooling concepts were
identified. The results of the benchmarking are in the Appendix A

3.2 Test cases
• 3C discharge from 0% DOD to 100%. Maximum temperature limit +60°C.
• Heat up of cell from -55°C to +25°C within 60 min with a temperature uni-

formity of ±5 degree (based on Aviation Standard DO-160)

3.3 Simulation Setup in Star CCM+
This sections deals with the different sets of simulations that were performed using
commercial CFD software star CCM+. The sections listed will briefly discuss about
the meshing parameters, assumptions and boundary conditions employed in star
CCM+

3.3.1 Cell Level Simulations
Creating the 3-D thermal model of a Li-ion pouch cell is one of the objectives of this
thesis work. All of the geometric and material parameters of the individual material
properties of anode, separator, cathode and electrolyte are industry secrets and due
to confidentiality. Hence, a lumped material with equivalent material properties
was used in the simulation model [20]. Density, specific heat capacity and ther-
mal conductivity were calibrated according to the experimentally calculated values.
Figure 3.2 shows the reference axes used for the cell geometry along with in and
through-plane directions.

3.3.1.1 Meshing

As shown in Figure 3.3, 3.4 polyhedral mesh was created as it provides good accuracy
with lower memory and computational power demand and also these could also
be integrated with the necessary fluid domain. Approximately 100,000 Cells were
generated with the help of star CCM+. As, discussed earlier Cell is modelled as a
single lumped object. The physical properties were created by utilising the material
properties which are density (Kg/m3), specific Heat Capacity (J/Kg-K) and thermal
Conductivity (W/m-K).

3.3.1.2 Boundary Conditions

As, these simulations are used to find out the feasible concepts the most idealistic
considerations were made. An initial temperature of 25°C was considered for the
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Figure 3.2: Geometry of the cell illustrating in plane and through plane axes

Figure 3.3: Iso view of meshed cell

entire unit cell. This was based on the assumption that the cell was not operated
for a significant amount of time and stored at room temperature where the ambient
temperature is controlled. The faces which were exposed to cooling interface was
assumed to be at 20°C and it was also assumed that the cooling system will be
able to deliver constant cooling depending on the heat generated. Apart from these
faces, rest all faces are assumed to be adiabatic.
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Figure 3.4: Section view of meshed cell

3.3.2 Module Simulations

Figure 3.5: Module concepts with (A) Radial cooling ,(B) Long sided cooling

The results from the previous sets of simulation allowed for the selection of concepts
which were further developed in the simulation environment by including the module
components. Figure 3.5 illustrates the different components used in this set of
simulations.

3.3.2.1 Meshing

As shown in Figure 3.6, polyhedral mesh was generated with approximately 900,000
Cells. Generated mesh was conformal to have proper interactions with surround-
ing objects which is depicted in the Figure3.7. Cell is modelled as a single lumped
object. Four different physical regions were created in star CCM+ to map the cor-
rect material properties of the different materials. The material properties utilised
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are density (Kg/m3), specific Heat Capacity (J/KgK) and thermal Conductivity
(W/mK).

Figure 3.6: ISO view of meshed module

Figure 3.7: Section view of meshed module

3.3.2.2 Boundary Conditions

As, these simulations are used to find out the feasible concepts the most idealistic
considerations were made. An initial temperature of 25°C was considered for the
entire unit cell. This was based on the assumption that the cell was not operated
for a significant amount of time and stored at room temperature where the ambient
temperature is controlled. The faces which were exposed to cooling interface was
assumed to be at 20°C and it was also assumed that the cooling system will be
able to deliver constant cooling depending on the heat generated. Apart from these
faces, rest all faces are assumed to be adiabatic.

3.4 Test Setup
A hybrid test was constructed for this work. Figure 3.8 shows the schematic layout
of the constructed test setup. Commercially available electronic load box and power
supply was used to charge the discharge the cells. The electrical connections were
made in such a way that the charging and discharging connections were separate
for safety reasons. It also allowed to use the existing power capacities of the lab to
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Figure 3.8: Schematic layout of test setup

charge and discharge the cell in safe manner. As the test cases involve both heating
and cooling criterion, thermal chamber was used to maintain the necessary ambient
conditions. The voltage, current and temperature of the cell were also monitored
by a Data logger as depicted in the Figure 3.8. The inlet and outlet temperature
of the water entering the cold-plate was also monitored. The data logger logs the
necessary values at one second intervals which was then post-process using Excel
and Matlab.

3.4.1 Compression Rig

A special isolating rig was created for tests that include active cooling using the
battery cooling. The rig was created to isolate the cell from the ambient thermal
environment and maintain compression of the cooling plate to battery surface inter-
face. In order to have a much uniform contact TIM (Thermal Interface Material)
was used between the cooling plate and the battery surface. An exploded CAD view
of assembly is shown in Figures 3.9 & 3.10
Figure 3.9 represents the test fixture for the radial cooling and Figure 3.10 represents
the test fixture for the long sided cooling.The rig is comprised of two 15.0 mm
thick polycarbonate sheets with the battery and cooling plates sandwiched between
the two sheets. Holes are present in each corner to allow a threaded bolt to pass
through. By tightening down the bolt fasteners, the battery is confined to the
assembly predefined assembly pressure necessary to charge and discharge the cells.
Spacers were constructed using polycarbonate sheets with thickness was based on
the calculated thickness values to keep the necessary compressive force.
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Figure 3.9: Exploded view of test fixture 1

3.4.2 Calculation Methodology
Thermistors were installed on the principal surfaces of the battery to measure tem-
peratures at 14 discrete points, which corresponds to 28 points in total. These ther-
mistors utilizes a multi-junction construction on a polyaimide film laminate which
are then adhered to the battery surface using Kapton backed adhesive tape as shown
in Figure 3.11. Two additional K-type thermocouples were used on one side of the
compression pad to determine the heat absorbed by the compression pads which is
again adhered using Kapton tapes 3.12.
Equation 3.1 is used to evaluate the sensible heat energy stored in the battery when
the battery temperature changes from an initial temperature to a final temperature.

QT otal = QStored +QRemoved +QEnvironment (3.1)

A method was devised to determine the average temperature across the entire bat-
tery surface. For each thermistors, it is assumed that the measured temperature
represents the average of an area extending around the sensor. The areas are deter-
mined by defining each area boundary by calculating the x and y midpoint distance
between adjacent sensors.

QStored = QSensible = mbatteryCp,battery(Tt2 − Tt1) (3.2)

Equation 3.1 is used to evaluate the average battery surface temperature by summing
the temperature-area products and dividing by the total area of the surface.
The rate of sensible heat accumulation is directly influenced by the battery heat
generation rate. The temperature of the battery increases as heat is generated due
to the finite heat transfer to the surrounding. The rate of sensible heat accumulation
is determined from the rate of change of Equation 3.3.
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Figure 3.10: Exploded view of test fixture 2

Figure 3.11: Temperature measurement points on the cell

QStored = mbatteryCp,battery(dT
dt

) (3.3)

where dT
dt
is the rate of temperature change in the battery and rate of temperature

24



3. Methodology

Figure 3.12: Temperature measurement points on the compression pad

change is calculated by measuring the temperature over a time interval and calcu-
lated using Equation 3.4.

dT

dt
= Tt2 − Tt1

t2 − t1
(3.4)

Using the above Equations 3.3 & 3.4, Equation 3.2 is transformed as

QStored = mbatteryCp,battery(Tt2 − Tt1

t2 − t1
) (3.5)

Heat removed from the Cooling plate is determined by the inlet and outlet temper-
ature data recorded, in conjunction with the recorded flow rates. The difference in
inlet and outlet temperatures is the heat conducted from the battery surface. The
heat removed by a cooling plate is calculated using Equation 3.6

QRemoved = Qcoolingplate = mwaterCp,water(TOutlet − TInlet) (3.6)
The total amount of heat removed by the cooling plates for a time period ∆t can
be determined using Equation 3.7

Qcoolingplate = mwaterCp,water(TOutlet,avg − TInlet,avg)∆t (3.7)
The terms TOutlet,avg&TInlet,avg in Equation 3.7 is the average of measured outlet
temperature and inlet temperatures during the period ∆t, as in Equation 3.8 which
is also true for inlet conditions. N represents the number of temperature readings
in the summation.

TOutlet,avg = ΣTOutlet

N
(3.8)
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QEnvironment = QCompression−pad = kA
dT

dx
(3.9)

The Equation 3.9 is used to estimate the heat absorbed by the compression pad. As
the tests are performed with the ambient conditions i.e, the temperature maintained
in the thermal chamber and the temperature of the water maintained the same. Ide-
ally there is no heat transfer between the cooling plate and the ambient conditions,
To ensure there is no heat losses, inlet and outlet temperatures were monitored be-
fore the start of the tests and if there is difference in the temperature this additional
heat is measured as temperature difference between the inlets and outlets.In order to
evaluate this effect, the cooling system and thermal data acquisition was activated
with the battery in place but no charging or discharging occurring. In this way, the
temperature difference between the inlet and outlet of each cooling plate could be
recorded.
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Results

In this chapter, the results are presented in the chronological order of the work flow:
the solution for the cell simulations are presented first which includes comparison of
different cooling concepts on the cell level followed by the comparative study on the
transient and steady state simulations. In the second part, the results of the module
simulations is discussed which is then compared to the experimental results. Certain
values from the simulation and also from the experiments could not be shared due
to confidentiality reasons.

4.1 Cell Simulations
As discussed in Section 3.3.1 for cooling strategies were simulated on the cell level.
The concepts are listed are compared in the subsequent sections.

4.1.1 Steady state
This section briefly discusses about the results of steady state simulations which is
based on the assumption that the heat generated within the cell is steady throughout
the time period. Four different cooling strategies which were developed are compared
against each other.

Table 4.1: Radial cooling Vs Long sided
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Table 4.1 compares radial cooling with long side cooling. Results from the simula-
tion showed that the radial cooling has a thermal resistance 0.356 (K/W) while long
sided cooling has 0.757 (K/W). This Resistance was calculated by calculating the
temperature difference (∆T ) of maximum temperature (Tmax), minimum tempera-
ture (Tmin) upon the Heat conducted (Q). From the temperature contours it is also
evident that the maximum heat is accumulated at the terminals in the case of radial
cooling. On the other hand, the maximum temperature is distributed at the extreme
end of the cell opposite to the cooling terminal in the case of long sided cooling.
These thermal resistance values are compared against the thermal resistance values
which was calculated using Equation 2.8 based on the geometrical parameters as
discussed in the section 2.1.2.

Table 4.2: Terminal cooling Vs Short side

Table 4.2 compares terminal cooling & terminal cooling with short side cooling.
Results from the simulation showed that the radial cooling has a thermal resistance
19.8 (K/W) while terminal cooling + short-side has 5.6 (K/W), from these results
it is clear that these two cooling strategies are ineffective due to the geometric
nature of the cell which is envisioned by the thermal resistance. From the illustrated
temperature contours it is clear that the heat is accumulated at the bottom of the
cell in the case of terminal cooling. On the other hand, the maximum temperature
is distributed at the top end of the cell closer to the terminals when both the short
sides are cooled.

4.1.2 Steady state Vs Transient
As, discussed in the section 2.2.5 heat generation is transient and it is entirely
depending on the charge and discharge rates. This set of simulations were performed
with the transient heat generation data which is then compared with the steady state
results.
Table 4.3 compares radial cooling and long sided cooing with the thermal resistance
values of both steady state and transient simulations. Thermal resistance results
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Table 4.3: Transient Vs Steady

from the simulation showed that the steady state and transient values were almost
the same, as the heat generation increases, the maximum temperature (Tmax) also
increases. Hence, the resistance value was constant over the whole operating time.
Hence, it was necessary to compare the % increase of (Tmax) from transient to
steady. The increase in (Tmax) was approximately around 2% which is due to sudden
increase in the heat generation towards the end of discharge in the case of transient
simulation.

4.1.3 Remarks
From, these sets of simulations non feasible concepts were identified which are ter-
minal cooling & terminal cooling with side side cooling for the predefined conditions.
Hence, they are excluded from the further development. As the steady state sim-
ulations gave comparable results with transient simulations, next set of iterations
could be performed in steady-state conditions rather than in transient conditions.
Cooling the short side alone is non-effective owing to the geometric nature of the
cell.

4.2 Module Simulations
As discussed in the Section 3.3.2, concepts which were selected are added into the
module environment and further validated within the steady state condition. The
results are tabulated in the Table 4.4 below. From the results it is clear that the
cooling strategies follow the similar trends as the previous set of steady state sim-
ulations. The slight increase to the thermal resistance is to the added components
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Table 4.4: Module Simulation

which further restricts the the heat flow. The heat concentration happens at the
terminals and the bus-bar in the case of radial cooling. while the heat accumulated
at the extreme end of the cell opposite to the cooling terminal in the case of long
sided cooling.

4.2.1 Simulation Vs Experimental

Table 4.5: Simulation Vs Experimental

The comparison between Experimental and calculated data is tabulated in the Ta-
ble 4.5. The change in the Thermal resistance values from the previously calculated
values 4.1 is due to the calculated approach previously followed. As, the maximum
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and minimum temperature values used here 4.5 is to calculate was accordingly mea-
sured in star CCM+ to have a proper correlation between the experimental and
simulated results. Heat generation curves were also generated based on calculation
methodology described in the section 3.4.2. From, the results it is also evident that
the maximum heat generation happens at the end of discharge which is due to the
maximum internal resistance at lower SoC.

4.2.2 Heating
Due to the non availability of necessary material properties at sub-zero temperatures,
the heating curve couldn’t be simulated in star CCM+. Hence, experimental results
are of a greater importance. From the thermal resistance values (See Table 4.6), it is
evident that the both the experimental results validates themselves. The time taken
to reach the temperature homogeneity was also estimated based on the heating curve
which was numerically calculated based on the test data. From the results it is also
clear that the Radial heating is the most effective way to heat cells and allow them
to maintain temperature homogeneity as well. In order to compare the strategies
the experiments are conducted in the same conditions. Hence, the heating capacity
was not enough for the long sided heating to reach the temperature homogeneity
within 60 min. The initial spike in the heating curve is due to sudden increase in
surface temperature of the cells which attained steady state as the time progressed.

Table 4.6: Experimental Heating

31



4. Results

32



5
Conclusion

The thesis presents the results of CFD studies and experimental studies by investi-
gating a simple cell model and then a simple module concept. Analysis on results
of cell level was performed by comparing different cooling concepts based on its
thermal resistance characterisation. After studying the effect of both steady state
and transient heat generations on the cell, conclusions were drawn to proceed with
steady state simulations for subsequent module iterations. The main outcomes from
the work are presented below

• From simulations:
– Both steady state and transient simulations produced very similar results

on the cell level.
– The most effective way to heat and cool the cell is Radial cooling as

the area available is significantly larger, even-though the through-plane
conductivity is very small on comparing with in-plane conductivity.

– The long-sided cooling and heating needs higher cooling and heating ca-
pacity than the radial in order to achieve temperature homogeneity

• From experiment:
– Thermal resistance of radial cooling was less than the long sided cooling
– The trend of thermal resistance of radial heating was less than the long

sided heating which is analogous the cooling strategy
– The heat removed during cooling and heat into the cell is also calculated

through which the heat flux is also estimated.
– The increase is cell surface temperature was towards to end of the dis-

charge at around 76% DoD, which is due to increase in internal resistance
of the at highter DoD as discussed in section 2.2.5

5.1 Future Work
A few suggestions for continued work which are based on further iterating and
improving the simulation and the test setup are listed below:

• In simulations:
– Electro-Thermal model to predict the hot-spots as the developed thermal

model is not suitable and needs further improvements.
– A one-Dimensional Thermal model could be developed to validate dy-

namic load profiles, as they are more suitable for evaluating dynamic
profiles rather than the constant discharge profiles which was the scope
of this thesis work.
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– Instead of using temperature boundary condition, heat flux boundary
condition should be used based on the heat that could be extracted out
from the cell. This will have more comparable results to the reality.

– The developed thermal model could be coupled with cooling system de-
sign to further predict the performance of the cooling system.

– By using Experimental and Simulated results mechanical interface can
now be designed and further optimized for different operating conditions.

– Other factors such as space, cost and manufacturing feasibilities could
influence the final concept selection on the module level.

• In Test setup:
– Insulating the whole fixture so ideally there is no heat losses towards the

environment.
– Time constant to estimate the actual heat loss to the environment.
– Different test cases than to the one performed to further validate the

different operating conditions.
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