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CFD study of Thermal Runaway in a Battery Module
Eric Lindblad

Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract

To fight climate change and decrease emissions battery powered electric vehicles
are becoming more common. These vehicles often use lithium-ion batteries which
if subject to extreme conditions can enter thermal runaway, a violent exothermic
reaction that spreads between battery cells releasing energy in the form of heat and
gases. This poses serious safety risks for the occupants of the vehicle and is some-
thing automotive manufacturers are trying to find ways to mitigate.

In this thesis thermal runaway is simulated using computational fluid dynamics
to predict the propagation time between battery cells within a battery module.
The commercial software Star-CCM+ was used to perform the simulations which
included both built in and user created methods for capturing the behaviour of ther-
mal runaway. After results for a baseline case were obtained two different mitigation
strategies were implemented, one with cooling and one with improved insulation be-
tween the battery cells.

It was found that the methods used is this thesis can be implemented to simulate
thermal runaway and to predict its propagation. A large portion of the heat released
from each battery cell during thermal runaway was observed to be transported into
the cooling plate, increasing the temperature of the neighboring cells. The hot
gases released spread all throughout the battery module transferring heat to all
battery cells. The mitigation strategies were both found to delay the propagation
of thermal runaway with cooling being more effective delaying thermal runaway in
the last battery cell by 18 seconds.

Keywords: CFD, Thermal Runaway, Battery, Lithium-ion, Turbulence modelling,
Heat transfer, Star-CCM+
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Nomenclature

Below is the nomenclature of symbols, subscripts and superscripts that have been
used throughout this thesis.

Symbols
p Density (kg/m3)
m Mass (kg)
t Time (s)
v Velocity (m/s)
x Spacial coordinate (m)
Oij Stress tensor (Pa)
fi Volume force vector (N/kg)
dij Kronecker delta (-)
Tij Viscous stress tensor (Pa)
i Dynamic viscosity (Pa-s)
Sij Strain-rate tensor (1/s)
Internal energy (J/kg)
g Conductive heat flux (W/m?)
k Thermal conductivity (W/mK)
T Temperature (K)
p Heat capacity (J/K)
h Heat transfer coefficient (W/m?K)
A Area (m?)
Re Reynolds number (-)
Vv Velocity (m/s)
v Kinematic viscosity (m?/s)
Tw Wall shear stress (Pa)

X1



cy Skin friction coefficient (-)

u* Friction velocity (m/s)

u Boundary layer velocity (m/s)

Yy Wall distance (m)

) Boundary layer thickness (m)

g Gravitational acceleration (m/s?)
0 Temperature (K)

k Turbulent kinetic energy (m?/s?)
5 Turbulent dissipation (m?/s®)

o] Turbulent Prandtl number (-)

v Turbulent viscosity (m?/s)

w Specific dissipation (1/s)
Subscripts

i, J, k Spacial dimension

w Wall

00 Bulk

t Turbulent
Superscripts

T Mean

x Fluctuation

xt Non-dimensionality
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1

Introduction

1.1 Background

In the fight against climate change there is a large effort to replace fossil fuel powered
vehicles with electric ones. Electric cars and buses have become more common to
see on the road and they are likely to become even more common in the future. To
store the electrical energy required to power these vehicles large batteries are used
which introduces new challenges for automotive manufacturers.

One of these challenges is thermal runaway (TR) where the overheating of a battery
cell causes chemical degradation which releases stored energy as heat and gas. This
overheats the surrounding cells and starts a chain reaction that can spread in the
entire battery pack causing fire and in some cases explosions. This thesis will focus
on simulating TR to gain a larger understanding of the computational methods and
models used. This understanding can then be used to decrease the risk of TR and
help in the development of safer electric vehicles.

1.2 Aim

The aim of this thesis is to perform CFD simulations of thermal runaway in a generic
battery module containing 20 prismatic battery cells to predict propagation time
between the battery cells. Additionally simulations implementing simple mitigation
strategies such as cooling and improved insulation materials will be performed to
investigate how the propagation time is affected.

1.3 Limitations

Like any project this thesis is subject to some limitations. Firstly, the geometries
used are generic and simplified. Here all components are blocks of different di-
mensions and components like busbars are not included. Additionally, the internal
chemistry and electronics of the battery cells are ignored. The battery cells are
instead modelled to have similar thermal and mechanical properties as real battery
cells. The thermal runaway behavior is also generic and not based on a specific real
case.

The behaviour of the cells during TR is also generic. The gas released by each cell is
set to be 100 grams with a composition of 97 % carbon dioxide and 3 % hydrogen gas
by volume. This gas is then released during 4 seconds. In total each cell is limited
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to release 3.5 MJ of energy as heat and the critical temperature of the battery cells
to enter TR is set to be 383.15 K.

As this is a generic case there is no validation data available to directly compare
with which limits the conclusions that can be drawn.



2

Theory

In this chapter the inner workings of lithium-ion batteries are explained in simple
terms as well as the phenomenon of thermal runaway and the different conditions
that cause it. Additionally computational fluid dynamics and its governing equations
are discussed complete with a section on turbulence modelling.

The purpose of the theory is to support the method and results sections that follow.

2.1 Batteries

Batteries are devices that store chemicals that when allowed to react convert chem-
ical energy to electrical energy. If the battery is rechargeable the process is reversed
during charging and electrical energy is converted to chemical energy. Lithium-ion
batteries (LIBs) do this by moving lithium ions back and forth during their op-
eration, one way for charging and the other way for discharging, giving them the
nickname "rocking chair batteries" [9].

A LIB is more than just the chemistry. All the reactions occur within what is
called the battery cell. The cells are then connected in series and/or in parallel to
form a battery module which also contains insulation between the cells, cooling and
a casing to contain everything within. Battery modules can then be connected to
form a battery pack. The application will determine the configuration of the battery
pack and how many modules and cells it contains.

In electric vehicles battery cells appear in three main formats; cylindrical, prismatic
and pouch cells. If an electric vehicle uses cylindrical cells it has thousands while if
it uses pouch cells it only has hundreds and if it has prismatic cells it has dozens [5].

2.1.1 Parts of the LIB

To understand how LIBs work we must first be familiar with the different parts
that make up the battery cell. The main parts are the two electrodes; anode and
cathode, the separator and the electrolyte.

The anode and cathode are comprised of the active materials which are coated
with metallic foils called current collectors, to increase electrical conductivity. The
current collectors are connected through an external circuit. The active materials are
what store and release the lithium ions and are different for the anode and cathode.
In the anode carbon in the form of graphite is the most common active material
while in the cathode the active material is a lithiated metal oxide or a lithiated
metal phosphate such as lithium cobalt oxide (LCO) and lithium iron phosphate

3
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Lithium-ion Cell

Electr‘olyte

Current | g i ‘ Current
Collector ® y Collector

Lithium ions ‘

Separator

Figure 2.1: The parts of a lithium-ion battery [4].

(LFP), respectively. In chemistry anode and cathode refer to what reaction occurs
at the electrodes. However, that is not important in the scope of this thesis so for
simplicity and in the interest of avoiding confusion anode will refer to the carbon
based electrode and cathode will refer to the metallic electrode. This definition is
also used in literature.

To avoid the battery cell short circuiting by the anode and cathode touching a sep-
arator is placed between the terminals. The separator is electrically non conductive
and porous to allow the passage of lithium ions in the electrolyte. It is most often
made out of a polymer such as polyethylene or polypropylene.

The electrolyte is what enables the lithium ions to travel between the anode and
cathode, without it the battery does not function. The most of the electrolyte
is composed of an organic solvent in which a lithium salt such as lithium hex-
aflourophosphate (LiPFg) is dissolved. There can also be additives in the electrolyte
to change its properties, for instance to make it more flame retardant or to protect
the cathode. The lithium ions are transported by solvent particles in the electrolyte
and when the ions reach the anode or cathode the bond to the solvent particles is
released and the ions move into the active material [9].

In figure 2.1 the different parts discussed above are shown.

2.1.2 How LIBs work

In a charged state the lithium atoms are stored in the anode surface. When dis-
charging starts an oxidation reaction occurs on the anode and the lithium atoms
releases one electron each and become ions. The ions are carried by the electrolyte
solvent particles through the separator to the cathode surface where they are stored
in a process called intercalation. The electrons flow through the current collector

4



2. Theory

and in the circuit connected to the cathode current collector. The flow of electrons
induce a current which is used to power whatever electric device is connected to the
circuit. The lithium ions react with the electrons in the cathode in a reduction re-
action and become neutrally charged atoms again. When all the lithium has moved
from the anode to the cathode the battery is fully discharged and there is no more
current delivered.

During charging the opposite happens. Current is supplied in the circuit which
caused the lithium atoms in the cathode to release electrons through an oxidation
reaction and then travel as ions through the separator to the anode surface where
they are stored through intercalation. A reduction reaction occurs on the anode
as the ions have their electrons returned and they again become neutrally charged
atoms. The charging is complete when all lithium has moved from the cathode to
the anode [9].

2.1.3 Solid electrolyte interphase

The solid electrolyte interphase (SEI) is a thin protective layer that is formed where
the anode active material meets the electrolyte. It is comprised of lithium salts
and solvents from the electrolyte as well as lithium ions. The SEI layer is ionically
conductive but slows down the flow of lithium ions. It is also electrically insulating.
The protective layer is formed during the first operating cycle of charge and discharge
of the battery cell. How fast this first cycle is will determine the thickness of the SEI
layer and is therefore very important to battery manufacturers. A thicker layer will
be more protective but also contain more ions, lowering the capacity of the battery.
A thinner layer will have a larger capacity but will risk cracking. If a crack is formed
lithium ions will be used to repair it which will lower the capacity of the battery [9].

2.2 Thermal runaway

As the temperature of a battery cell increases above its maximal operating tempera-
ture several exothermic reactions occur which unless stopped continue to increase the
temperature. Ordered from low to high temperature they are: SEI layer decompo-
sition, separator pores closing, electrolyte break down and gas formation, separator
melting, cathode breakdown and oxygen generation and lastly lithium melting. At
what temperatures these reactions occur depends on the cell chemistry. When the
electrolyte breaks down several chemical reactions take place which generates several
gases such as carbon dioxide, carbon monoxide, methane, ethane, ethylene and hy-
drogen. Unless vented through a safety vent these gases increase the pressure within
the cell which puts great strain on the cell walls which may break if the pressure is
too big. When the separator melts the electrodes are no longer separated and an in-
ternal short circuit (ISC) occurs. When the cathode breaks down oxygen is released
which is what enables big fires. The battery cell has entered thermal runaway when
the reaction is not able to be stopped. At what temperature TR occurs depends on
the battery chemistry. Figure 2.2 shows approximate temperatures for the reactions
in a generic battery cell.

Once one cell in the battery module has entered thermal runaway there is a risk that
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180°C Melting point of lithium d/ i >180°C Thermal runaway onset as it

becomes self-sustaining

130°C-150°C Cathode breaks down & A
begins generating oxygen
p - 130°C Separator melts causing electrodes

to short circuit

100°C—120°C Electrolyte breaks down and
begins to form gases
90°C Separatorpores close preventing

ions from passin
80°C SEl layer breaks down P g

55°C-60°C Maximum operating temperature

/

~23°C-25°C optimal operating temperature

Figure 2.2: Approximate temperatures for the different exothermic reactions oc-
curring in a battery cell [9]

it will propagate to the neighboring cells at which point the entire battery pack is at
risk. The heat is transferred through conduction and convection. Limiting the effect
of these transport modes is paramount for battery thermal safety [9]. Conduction is
limited by using insulating materials and heat sinks while convection can be limited
by ensuring good air flow to dispel the hot air and vented gases.

Thermal runway can happen spontaneously but often times there is some cause for
it to be triggered. The main causes for TR are mechanical, electrical and thermal
abuse. Common for these causes is that they lead to an internal short circuit and fast
increase in temperature. ISC is the largest contributor to the heating of the battery
cell out of all the exothermic reactions, generating 26.3% of the heat. Internal defects
in the battery cell can cause spontaneous ISC that are independent of any abuse
condition which can lead to TR. The state of the battery will impact the likelihood
and severity of TR. A battery with higher state of charge will have more energy
stored which can be converted to more heat in the event of an ISC [3]. Below the
different abuse conditions are described.

2.2.1 Mechanical abuse

The battery can be subjected to mechanical abuse in many ways such as vibration,
shock, impact, extrusion and penetration. The most dangerous forms of mechanical
abuse are impact and penetration and both can occur in a car crash. Impact means
that the battery is subjected to a large force on the outside. This force can crush
the battery which damages the internals and causes an ISC and can lead to an
explosion if the state of charge is large enough. Penetration means that a foreign
object, typically metallic, makes its way into the battery, also causing an ISC. Both
of these conditions open up the battery which can lead to the electrolyte, or if they
have been generated, gases leaking out. During battery testing the nail penetration
test is a common way to get trigger an ISC [3].

6
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2.2.2 Electrical abuse

There are many forms of electrical abuse as well. High rate charge and discharge
are one abuse case that lowers the trigger temperature for TR of a battery cell as
well as decreasing the propagation time to neighboring cells. The reasons for the
increased risk of TR is the heat generation during charging as well as high lithium
concentration in the anode with high state of charge. An external short circuit
can occur if the battery is deformed or in contact with water and can increase the
temperature of the battery cell, however not enough to trigger TR. Overcharge is
when the battery cell is charged above its intended capacity. This damages the
battery cell and leads to heat generation until the it is so damaged that it breaks
open and TR is triggered. Over-discharge also damages the battery cell but does
not directly lead to heat generation and TR, rather the damage make the battery
cell more susceptible to other abuse cases, and therefore TR, in the future [3].

2.2.3 Thermal abuse

The heat generated in the above described abuse conditions is classed as thermal
abuse as well as other sources of overheating. One such source of overheating can
be improper connections with battery connectors and the most obvious source of
overheating is a hot environment. The increase in temperature as a result of the
overheating starts the exothermic reactions described above which ultimately lead

to TR [7].

2.3 CFD

The process of numerically solving fluid dynamics using computer code is known as
computational fluid dynamics (CFD). It is a powerful simulation technique that is
used in many different fields to predict a wide range of different physical phenomena.
Compared to physical experiments CFD is cheap to perform and the the level of
detail of results obtained can be refined as much as desired. It also offers greater
flexibility as the parameters of the simulated system can easily be changed which
enables many simulations to be run in an effective and systematic manner which,
for example, allows the optimization of geometry through parametric studies.

When working with CFD the first step is pre-processing. Here the geometry of the
problem is either imported from an external CAD software or created in the CFD
tool. When created the geometry is called the computational domain. The domain
is then spatially discretized into many smaller control volumes according to the
finite volume method (FVM). The control volumes can have different size and shape
depending in the problem. The spatial discretization results in a computational mesh
where the control volume are called cells. It is in each cell that the computations
are performed. Generating the mesh is a critical step when performing CFD as both
the accuracy of the simulation as well as the computational time is dependent in
the number of cells. To optimize the accuracy to cost ratio the mesh is most often
refined in areas of interest where the variation in for example velocity or temperature
is expected to be large while the mesh is allowed to be more coarse in areas where

7
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these variations are expected to be smaller. When a grid has been generated the
fluid properties and boundary conditions are defined.

The next is to solve the problem. This is done by discretizing the governing equations
which are differential equations into algebraic expressions. The algebraic expressions
share one or more variables which means they cannot be solved directly and must
be solved iteratively. The simulation is complete when the solution has converged.
Finally the results are post-processed and visualized in a way that conveys the
desired information through for example contour or vector plots [8].

2.3.1 Governing equations

The three equations that govern fluid flow are the continuity equation (2.2), momen-
tum equation (2.9) and energy equation (2.15). These equations are derived from
three conservation laws of physics. These laws are: the conservation of mass, New-
ton’s second law and the first law of thermodynamics [8]. The continuity equation
and momentum equation are together called the Navier-Stokes equations.

Continuity equation
In a control volume mass is conserved which yields the continuity equation:

@ n p@vi
where p is the fluid density, ¢ is time, v; is the velocity in the i-direction and z; is
the spacial coordinate in the ¢-direction.

If the flow velocity is below 1/3 the speed of sound the flow can be assumed to be
incompressible which means that density is constant. The continuity equation then
becomes [1]:

—0 (2.1)

a’Ui
aZL'i

=0 (2.2)

Momentum equation

Newton’s second law states that the rate of change of momentum of an object, in
this case a control volume, is equal to the sum of forces acting on it [8]. This results
in the momentum equation which in its most basic form is given by:

d’l]i Gaij
Pai = om +pf. (2.3)

where oj; is the stress tensor and f; is the volume force vector.
The stress tensor, o;;, is given as:

Oij = —pOij + Tij (2.4)

where p is pressure which acts on the surface of the fluid element, d;; is the Kronecker
delta which takes a value of 1 if ¢ = j, else it is 0. Lastly 7;; is the viscous stress
tensor which is defined as:
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2
Tij = 2S5 — gskkéij (2.5)

where p is the fluid dynamic viscosity and \S;; is the strain-rate tensor.
The strain-rate tensor, S;;, is expressed in terms of velocity gradients:

1 8vi an
S, = 3 ((%'j + &Ei) (2.6)

Combining equations 2.3, 2.4 and 2.5 we get:

2 8vk

dUZ' _ 8]9 87']-2- 8]? 0 & OUg

= -+ +pfi = — + — | 2uS;; —
Pat = 0w " om, P Tow o, ( H21g
which is the momentum equation in its full form.

For incompressible flow and constant dynamic viscosity equation (2.7) can be re-

duced to [1]:

5ij> +pfi (2.7)

dv; op %,
- _ : 2.
Changing from % to % we get:
8112- 81)1' 3]) aQUi
, - _ ; 2.9
Pot T ign, = om P anm, T (29)

which will be used later.

Energy equation

The first law of thermodynamics states that rate of change of internal energy in a
control volume is equal to the rate of change of both heat addition (or subtraction)
and work done on (or by) the volume [8]. The energy equation is defined as:

du ov;  0g;
p dt J or j Oxz
where u is internal energy of the fluid element, ¢; is the conductive heat flux across

the faces of the fluid element in the ¢-direction and z is the radiative heat source.
The heat flux, ¢; is given by Fourier’s law:

+ pz (2.10)

ar
8:131»
where k is the thermal conductivity and T is the temperature.

By using equations (2.4) and (2.11) in equation (2.10) we obtain the full energy
equation for compressible flow:

g = —k (2.11)

du ov; 0 or

where @ is a dissipation term that is given by:

) +pz+ @ (2.12)
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1 2

and represents irreversible viscous heating.
For incompressible flow we have:

du = c,dT (2.14)

where ¢, is the heat capacity of the fluid which is assumed to be constant. With the
continuity equation (2.2) equation and neglecting radiation (2.12) becomes [1]:

dar 0 oT
P = o + oz, (kazm) (2.15)

2.3.2 Heat transfer

The transfer of energy that occurs due to differences in temperature is called heat.
Heat transfer is used to predict how much and how fast energy is transferred within
and between bodies. Heat has three modes of being transferred: conduction, con-
vection and radiation. [2]

Conduction

The heat transfer within a body or between bodies that are in contact (including
solid-fluid contact) is called conduction and is described by Fourier’s law (2.11). The
reason for the right hand side being negative is because heat transfers from high to
low temperature [2].

Convection

Convection is heat transfer that is connected to the movement of fluid.
The heat flux from convection is given by Newton’s law of cooling:

¢ = hA(T, — Ty (2.16)

where h is the heat transfer coefficient, A is the contact area, T,, is wall temperature
of the solid body and T, is the temperature of the fluid. The heat transfer coefficient,
h, can be estimated analytically for some cases or is determined through experiment.
Values of h for common situations can be found in tables in literature.

Due to the no-slip condition of the fluid there is no convection at the interface,
instead heat is transported through conduction. The effect of convection becomes
stronger and more dominant further from the wall where the velocity is larger.
There exist two types of convection: natural and forced. Natural convection is when
the warm body causes movement of the fluid. The body heats the closest fluid which
changes its density creating a density gradient. The density gradient induces motion
due to gravity and buoyancy and thus a velocity gradient is also created. Forced
convection is the opposite, movement of the fluid causes heat to be transported
from the body. In practice these types of convection often happen simultaneously,
resulting in mixed convection [2].

10
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Radiation

The energy transferred through radiation is caused by electromagnetic radiation and
thus it does not require a medium to travel through. A so called blackbody is the
ideal thermal radiator and emits energy according to the Stefan-Boltzmann law of
thermal radiation:

q=0cAT* (2.17)

where o is the Stefan-Boltzmann constant (o = 5.669 - 1078WW/m? - K*). In a more
realistic case more parameters have to be accounted for. A body that emits radiation
also receives some. Real bodies are seldom ideal blackbodies, instead they have an
emissivity, €, that is less than 1. All radiation emitted by one body is also not all
received by the other body because electromagnetic radiation requires line of sight to
be transmitted between bodies. With these parameters considered equation (2.17)
becomes:

q = FFooA(T! - T}) (2.18)

where F, is the emissivity function, Fy is the view factor function that accounts for
line of sight and 7} and T, is the temperature of two bodies [2].

2.3.3 Capturing the boundary layer

The boundary layer is the region closest to the wall and is formed as a result of the
no-slip condition and viscosity of the fluid. This creates a velocity gradient from the
wall to the bulk-flow. Capturing this region during discretization is important to
obtain an accurate result from the simulation as the boundary layer affects drag and
heat transfer. The boundary layer is defined to span from the wall to the distance
normal to the wall that has a velocity equal to 99% of the free stream velocity.
Depending on the flow different equations are used to describe the boundary layer.
In this thesis the equations for flat plates will be described as it is the most similar
to the flow in the battery module.

Parameters

In boundary layer flows there are many important parameters. First is the Reynolds
number which is often said to be the most important non-dimensional number in
fluid mechanics. It relates the inertial to viscous forces in a flow and is used to
determine if the flow is laminar or turbulent. It is defined as:

Re, = YL VL (2.19)

[ v

where V' is the fluid velocity, L is the characteristic length and v is the kinematic
viscosity. For a flat plate turbulent flow is regarded to begin when Rey ~ 5 - 10°,
below this number flow is assumed to be laminar.
Next is the wall shear stress, 7, which is the shear stress that the fluid exerts on
the wall. It is defined by:

11
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cfpV2
Tw =
2
where ¢y is the skin friction coefficient that can be approximated in different ways
or obtained empirically. An approximation for laminar flow is:

(2.20)

0.664

cp = N (2.21)
and for turbulent flow:
0.027
The final parameter is the friction velocity, u*, which is given by [10]:
T,
p )

Sub-layers

The boundary layer can be divided into three different sub-layers: the wall layer,
the overlap layer and the outer layer. The wall layer is closest to the wall and in this
layer viscous shear dominates the flow, in the outer layer turbulent shear dominates
and in the overlap layer both types of shear are important.
In the overlap layer the boundary layer velocity, u, is defined as:

U 1. yu*

— =—1In
u* K v

+B (2.24)

where x and B are dimensionless constants equal to 0.41 and 5.0, respectively. This
is called the logarithmic law, or log-law for short.
In the wall layer a different relation called the wall law holds:

ut = — = = 2.25

==Y (2.25)
where the superscript "+' denotes non-dimensionality, i.e. u™ and y* are non di-
mensional velocity and position from the wall, respectively. y* is used to determine
which law is to used. For values of y* < 5 the wall law is used and for y* > 30 the

log-law is used. In the region where 5 < y* < 30 there are no exact correlations
[10].

Thickness

The thickness of the boundary layer, 6 depends on if the flow is laminar or turbulent
and on the Reynolds number. For laminar flow it is:

5L

5 pum
vV ReL

(2.26)

and for turbulent flow:

12



2. Theory

16L
§ = 07?/7 (2.27)
Re}

We see that for turbulent flow the boundary layer is thicker [10].

2.3.4 Turbulence and its modelling

Turbulence is a complex phenomena that is present in almost all flow that we en-
counter. For this reason methods to compute it must be used in CFD. Turbulent
flow has a number of characteristics that define it. First, as mentioned in 2.3.3, tur-
bulent flow occurs at high Reynolds numbers. At what Reynolds number depends
on the flow, for example it is lower for pipes than for flat plates. Turbulence is also
multi-scale, containing eddies that range in size from the flow length scale to tiny
eddies that require a very high resolution grid to resolve, yet these smallest length
scales are much larger than the molecular scale so the continuum assumption holds.
The smallest eddies dissipate their kinetic energy into thermal energy due to viscous
forces and are destroyed as their energy is depleted. The small eddies get their en-
ergy from slightly larger eddies which get their energy from even larger eddies and
so on in what is called the cascade process. Turbulence increases diffusivity and the
exchange of momentum in the flow which delays flow separation and increases wall
friction and heat transfer [1].

Turbulence models

There are many different ways to model turbulence. In this thesis RANS models,
and more specifically eddy-viscosity models, will be considered. These are among
the most simple turbulence models and are therefore not as computationally ex-
pensive such as more sophisticated models such as Large Eddy Simulations (LES)
or Detached Eddy Simulations (DES). If turbulence is not modelled and instead
resolved Direct Numerical Simulations (DNS) are used. This is the most accurate
method but also the most computationally expensive [1].

Reynolds Averaged Navier-Stokes

In turbulent flow the variables are decomposed into a mean and a fluctuating part.
For the velocity it looks like:

vV = 171' + U; (228>

The bar represents the mean part that is time averaged as:

<

L Td 2.2

where T is a sufficiently large time step.

By applying the decomposition in equation (2.28) to the Navier-Stokes equations
(2.2) and (2.9) the Time-averaged Navier-Stokes equations or Reynolds Averaged
Navier-Stokes (RANS) equations are obtained:

13
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ov;
il (2.30)
— a/ﬁz 7 8]3 8 8171 ——
Pl g, = phim g+ ar; (u o, pvw) (2.31)

Time averaging removes the time-term which means that the mean flow is assumed
to be steady. The final term on the right hand side of equation (2.31), p@, is
the Reynolds stress tensor. In total there are ten unknowns that need to be found
in order to solve the RANS equations: the velocity (3), the pressure (1) and the
Reynolds stresses (6). This is called the closure problem and it is solved by intro-
ducing turbulence models.

The most accurate turbulence model is to derive exact equations for the Reynolds
stresses from the Navier-Stokes equations. This yields the Reynolds stress equation:

ovl’; ovl’; —— v, ——0v; p [ov, OV
1] - 1] 1,/ J 1,0 ? ? J
+v = —VjU, =" — VU + = +
ot b 0z, R Ay, R0z, p Or;  Ox;
—— |V + Oi + —01| +v L J
Ouy | "7 g p : P ok 0,0z, (2-32)

Dij¢ Dijv
ov, 81}3

—q: 800" — q.: 500" —2
gﬂvj g]ﬁvz Vaxk 8.Tk
—_— ——

E’L]

where 6 is temperature, § is volumetric thermal expansion and g¢; is gravitational
acceleration.

The equation can be simplified and expressed symbolically as:

Cij = Py + ij + Dij + Gij — €3 (2.33)
where Cj; is the convection term, P;; production, II;; pressure-strain, D;; total dif-
fusion (which is the sum of turbulent D;;, and viscous diffusion D;;,), G;; buoyancy
production and ¢;; dissipation [1].

The Boussinesq assumption

The Reynolds stresses can be modelled by a turbulent viscosity, v;, according to
the Boussinesq assumption. The diffusion term in the RANS equation (2.31) after
dividing by density then becomes:

o [ (05 05\ —] 8 ou, 93,
813]' [V (8% + 0@) B 'Uin‘| a (%cj [(V+ Vt) (8% + 8@)] (234>

An expression for the Reynolds stress tensor can be obtained from equation (2.34):
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o5, 05,
0 =, < a;}- + a:j ) (2.35)
j 7

Equation (2.35) is not valid when ¢ = j due to the continuity equation (2.30) setting
the right hand side equal to 0. This is remedied by adding the trace of the left hand
side to the right hand side:

8171' ov; 1. — _ 2
U;'U; = — U4 <ax] -+ 8;{5) + gaij’l)];’l)]; = —QI/tSZ'j + 5(5”/{ (236)

The turbulent viscosity is not a physical parameter like regular viscosity, rather
it is dependent on the mean flow gradients and turbulence and can therefor vary
throughout the domain [1].

Kinetic energy

Turbulent kinetic energy, k, is an important variable in the RANS models. It is
defined as the sum of the normal Reynolds stresses:

1 — — 1
k= 3 (1/12 + v + v{f) = §vgv§ (2.37)
The exact equation for turbulent kinetic energy is obtained by taking the trace of
the Reynolds stress equation (2.32) and dividing by two:

ok Ok 05 0u v
a * Ujaifﬁj - _UZ‘U]‘ 6xj _Vaﬂfj al'j
Ck Pk €
a , p/ 1 . agk — (238)
o, (5 370)| + v o
D¥ Dk @

In the same way as for the Reynolds stress equation the k-equation can be expressed
symbolically:

CF =P+ DF+GF — ¢ (2.39)

where the symbols have the same meaning as for equation (2.33) [1].

Dissipation

The equation for turbulent dissipation, ¢, is based on the k-equation and has the
symbolic formulation:

C° =P+ D+ G —UF (2.40)

where V¢ is a destruction term. P¥ and e from the k-equation are used to describe
the production, buoyancy and destruction terms. To get the correct units they are
multiplied by 7 and unknown coefficients are added:
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Pe + G —V° = %(061Pk + Csle — 0526) (241)
which finally gives the full equation for dissipation:

ot J 8xj k
Because the production, destruction and turbulent diffusion terms are modelled the
e-equation is also modelled [1].

0 0
c c E(cslpk + a1 GF — cge) + D° (2.42)

The k£ — £ model

In the k-equation (2.39) and e-equation (2.42) the production term, P*, buoyancy
term, G* and turbulent diffusion term, D* and D?, are unknown and need to be
modelled. By modelling these terms the full modelled equations for k£ and ¢ are
obtained which form the k — ¢ model.

First, the production term is modelled according to the Boussinesq assumption

(2.36):

ov;  0v; 2 ov; T 5
pk — i ) =265kl =— =21,5..8. 24
[Vt <8x] + 823']) 351 ‘| axj VtSZ]S’LJ ( 3)

Boussinesq assumption

Then, the buoyancy term is modelled. It is given in equation (2.38) as:

G* = —giBuj’ (2.44)

The term v}#’ is handled by the Boussinsq assumption:

90

0 = — 2.45
Y o axl ( )
where o4 is turbulent thermal diffusivity and is given by:
Vi
=1 2.46
a o (2.46)

where oy is the turbulent Prandtl number, an empirical constant set to 0.7 < gy <
0.9, which relates how well the turbulence transports momentum to how well it
transports thermal energy, similar to the regular Prandtl number. The buoyancy
term thus becomes:

v, 00
Gt = g, 2.47
g BO’Q 83:2 ( )
Lastly, the turbulent diffusion term is given by:
e
x; o x
g S (2.48)
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for k and e, respectively.
Inserting the modelled terms (2.43), (2.47) and (2.48) into the k-equation (2.38) and
the e-equation (2.42) results in the full modelled equations for k and e:

ok  _ Ok ov;  0v;\ O, vy 00 %) v\ Ok
— — = S— — — — ) — (24
ot Ujamj . (8:1;3- * 8xi> Oz, 91509 Ox; = 0w l(u—i- ak> 8%] (2.49)
LR (O R NONTY N N [
ot 7 0x; g Or; Oz, ) Oz, Elgzk’ag ox; 2k 0z o./) 0x;
(2.50)
where the turbulent viscosity is given by:
k’2
V= Cu (2.51)

The values for the constants are presented in table 2.1 [1].

The k£ — w SST model

On its own the k£ — ¢ model has two major drawbacks, it has trouble dealing with
adverse pressure gradients as well as reverse flow and it requires damping functions
near walls. The k£ —w model does not have these issues but it does have some issues
of its own, mainly it depends on the free stream value of the specific dissipation, w.
In simple terms the £ — ¢ model is good in the free stream but bad near the walls
while the k£ — w model is bad in the free stream but good near the walls. The two
models can be combined in k — w Shear Stress Transport (SST) model where each
model is used where it is best. The relation of w to k and ¢ is given by:

€
= 30
where * = ¢,. From this the equations for the k — e model can be transformed into

those needed for the k — w model. After some derivation which is omitted here the
equations for the standard k£ — w SST model are obtained as:

w (2.52)

ok 9 0 v, Ok .

o (k) = — SR | 2.

Y + 8xj<vjk) o, Ku—l— - 8@)] + b kw (2.53)

aiw_}_i(ﬁjw):i V+&87w _|_Pw_ﬁw2

ot 8xj 8[Ej Oy 8[Ej (2 54)
Lol By 1 0k Jw

O o
“2 0 Ox; 0x;
where P* is the production term for specific dissipation and is given as:

Pk
PY = a— (2.55)

4
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Table 2.1: Constants for £ — ¢ and k — w SST turbulence models.

k—e¢ k —w SST
c, 0.09| p* 0.09 ap 0.3
Ce1 1.44 (0777 5/9 Ok k—w 0.85
Ce2 1.92 (077 0.44 Ok k—e 1
O 1 Bk—w 3/40 Ow,k—w 0.5
o 13 | Br—. 0.0828 | oy— 0.856

Fi is a blending function that takes a value between 0 and 1 to smoothly switch
from k—e mode to k—w mode, and vice versa, depending on distance to the nearest
wall, d. Near the wall in £k — w mode it takes a value of 1 and for k — ¢ mode it
takes a value of 0. The blending function is also used to blend the values of the
coefficients. In the case if « it looks like:

a=Fag,+(1—F)og. (2.56)
The value of the blending function, Fj, is determined by:

VE 5000\ 4o,k
4 . Wk—e
F; =tanh(¢%), ¢ = min lmax <B*wd7 B ) CDkwdQ (2.57)
where CD,, is:
1 0k Ow
D, = 2 —— 1071 2.
CD, max( Uw’“‘aw@xi . 0 ) (2.58)

The turbulent viscosity, v; is determined differently than in the £ — & model. Here
it is given by:
(llk

= 2.59
vt max(ajw, |8 F3) (2.59)

where |§| is given by:

dv;  0v;\ 0y
A2 _ i J i 95 5.
|5]° = <8xj + 8@») o, 25,78, (2.60)

and F, is another blending function which is given by:

2Vk 5000
Brwd’ d2w
The coefficients used in the k& —w SST model are presented in table 2.1 [1].

Fy = tanh(n®), n = max < (2.61)
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Methods

In this chapter the methods used in this thesis are described. This includes a descrip-
tion and discussion of the used geometry, implemented models, meshing strategy as
well as variations of the simulations.

3.1 Geometry

The geometry is created in the 3D-CAD tool in Star-CCM+. It consists of two rows
of 10 battery cells which are blocks with dimensions 50 x 150 x 150 mm. Centered
on the top of each battery cell is a circular vent with a 20 mm diameter. The cell is
enclosed by an aluminum shell with thickness 0.5 mm which is modelled as a shell
and not created as part of the geometry. Between the cells polyurethane foam plates
are placed with a thickness of 2 mm and the same height and width as the cells.
Between the rows of cells there is a gap of which is 20 mm wide. The cells and foam
plates are placed on an aluminum cooling plate which is 8 mm thick and has a width
such that there is an 10 mm gap to the side of the battery cells. Surrounding these
parts is an aluminum case which is 2 mm thick. The height of the case is such that
there is a 12 mm of empty space above the cells. On one of the short side faces of
the case there is a 4 x 200 mm opening that is centered on the empty space above
the cells that allows the vented gases to escape.

A geometry part for the gas domain is also created from a block that spans 100 mm
out from the sides, top and back of the case and 200 mm from the front. The solid
parts are then subtracted from the block which creates the domain for gas.

The geometry is shown in figures 3.1, 3.2 and 3.3. Darker blue is the polyurethane
foam, lighter blue is the are the cell vents, grey is the battery cells, lighter grey is
the cooling plate and darker grey is the case. Figure 3.4 shows the extent of the gas
domain around the battery module.

In order to be able to refer to each battery cell individually they are labeled 1-20
with the first row containing cells 1-12 and the second row containing cells 11-20 as
shown in figure 3.5.
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Figure 3.1: ISO view of the battery module without the case.

Figure 3.2: ISO view of the battery module with the case.

Figure 3.3: Front view of the module cross section.
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Figure 3.4: ISO view of the battery module with lines showing the extent of the
gas domain.

Figure 3.5: Top view of the battery module without the case. Battery cell num-
bering shown.

3.2 Boundaries and interfaces

The domain was divided into four regions: gas, battery cells, non battery cell solids
and battery cell shells. Each region has its own set of boundaries defined by the
geometry that are used to set boundary conditions and create interfaces between
the regions which enables heat transfer.

All boundaries of the solid regions are set as wall. The outsides of the gas domain are
set as pressure outlet with a specified gas mass fraction of 100% air. The boundaries
of the gas domain in contact with the cells venting surfaces were set to be mass flow
inlets. The mass flow, total temperature and gas compositions are defined by a table
which is supplied to the solver and is shown in 3.1. The temperature is defined by
its total, or stagnation, value because it is independent of velocity which will change
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depending on the mass flow. The appropriate value for each of the parameters is set
for each time step by reading the table and interpolating. After the four seconds of
venting have passed the mass flow is again set to zero and the total temperature of
the vent inlet is set to be the volume average temperature of the battery cell.
Interfaces that connect different regions are created using contact information ob-
tained through an imprint operation. The interface between the shell region and the
battery cells was created automatically upon the creation of the shell region. The
other interfaces with the shell region were defined manually by selecting a boundary
of the shell region and connecting it with the corresponding boundary of the region
that was to be connected. The interfaces between non-shell regions were created by
selecting both and creating boundary-mode interfaces and then selecting the sur-
faces the interface should apply to which in all cases except for the vents were all
available contacts. Due to the non-conformal nature of the mesh with non matching
faces all interfaces were set as mapped.

In order to trigger TR in the battery module the interface between the bottom of
the first cell and the shell was set as a heat source of 10 kW before the onset of TR
in that cell, after which it behaves as a normal interface with no heat source.

Table 3.1: Vent rate

Species mass flow (%)
Time | Mass flow (g/s) | Total temperature (K) | Air | CO2 H2
1 10.309652 700 0 | 95.64 4.36
1.5 18.557373 900 0 | 95.64 4.36
2 24.743164 1100 0 | 95.64 4.36
2.5 29.897989 1100 0 |95.64 4.36
3 32.990885 1500 0 |95.64 4.36
3.5 29.897989 1500 0 |95.64 4.36
4 24.743164 1300 0 | 95.64 4.36
4.5 18.557373 1300 0 | 95.64 4.36
5 10.309652 1100 0 | 95.64 4.36
5.001 0 900 1 0 0

3.2.1 Initial conditions

In order to save time the battery cells and its shells were given an initial temperature
of 373.15 K, 10 K below the critical temperature for TR. The other solids were
initialized to 363.15 K and the gas was set to be still with a temperature of 300 K
and consisting of 100% air.

3.3 Models

Each region had its own physics continua with a set of models created. Many models
were shared between all regions and the solid regions shared many models as well.
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Due to the unsteady nature of thermal runaway the model implicit unsteady was
selected as the time model. The time step used is discussed in section 3.3.1.

A segregated solver was chosen for the flow and energy equations. In such a solver
the governing equations are solved in an iterative manner to obtain the unknown
variables such as the velocity components, pressure and temperature. This is in con-
trast to a coupled solver where all variables are solved for at the same time, requiring
large equation systems. A segregated solver is best suited for incompressible flows
but it can also handle compressible flows as long as the mach-number is relatively
low. In general a segregated solver is faster and is preferably used in cases where it
is applicable.

The turbulence was chosen to be modeled using the & — w SST model because it
combines the k£ — ¢ and k£ — w models such that they both are used where they
are at their best. Because the value of y* was made to be less than one on all
surfaces during the meshing a low y* wall treatment was selected. To see how the
solution would differ with a different turbulence model the base mesh from the mesh
refinement was used with the k—e model. The result from this is presented in section
4.2. All the selected models are presented in table 3.2.

The properties of the different materials used are presented in table 3.3. All materials
except for battery cell and polyurethane are the default one supplied in Star-CCM+.
The properties for the battery cell material were chosen to represent a generic battery
cell. LIBs are anisotropic with their heat conductivity because they are built up of
several different materials as described in section 2.1. To capture this the thermal
conductivity was set to be much lower in the thin direction of the battery cells.
The properties of the polyurethane were gathered from [6] which is a website with
material data.

Table 3.2: Models used.

Shared models

Three Dimensional Cell quality Remeditation Gradients

Implicit Unsteady Solution interpolation

Gas models

Multi-Component Gas Non-reacting Ideal Gas

Segregated Flow Segregated Fluid Temperature Segregated Species
Turbulent Reynolds-Averaged Navier-Stokes K-Omega Turbulence
SST (Menter) K-Omega Wall Distance Low y+ Wall Treatment
Gravity

Battery cell models

Solid Constant Density Segregated Solid Energy
Battery Circuit Model

Battery cell shell models

Solid Constant density Segregated Solid energy
Non battery cell solids models

Multi-Component Solid — Multi-Part Solid Constant density

Segregated Solid Energy
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Table 3.3: Material properties.

Solids
Battery cell Polyurethane | Aluminum
Density (kg/m?) 1500 417 2702
Specific heat (J/kg-K) 1000 1200 903
Thermal conductivity (W/m-K) | x: 1, y: 75, z: 75 0.0605 237
Gases
Air CO2 H2
Molecular weight (kg,/kmol) 28.0664 44.01 2.01594
Specific heat (J/kg-K) 1003.62 850.566 14292.3
Dynamic viscosity (Pa-s) 1.85508E-5 1.49396E-5 | 8.87789E-6

3.3.1 Time step

Due to the vastly varying time scales of the simulation a dynamic time step is
defined. This saves computational time by using a larger time step when not much
is happening and then using a smaller time step when it is needed to capture the
physics. The dynamic time step automatically decreases when thermal runaway is
about to be triggered and then it decreases further when TR is triggered. After a
while the time step starts to increase again, in steps, up to the largest value. An
example of how the dynamic time step can vary in time is shown in figure 3.6 where
the red dotted lines are TR events. The exact definition of the time step is shown
below:

Time step = 0.25 s
if Volume average temperature of any cell > 380 K and no TR:
Time step = 0.05 s
else if 380 < Volume average temperature of any cell < 382.65:
Time step = 0.025 s
else if Volume average temperature of any cell > 382.65 K:
Time step = 0.01 s
if TR triggered:
if Time passed since last TR < 5 s:
Time step = 0.01 s
else if Time passed since last TR < 6 s:
Time step = 0.25 s
else if Time passed since last TR < 7 s:
Time step = 0.5 s
else if Time passed since last TR < 8 s:
Time step = 0.1 s
else if Time passed since last TR < 9 s:
Time step = 0.15 s
else if Time passed since last TR < 10 s:
Time step = 0.2 s
else:
Time step = 0.25 s
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Figure 3.6: Example of how the dynamic time step changes over time.

3.3.2 Thermal runaway model

The thermal runaway model for batteries is relatively new in Star-CCM+ as it was
introduced in 2023. It works by supplying data from an ARC-test which contains
heat rates depending on temperature. This defines how fast and hot the TR process
will be in the simulation. Another input to this model is the total amount of released
energy. Finally a critical temperature is given to the model from which it knows
when to trigger TR.

After the thermal runaway has been defined the battery cell parts are selected to be
battery objects and the set-up is complete.

The ARC-data used in this thesis was taken from the tutorial supplied by Simcenter
accessed through the Star-CCM+ user manual. It is shown in table 3.4.
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Table 3.4: Heat rate table.

Temperature (K) | Heat rate (W)
283.15 300
311.15 600
350.15 3000
384.15 12000
411.15 40471.182
436.15 102694.7664
455.15 142044.9264
476.15 169296.7896

530 157296.7896

560 133845.6

280 112061.28
618.15 76669.2
650.15 38970.72
688.15 15337.56
774.15 5580
875.15 3720
994.15 1116.186

3.4 Meshing

Generating a high quality mesh is an integral part of a CFD analysis. Below the
setting used to generate the mesh in Star-CCM+ as well as the outline for a mesh
independence study are presented.

3.4.1 Global settings

The different geometry parts were meshed in different mesh operations all using
polygonal cells. The first battery cell and the two contacting foam were meshed
first and then a volume pattern was used to copy the mesh to the other cells and
foam which decreased the meshing time. In the next operation the rest of the solids,
the cooling plate and case, were meshed and in the final operation the gas region was
meshed. Using different mesh operations results in a non-conformal mesh, meaning
that faces of contacting parts meshed in different operation do not match one-to-
one. To reduce the amount of interpolation between faces needed to resolve across
interfaces the target surface sizes at these locations were made to be the same size
in both mesh operations involved. Further, to obtain a good transition from prism
layer cells to bulk mesh the target surface sizes were kept small. In the gas domain
refinement was added in areas where high gradients were expected such as in the
opening of the case and above the vents of the cells. Using a base size of 10 mm
the relative size of all surface and volume refinements were obtained. The resulting
generated mesh is from here on referred to as the baseline mesh.
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3.4.2 Prism layers

To ensure a value of y© < 1 on all surfaces the prism layer mesher was used with
the wall thickness definition mode where the number of prism layers, first cell height
and total prism layer thickness are input parameters. By using the equations in
section 2.3.3 an expression for y* is obtained:

+_ypp VP
y _
0 2
Here yp is the cell center. To obtain the first cell height yp is doubled and the
following expression is obtained:

(3.1)

+
Yy |2
irsteell = 2 =2=—/— 3.2
Yfirsteell yp % ¢ ( )
The total thickness of the prism layers is a geometric series that can be expressed
as:

1—rN
otal = Yfirstce 3.3
Ytotal = Yf tll(l_r> ( )

where 7 is the growth rate and N is the number of layers. Equations (3.2) and
(3.3) are inserted into a spreadsheet and the growth rate and number of layers are
adjusted such that the prism layer thickness is greater than the boundary layer
thickness according to equation (2.26) or (2.27) depending on the Reynolds number.
A value for the Reynolds number is obtained by estimating the maximum velocity
that will occur during the simulation. What is known is the mass flow, total tem-
perature and properties of the gas as well as the area the gas will pass through. The
mass flow can be expressed as:

i = VpA (3.4)

where A is the area of the battery cell vent. The density can be substituted using
the ideal gas law:

p = pRT (3.5)

where R is the gas constant for the gas being vented. The temperature of the gas
being vented is given as the total temperature of the gas, therefore we need to
convert it to static conditions using:

V?

T=T,—-— 3.6
2 (3.6)

where T, is the total temperature. The expression for the velocity then becomes:

cpp? A2+ 2> TR?
cp (pA — /=
. ( : P ) (3‘7)
mR
With the properties of the gases in table 3.3 and the vent rate in table 3.1 an guess
for the velocity is obtained which is used to predict the Reynolds number.
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This results in an initial guess for the prism layers. The simulation is then run and
the values of y* on all surfaces are observed. If the resulting value of y* is above
one in a specific area the first cell height in that area is divided by the observed
value of y* and is used in the next attempt.

Three distinct areas in the geometry were identified that needed their separate prism
layer settings to obtain the desired y™ due to different flow conditions. These areas
were: all surfaces inside of the case, the surfaces outside of the case and the surface
of the case opening. The final prism layer settings obtained after several iterations
for the different areas are shown in table 3.5.

Table 3.5: Prism layer settings.

Inside case | Outside case | Opening

First cell height (mm) | 1.86E-3 1.62E-2 1.44E-3
Number of layers 13 12 15
Total thickness (mm) 0.513 0.839 2.26

3.4.3 Thin mesh

The thin mesher was used in the solid parts. This mesher generates uniform pris-
matic cells of high quality in areas that the mesher deems as thin which reduces the
number of cells generated without compromising accuracy. In solid parts that have
conduction in mainly one direction thin cells are appropriate to use. The threshold
for generating thin cells was set to 2 mm which made the foam and case deemed
thin and thus the thin cells were generated in these parts.

3.4.4 Mesh independence

The creation of the mesh is a trade-off between accuracy and computational time. In
order to optimize this trade-off mesh independence studies are conducted for most,
if not all, CFD-projects. The goal of a mesh independence study is to find, and
use, the coarsest mesh possible that still obtains accurate results. This is done by
creating a number of meshes with varying degree of fineness and then comparing
the results obtained from them after running the simulation. Ideally the results will
converge after which point the solution is independent of the mesh. At what point
the results are considered mesh independent is up to the engineer performing the
simulation and can depend on many different factors. In this thesis a variation of
less than 1% between meshes was chosen to be the criteria for a mesh independent
result.

To save time the geometry was reduced to only contain four battery cells, in a
two by two configuration. This reduces the total cell count as well as reducing the
total simulated time required to observe TR in all cells, both of which reduces the
computational time. It was assumed that an independent mesh for the reduced
geometry would be independent for the full geometry as well.

Using the baseline mesh described above with the relative sizes of the refinement
the base size was simply changed to obtain one coarser and one finer mesh. The
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coarser mesh had a base size of 20 mm and the finer mesh had a base size of 5 mm.
The generated meshes were compared by multiple metrics: time of TR trigger for
the four cells and the heat transfer from the shell of cell 2 to the contacting surfaces.
The results from the mesh independence study are shown in section 4.1.

3.5 Variations

To simulate different cases than the one described above small alterations were made
to the setup.

3.5.1 Effect of turbulence model

To assess the impact of the selected & — w SST turbulence model the baseline mesh
was run with the k—e model as well. In Star-CCM+ the model 'Realizable K-Epsilon
Two-Layer" was chosen with "Two-Layer All y+ Wall Treatment" as it is flexible and
applicable in many situations. The same metrics of comparison were gathered as for
the mesh independence study. Additionally the flow field was visualized using two
different methods to asses the impact of the turbulence model on flow movement
and recirculation. The first method was a LIC representation of the velocity vector
field and the second method was to use streamlines emitted from the venting surface
on the first cell. The results are presented in section 4.2. The same independence
criteria of 1% as in the mesh independence study was used to compare the turbulence
models.

3.5.2 Effect of cooling

As per the aim of this thesis cooling was also implemented. A custom field function
was created that made the cooling plate into a negative heat source after the onset
of TR in the first cell. A cooling power of 3 kW was implemented as it was deemed
realistic with current methods.

3.5.3 Reduced foam thermal conductivity

By reducing the thermal conductivity of the polyurethane the effect of using better
thermal insulation between the battery cells can be studied. For simplicity, the
thermal conductivity was halved and the new value used was 0.03025 W/m-K.
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Results

In this chapter the results obtained by using the methods described in the previous
chapter are presented. First are the results from the mesh independence study and
comparison of different turbulence models. After that follow the results from the
three different cases: no cooling, cooling and reduced foam thermal conductivity.
Finally graphs comparing the three cases are presented.

4.1 Mesh independence study

The results from the mesh independence study described in section 3.4.4 are pre-
sented in table 4.1. By subtracting the time of TR for cell 1 from the time of TR
for the other cells and then dividing by the values for the fine mesh and subtracting
one the variation from the fine mesh in % is obtained and is shown in figure 4.1.
Similarly the variation for heat transfer is shown in figure 4.2.

Table 4.1: Result of mesh independence study.

Coarse Baseline Fine
Number of cells 1469 042 | 5715 584 | 20 429 724
Time of TR cell 1 (s) 5.145 5.135 5.250
Time of TR cell 2 (s) 19.960 19.555 19.550
Time of TR cell 3 (s) 60.135 59.120 59.690
Time of TR cell 4 (s) 60.135 59.080 59.240
HT to gas (W) -2 439.453 | -2 687.533 | -2 822.350
HT to cooling plate (W) | 5977.045 | 6 002.903 | 6 018.417
HT to foam (W) 520.247 521.941 522.555
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Figure 4.1: Convergence of time of TR trigger with respect to mesh fineness.
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Figure 4.2: Convergence of heat transfer to contacting parts with respect to mesh
fineness.
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4.2 Effect of turbulence model

The different results obtained using different turbulence models for the baseline mesh
are presented in table 4.2 along with a column showing the difference in results as
a percentage. The velocity vector field at t=5.175 s is shown in figures 4.3 and 4.4
for the £ — w SST and k£ — ¢ models respectively. Figures 4.5 and 4.6 show the
streamlines emitted from the venting surface of the first cell at ¢ = 5.745 s for the
k —w SST and k& — ¢ models respectively.

Table 4.2: Effect of turbulence model.

’ \k—wSST\ k—ce \%diﬁerence‘

Time of TR cell 1 (s) 5.135 5.135 0
Time of TR cell 2 (s) 19.555 19.630 0.384
Time of TR cell 3 (s) 59.120 61.110 3.366
Time of TR cell 4 (s) 59.080 61.910 4.790
HT to gas (W) -2 687.533 | -2 425.800 9.739
HT to cooling plate (W) | 6 002.903 | 6011.180 0.138
HT to foam (W) 521.941 522.429 0.093
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Solution Time 5.755 (s)

Figure 4.3: Velocity vector field using £ — w SST model at t=5.745 s.

Solution Time 5.755 (s)

Figure 4.4: Velocity vector field using £ — ¢ model t=5.745 s.
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Solution Time 5.745 (s)

Figure 4.5: Streamlines using k — w SST model at t=5.745 s.

Solution Time 5.745 (s)

Figure 4.6: Streamlines using k — € model at t=5.745 s.

glocity: Magnitude (m/s)

Délocity: Magnitude (m/s)
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4.3 No cooling

The times of thermal runaway with no cooling are presented in table 4.3. Figure 4.7
shows the volume average temperature of each battery cell as a functions of time
and figures 4.8, 4.9 and 4.10 show the mass flow from each vent as well as the total
temperature of the vent inlet and the resulting velocity also as functions of time.
The heat transfer out of cells 2, 12 and 20 are shown in figures 4.11, 4.12 and 4.13
respectively. The heat transfer is broken down into which other part the battery
cell is in contract with. A positive value means that the heat is transferred from the
battery cell to its surrounding and a negative value means that heat is transferred
from the surroundings to the battery cell. Similar figures for battery cells 4, 6, 8, 10,
14, 16 and 18 as well as the maximum temperature of the battery cells as a function

of time are presented in appendix A.1.

Table 4.3: Time of thermal runaway with no cooling for each battery cell.

| Cell number | Time of TR (s) | Cell number | Time of TR (s) |

Cell 1 5.135 Cell 11 63.035
Cell 2 19.45 Cell 12 65.64
Cell 3 33.635 Cell 13 68.62
Cell 4 46.135 Cell 14 72.5
Cell 5 57.655 Cell 15 76.86
Cell 6 67.015 Cell 16 81.035
Cell 7 74.93 Cell 17 85.135
Cell 8 81.94 Cell 18 89.425
Cell 9 87.55 Cell 19 92.66
Cell 10 92.2 Cell 20 96.55
970
920
8701 —— Celll - Cell 11
8201 —— Cell2 - Cell 12
X7 —— Cell 3 -- Cell 13
o 7 — Cell 4 == Cell 14
2 —— Cell5 -- Cell 15
g 6 —— Cell 6 -- Cell 16
g6 Cell 7 Cell 17
o5 —— Cell 8 -= Cell 18
F 520 Cell 9 Cell 19
—— Cell 10 -= Cell 20

Figure 4.7: Volume average temperature of battery cells with no cooling imple-

mented.
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Figure 4.8: Mass flow from venting surfaces.
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Figure 4.9: Vent inlet total temperature.
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Figure 4.10: Velocity of vented gasses.
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Figure 4.11: Heat transfer out of cell 2 with no cooling implemented.
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Figure 4.12: Heat transfer out of cell 12 with no cooling implemented.
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Figure 4.13: Heat transfer out of cell 20 with no cooling implemented.
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4.4 Cooling

The results from implementing cooling are presented in a similar way to the results
of no cooling. The times of thermal runaway with cooling are presented in table
4.4. Figures 4.14, 4.15, 4.16 and 4.17 show the volume average temperature and
heat transfer out of cells 2, 12 and 20 respectively. In appendix A.2 the remaining
figures for the heat transfer as well as the maximum cell temperature as a function
of time can be found.

Table 4.4: Time of thermal runaway with cooling for each battery cell.

| Cell number | Time of TR (s) | Cell number | Time of TR (s) |

Figure 4.14:

mented.

Cell 1 5.135 Cell 11 69.4
Cell 2 19.86 Cell 12 72.32
Cell 3 34.865 Cell 13 75.64
Cell 4 48.57 Cell 14 80.04
Cell 5 61.78 Cell 15 85.68
Cell 6 73.695 Cell 16 91.375
Cell 7 84.16 Cell 17 97.46
Cell 8 93.945 Cell 18 103.785
Cell 9 102.055 Cell 19 108.4
Cell 10 109.01 Cell 20 114.07
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8701 —— Cell1 == Cell1l
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Figure 4.15: Heat transfer out of cell 2 with cooling implemented.
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Figure 4.16: Heat transfer out of cell 12 with cooling implemented.
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Figure 4.17: Heat transfer out of cell 20 with cooling implemented.
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4.5 Reduced foam thermal conductivity

With a reduction of the foams thermal conductivity the times of thermal runaway
obtained are presented in table 4.5. The volume average temperature of the cells
and heat transfer out of cells 2, 12 and 20 are shown in figures 4.18, 4.19, 4.20 and
4.21 respectively. The remaining figures for heat transfer out of the cells can be
found in appendix A.3.

Table 4.5: Time of thermal runaway with more insulating foam between each
battery cell.

| Cell number | Time of TR (s) | Cell number | Time of TR (s) |

Cell 1 5.125 Cell 11 64.23
Cell 2 19.73 Cell 12 66.925
Cell 3 34.145 Cell 13 70.04
Cell 4 46.79 Cell 14 73.895
Cell 5 58.505 Cell 15 78.32
Cell 6 68.555 Cell 16 82.65
Cell 7 76.84 Cell 17 87.095
Cell 8 84.135 Cell 18 91.35
Cell 9 89.555 Cell 19 94.715
Cell 10 94.445 Cell 20 98.535
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870 1 —— Celll  ===- Cell1l
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X 770 —— Cell3 === Cell13
Qv —— Cell 4 -=== Cell 14

£ 720 4
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S 5701 —— Cell8  ===- Cell 18
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Time [s]

Figure 4.18: Volume average temperature of battery cells with reduced foam ther-
mal conductivity.
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Figure 4.19: Heat transfer out of cell 2 with reduced foam thermal conductivity.
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Figure 4.20: Heat transfer out of cell 12 with reduced foam thermal conductivity.
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Figure 4.21: Heat transfer out of cell 20 with reduced foam thermal conductivity.
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4.6 Comparing cases

With the results from the different cases presented they can now be compared. The
times of thermal runaway for the different cases are compared in figure 4.22 in which
time of TR is plotted for each cell number. The battery cells that are connected in
series have lines connecting them to signify this. By integrating the heat transfer
data used to create figures 4.11-4.13, 4.15-4.17 and 4.19-4.21 the total amount of
energy going out of the battery cells during different time periods can be obtained.
The integration is split into two time periods. One period is defined from zero
seconds to the time of TR for the cell. The other period is defined from the time
of TR for the cell to the time of TR for the last cell to enter TR plus 30 seconds.
Figures 4.23, 4.24 and 4.25 show the total amount of energy going out of the battery
cells into the gas, foam and cooling plate before the onset of TR respectively. In
figure 4.26 the values in the previous three figures are combined giving the total
amount of energy going into each battery cell before TR. The battery cells that are
connected in series have lines connecting them here as well. A negative value means
that the battery cell is receiving energy from the surroundings through heat transfer.
Similarly figures 4.27, 4.28, 4.29 and 4.30 show the same thing as described above
but after TR in each cell.
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Figure 4.22: Comparison of thermal runaway times for every cell between the
different cases.
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Figure 4.23: Comparison of the amount of energy going out of the battery cells to

the gas before the cells go into TR.
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Figure 4.24: Comparison of the amount of energy going out of the battery cells to

the foam before the cells go into TR.

44



4. Results

5 M
0 .
= —A~ No cooling
> -~ Cooling
— _5 .
] ~@- Foam
c
i
—10 1 7
-15 T T T T T T T T T T
2 4 6 8 10 12 14 16 18 20

Cell number [-]

Figure 4.25: Comparison of the amount of energy going out of the battery cells to
the cooling plate before the cells go into TR.
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Figure 4.26: Comparison of the total amount of energy going out of the battery
cells before the cells go into TR.
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Figure 4.27: Comparison of the amount of energy going out of the battery cells to
the gas after the cells go into TR.
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Figure 4.28: Comparison of the amount of energy going out of the battery cells to
the foam after the cells go into TR.
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Figure 4.29: Comparison of the amount of energy going out of the battery cells to
the cooling plate after the cells go into TR.
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Figure 4.30: Comparison of the total amount of energy going out of the battery
cells after the cells go into TR.
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Discussion

In chapter the results from the previous chapter are discussed so that relevant con-
clusion can be drawn. First the results from the mesh independence study and
comparison of turbulence models are discussed. After that the models used to simu-
late thermal runaway are evaluated and finally trends observed in the different cases
are discussed.

5.1 Mesh independence study

In this thesis a variation in results between meshes less than 1% was chosen to be
the criteria for an independent mesh. Looking at the results in section 4.1 we see
that the variation of trigger time for TR differs by less than 1% between the base
and fine mesh. As for the heat transfer the convergence is not as good. The heat
transfer to the cooling plate and foam differs less than 0.3% between the base and
fine mesh but the heat transfer to the gas differs by 4.78%. The base mesh can
therefore be said to be independent in all aspects except for heat transfer to gas.
The aim of this thesis is to predict trigger times of TR and since that aspect of the
base mesh is independent it is deemed sufficiently good to use.

5.2 Effect of turbulence model

The same independence criteria of 1% as in the mesh independence study is used
here to compare the turbulence models. Looking at table 4.2 we see that the heat
transfer to the solids is almost the same for both cases which is expected because
the turbulence model does not affect conduction in solids. For the same reason the
time of TR in cell 2 is also very similar in both cases. What separates the results
from the turbulence models is how much heat is transferred to the gas which in turn
affects the time of TR in cells 3 and 4. With the k¥ — w SST model more heat is
transferred to the gas leading to higher temperatures in the module which makes
the surface of the cells heat up faster, leading to TR earlier than with the k — ¢
model.

The figures visualizing the flow differ between the £ — w SST and k — ¢ models. In
the vector velocity field, figures 4.3 and 4.4, we see larger recirculation regions with
k —w SST and along the cell surface we see an additional recirculation region that
does not appear when using the k — € model. As for the streamlines in figures 4.5
and 4.6 the models produce similar results at large but the £ — ¢ model produces
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streamlines that look more chaotic whereas the & — w SST model produces more
orderly looking streamlines.

We see in table 4.2 that the percentage difference between the models is larger than
the criteria of 1% for three of the seven total compared metrics but is larger than
1% in all metrics that have to to with heat transfer to and from the gas. Therefore
we can say that the simulation is turbulence model dependent.

Knowing which turbulence model is the most correct is not possible to say without
validation data, however the theory provides some input as to which model is more
appropriate. The k —w SST model should be more accurate close to walls than the
k — ¢ model meaning that it more accurately predicts heat transfer and therefore
time of TR as well.

5.3 Model evaluation

Looking at figures 4.8 and 4.9 which show the mass flow from the venting inlets of the
battery cells and the total temperature of these inlets we see that they match table
3.1 exactly. The velocity from the vents in figure 4.10 follow the ideal gas law and are
close to initial guesses used to predict the Reynolds number in the y* calculations
in section 3.4.2. We see that the peak velocity after each TR is different. Since the
mass flow and total temperature are identical for each TR this must be due to the
composition of gases and pressure inside of the case. A higher pressure will push
back against the vented gases leading to lower velocities and vice versa. A higher
concentration of air will also limit the velocity because it has a lower gas constant,
R, while a higher concentration of vented gases will lead to higher velocities of the
vented gas because the gas constant of the vented gases is higher.

The volume average temperature in figures 4.7, 4.14 and 4.18 follows table 3.4. We
see that at about 620 K the rate of heating starts to decrease, in according to the
table.

5.4 Trends

We can find some trends by looking at the results. Figure 4.22 shows a comparison
of thermal runaway times between the cases. We see that the order in which cells
go into TR is the exact same between cases except for the cooling case where cell 10
goes into TR before cell 19, while the opposite is true for the other cases. The first
row of cells (1-10) starts the thermal runaway of the module and it takes over a full
minute until the first cell of the second row (11-20) enters TR. When the second row
has entered TR the spread of TR accelerates and it only takes about 35-45 s until
the last cell has entered TR. It then follows that the second row of cells has a lower
average time between TR than the first row for all three cases. This demonstrates
the accelerating nature of thermal runaway:.

When it comes to the different cases it can be clearly seen that cooling has a larger
impact on delaying TR than better insulating foam. We also see that the cooling
makes a bigger difference the further along each row the TR propagates. The better
insulating foam has a similar effect in the first row of cells as the difference increases
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but in the second row the difference is almost constant.
The different cases can be compared further by looking at the energy transport to
and from the battery cells.

5.4.1 Before thermal runaway

It can be observed through figure 4.26 that the almost the same net amount of
energy is transported into each battery cell before each of them enter TR. The
average amount of energy transported into the cells is largest for the case without
cooling and smallest for the case with better insulating foam. However, the difference
is only 50 J.

Looking at where this transported energy comes from shows some interesting things.
Firstly we see in figure 4.24 that not much energy at all is transported from or goes
into the foam. In the two cases with the regular foam there are two and four data
points where energy is transported into the battery cells from the foam. For all other
probed cells energy is transported out of the battery cells into the foam. In the case
with improved foam energy is transported out of the battery cells into the foam. We
can also see that introducing cooling decreases the amount of energy transported
into the foam because in that case the energy transport into the cooling plate is
increased.

Secondly by looking at figure 4.23 we see that battery cells have more energy trans-
ported into them from the gas the later they enter TR. This is because cells that
enter TR later have been exposed to more vented gases. It can also be observed
that in the cooling case more energy is transported into the battery cells from the
gas than for the other cases.

Thirdly in figure 4.25 we see that battery cells that enter TR later transport energy
into the cooling plate. The reason for this is due to the initial conditions. The
cooling plate is initialized to be 10 K colder than the battery cells. This leads
to heat transfer from the battery cells to the cooling plate. This effect is inflated
in the case with cooling because the temperature of the cooling plate is decreased
further, increasing the temperature gradient and the rate of heat transfer according
to Fourier’s law (2.11). The heat transfer to the cooling plate is so slow that in most
of the battery cells the energy transport to the cooling plate is negative due to heat
from TR spreading through the cooling plate to the neighboring cells.

5.4.2 After thermal runaway

If we start by looking at figure 4.28 we see that the cells that go into TR early
transport more energy into the foam after TR due to a larger time period being
used in the integration for the earlier cells. The case with the improved insulation
decreases the amount of energy transported into the foam while the case with cooling
increases it.

As for the gas we see in figure 4.27 that the energy transport out of the battery cells
is negative, meaning the gas is transporting energy into the cells. Similar to the
foam wee see that the second row of cells have more energy transported into them
from the gas the earlier the cells go into TR due to the time periods used in the
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integration. The behaviour of the first row is not as easily explained.

We would expect a similar shape in the graph as for the second row but instead we
see a kind of "v"-shape for the first row of cells. A possible explanation for this can
be found by looking at the times of TR in figure 4.22 as well as the volume average
temperatures in figures 4.7, 4.14 and 4.18.

The first part of the explanation is found by looking at the figures for volume average
temperature which show that within 15 s after TR the battery cell reaches 710 K.
This temperature is so high that the temperature gradient to the gas becomes small
and heat transfer becomes limited. If we then look at the times of TR we see that
within 15 s after TR in cells 2 and 4 none or one cell go into TR while for cells 6 and
8 five cells go into TR. Cell 10 goes into TR last or second to last so it has one or
two cells that go into TR after it. This means that cells 6 and 8 have much energy
transported into them from the gas before they reach a high average temperature.
Time, just like for the foam, explains the other half. Cells 2 and 4 go into TR early
and have time to reach a high volume average temperature which can be seen in
the figures. The high average temperature enables energy to be transported from
the battery cells to the gas. They also experience the venting of hot gas from all
the other cells which is why the values are negative. Cells 6 and 8 receive a large
amount of energy transported from the gas. Finally cell 10 receives a little energy
transported from the gas and does not have time to reach a high temperature in
order to transfer heat to the gas.

Looking at figure 4.29 we see a clear connection to time of TR. The earlier the
battery cell went into TR the more heat it has transferred into the cooling plate.
It is also observed that the amount of energy transported into the cooling plate is
many times larger than into the other parts. This leads to figure 4.30, which shows
the total amount of energy transported from the battery cells, looking almost the
same. Due to the times of TR being delayed in the cooling case the battery cells have
more time to transfer heat leading to more energy being transported from them. We
also see that that the difference in amount of energy transported between the cases
decreases in the order that the cells entered TR.

The case with cooling increases the energy transported into gas, foam and cooling
plate. This is because cooling increases conduction by creating a larger temperature
gradient.
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Conclusion

In this thesis the aim was to predict propagation time between battery cells and im-
plementing different strategies to delay the spread of TR within the battery module.
This was achieved with the models used.

It was found that the turbulence model used had an effect on the results obtained.
The different cases tested provided different insight both into the propagation time
of TR as well as how heat is transferred both before and after TR is triggered in
the cells. Implementing cooling was more efficient than improving the insulating
properties of the foam and its positive effect on propagation time increased in a
non-linear way as TR spread in the module.

It was observed that heat spread from neighboring cell to neighboring cell through
the cooling plate while heat from the vented gases transferred to all cells, increasing
their temperature. The vented gases then effectively lower the threshold that the
heat that spreads through the cooling plate has to overcome to trigger cells into TR
which accelerates the spread of TR in the module the more cells are triggered.
From these observations strategies to further mitigate and slow the propagation
of TR within a battery module can be thought of. One idea is to limit the heat
transfer through the cooling plate by dividing it into many smaller cooling plates
that are thermally insulated from each other. One for each battery cell would be
most effective in terms of delaying TR but practically inefficient as it would make
manufacturing more complex and hence more expensive. Another idea is to improve
the ventilation of the battery module such that the vented gases are removed quickly
and the temperature within the module is lower. This would require some sort of
fan system which would add size and weight to the battery pack.

6.1 Future scope

Further work can be done to obtain more accurate results for a smaller computational
cost.

Firstly the mesh process could be improved in one of two different ways. One
option is to generate a fully conformal mesh in order to obtain more accurate heat
transfer results because the faces on interfaces match one-to-one. The other option
is to coarsen the mesh of the solid parts when using the non-conformal mapped
interfaces as the mesh on both sides of the interface can be of different size without
any problems. This would reduce computational time by reducing the overall cell
count without sacrificing accuracy.

Secondly a time step independence study similar to the mesh independence study
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could be conducted to find out if the time step used in this thesis is fine enough
to predict thermal runaway propagation accurately. The time step could also be
optimized for example by being refined more when the velocity in the vented gas is
at its highest.

Thirdly the complexity of the model could be increased to include the internal
chemistry of the battery cells to simulate the heat released during TR in a different
and perhaps accurate way. Phase changes could also be included as the foam likely
would melt in reality. The effects of radiation would be interesting to include to see
how it affects propagation time.

Fourthly having access to validation data from the same or similar cases would
give definitive answers to questions regarding how accurate the models used are
and for example which turbulence model to use for this application. If data from
experiments is too expensive or difficult to acquire results from 1D simulations could
be used.

Lastly a newer version of the software could be used. In this theses Simcenter
Star-CCM+ version 2306 (June 2023 release) was used due to license limitations.
In version 2310 the thermal runway battery model was expanded in Star-CCM+
to include a built in model for battery venting as well as changing the battery
density during venting. Using this version in the future would simplify the set-up
substantially by removing the need to specify the venting though the use of reports
and complicated expressions.
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Appendix 1

A.1 No cooling
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Figure A.1: Volume average temperature and maximum temperature of battery
cells with no cooling implemented. Thin lines are maximum temperature.
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Figure A.2: Heat transfer out of cell 4 with no cooling implemented.
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Figure A.3: Heat transfer out of cell 6 with no cooling implemented.
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Figure A.4: Heat transfer out of cell 8 with no cooling implemented.
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Figure A.5: Heat transfer out of cell 10 with no cooling implemented.
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Figure A.6: Heat transfer out of cell 14 with no cooling implemented.
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Figure A.7: Heat transfer out of cell 16 with no cooling implemented.
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Figure A.8: Heat transfer out of cell 18 with no cooling implemented.
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A.2 Cooling
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Figure A.9: Volume average temperature and maximum temperature of battery
cells with cooling implemented. Thin lines are maximum temperature.
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Figure A.10: Heat transfer out of cell 4 with cooling implemented.
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Figure A.11: Heat transfer out of cell 6 with cooling implemented.
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Figure A.12: Heat transfer out of cell 8 with cooling implemented.
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Figure A.13: Heat transfer out of cell 10 with cooling implemented.
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Figure A.14: Heat transfer out of cell 14 with cooling implemented.
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Figure A.15: Heat transfer out of cell 16 with cooling implemented.
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Figure A.16: Heat transfer out of cell 18 with cooling implemented.
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A.3 Reduced foam thermal conductivity
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Figure A.17: Volume average temperature and maximum temperature of battery
cells with reduced foam thermal conductivity. Thin lines are maximum temperature.
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Figure A.18: Heat transfer out of cell 4 with reduced foam thermal conductivity.
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Figure A.19: Heat transfer out of cell 6 with reduced foam thermal conductivity.
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Figure A.20: Heat transfer out of cell 8 with reduced foam thermal conductivity.
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Figure A.21: Heat transfer out of cell 10 with reduced foam thermal conductivity.
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Figure A.22: Heat transfer out of cell 14 with reduced foam thermal conductivity.
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Figure A.23: Heat transfer out of cell 16 with reduced foam thermal conductivity.

6 4
5 -
T 4
%‘ 3 m— (GAS
Q@ 5] = Cooling plate
2 == Foam total
g ---- Foam1
4+ ---- Foam 2
b
I

0 20 40 60 80 100 120 140
Time [s]

Figure A.24: Heat transfer out of cell 18 with reduced foam thermal conductivity.

IX



DEPARTMENT OF MECHANICS AND MARITIME SCIENCES
CHALMERS UNIVERSITY OF TECHNOLOGY

Gothenburg, Sweden
www.chalmers.se

CHALMERS

UNIVERSITY OF TECHNOLOGY


www.chalmers.se

	List of Acronyms
	Nomenclature
	List of Figures
	List of Tables
	Introduction
	Background
	Aim
	Limitations

	Theory
	Batteries
	Parts of the LIB
	How LIBs work
	Solid electrolyte interphase

	Thermal runaway
	Mechanical abuse
	Electrical abuse
	Thermal abuse

	CFD
	Governing equations
	Heat transfer
	Capturing the boundary layer
	Turbulence and its modelling


	Methods
	Geometry
	Boundaries and interfaces
	Initial conditions

	Models
	Time step
	Thermal runaway model

	Meshing
	Global settings
	Prism layers
	Thin mesh
	Mesh independence

	Variations
	Effect of turbulence model
	Effect of cooling
	Reduced foam thermal conductivity


	Results
	Mesh independence study
	Effect of turbulence model
	No cooling
	Cooling
	Reduced foam thermal conductivity
	Comparing cases

	Discussion
	Mesh independence study
	Effect of turbulence model
	Model evaluation
	Trends
	Before thermal runaway
	After thermal runaway


	Conclusion
	Future scope

	Bibliography
	Appendix 1
	No cooling
	Cooling
	Reduced foam thermal conductivity


