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ALBIN KNUTSSON & JONAS TROMBATI
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Abstract
The ongoing electrification of the vehicle fleet creates an increasing demand for high
performance traction batteries for electric vehicles. The most common battery type
used in electric vehicles today is lithium-ion batteries. During operation the cells
in these traction batteries swell. To design a complete battery pack with high vol-
umetric energy efficiency, the cells need to be placed in an optimal manner with
minimised margins. In order to achieve this, cell swelling needs to be predicted in
the development process.

The main purpose of the project is to study methods on how to empirically model
the battery cell swelling behaviour using the Finite Element Method. An established
Finite Element model on battery cell swelling open possibilities to evaluate the ef-
fects swelling has on complete vehicles, e.g. in crash simulations. Thus, numerical
studies were performed with Finite Element models and numerical predictions were
compared to provided physical test data (no physical tests were performed in this
project).

Different modelling techniques were developed and evaluated. Two types of cell
swelling, and a complete module was modelled. Swelling forces on the battery cell
were modelled using thermal expansion of the jelly rolls and gas pressure build-up
in the cell was modelled using fluid expansion in the cell casing. A complete module
model containing multiple cells was developed to evaluate how the swelling affect
the module structure. In addition, studies on how the models can be simplified, to
reduce complexity and computational demand, were conducted.

The predicted results from the swelling force and gas pressure models coincided
well with the physical test data. However, several assumptions were made which
need to be validated in future studies. The module model did not coincide well with
the available test data. Due to convergence issues some simplifications were made
to the model. Thus, further investigation on how to model a complete module is
needed. Although some of the models did not yield the desired response, this project
is a good foundation for further studies on battery cell swelling models.

Keywords: Finite Element modelling, Battery cell swelling, Lithium-ion battery,
Electric vehicles, Battery module, Traction battery
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1
Introduction

1.1 Background
With the ongoing electrification of the vehicle fleet, there is an increasing demand
for rechargeable batteries. In 2017, the demand of energy storage in electric vehi-
cles (EVs) accounted for two thirds of the global battery sales [1]. Today, the most
common used battery type, in the vehicle industry, is lithium-ion (Li-ion) batter-
ies. Advantages with Li-ion batteries are long cycle life, low self-discharge and high
energy density [2]. However, during service the Li-ion cells swell which affects the
performance of the batteries and the structures around them.

When assembling a complete battery pack, it is of high importance to foresee this
swelling behaviour. Swelling of battery cells results in a pressure on the module walls
encasing the cells and affects the space available to allow intrusion in the event of
a crash. In addition, it is important to have a high volumetric energy efficiency, i.e.
package as many cells as possible in the battery pack. If the swelling behaviour is
foreseen, the cells can be placed in an optimal manner with minimised margins.

Li-ion batteries have been commercially available since the early 1990s. In ad-
dition to EVs, e.g. smartphones or laptops. Although consumer electronics also
requires high performing batteries, the development of EV batteries focus on addi-
tional areas. The batteries in EVs are used in more extreme conditions, e.g. larger
temperature differences or moist environment. This makes them more prone to
swelling compared to consumer electronics. Also, due to the energy requirements of
EVs, a large number of cells are needed. Understanding the swelling and the effect
it has on the surrounding for this type of application is important, e.g. in the event
of a crash a swollen cell is more prone to get punctured.

Efficient modelling strategies for predicting the swelling behaviour of battery cells
are lacking. Therefore this thesis investigates how the swelling behaviour of a Li-ion
battery cell can be captured in a FE-model. Methods on how experimental data on
swelling can be used to capture this behaviour in FE-models are presented. Addi-
tionally, suggestions on future work related to modelling of swelling behaviour are
discussed.
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1. Introduction

The Li-ion battery cell that is studied in this project is a member of a complete
battery pack. The battery pack contains several modules and each module contains
several cells. The cell is a prismatic cell and it consists of two flat jelly rolls which
are encased by an aluminium casing. The cell uses a graphite anode, a Lithium
Nickel Manganese Cobalt Oxide (NMC) cathode and a liquid electrolyte. The cells
are connected in parallel and/or in series depending on what voltage and energy
that required for the application.

1.2 Aim and approaches
The aim of this thesis is to establish methods for capturing the swelling behaviour
of Li-ion battery cells in a FE-model. These methods describe how one can use
physical swelling data to predict the swelling behaviour in a FE-model.

This project was provided with two different types of physical test data for the
battery cell: (i) Swelling force on the outside of the battery cell over number of
cycles; (ii) Gas pressure inside the battery cell over years. This report presents one
method to fit the experimental data on swelling force and one method to fit data for
the gas pressure inside the cell. The method for the swelling force will be referred
to as M1 in this report and the method for the gas pressure will be referred to as
M2. A simplified model of the M1 method was created to reduce the computational
resource demand in a full module or battery pack simulation, this concept is referred
to as M3.

In addition, studies on a complete module were performed. The project was pro-
vided with physical test data for the module in terms of displacements of the end
plates. A different swelling force, compared to the one used in M1, was used as input
for the cells in the complete module study. The complete module was simplified to
only contain one solid block representing all the battery cells. These studies will be
referred to as M4 in the report.

1.2.1 M1: Swelling force
The physical test data on the swelling force include all sources contributing to
swelling of the cell, e.g. gas build-up and SEI-layer growth. This method uses
thermal expansion of the jelly rolls to replicate the swelling of the battery cell. The
thermal expansion represents the total swelling, i.e. all the swelling sources included
and not only the thermal effects. A reaction force was then obtained in one direction.

1.2.2 M2: Gas pressure
In this method available data on the gas pressure evolution in the battery cell was
used. To model this a closed volume containing an incompressible fluid was set up
and the gas pressure build-up was simulated with thermal expansion of the fluid.

2



1. Introduction

1.2.3 M3: Simplified geometry
To reduce computational resources needed to solve the swelling force a simplified
geometry was created based on the M1 method. The simplification consisted of a
solid block, which means that contacts between the jelly rolls and the casing can be
neglected.

1.2.4 M4: Battery module
A full detailed module containing multiple battery cells and foam pads was modelled.
This model used the M1 method to model the swelling behaviour of the cells. This
model was also simplified with the detailed module as a reference. The simplification
consisted of replacing the battery cells and foam pads with a solid block using a bulk
material representing the battery cells and foam material inside the module, similar
to the M3 method.

1.3 Limitations and scope
The limitations and scope of this thesis project are listed below without any specific
order.

• Study performed on a single prismatic Li-ion battery cell using two flat jelly
rolls and liquid electrolyte.

• Swelling effects modelled on battery cell level, not microscopic level.

• No physical testing performed, only numerical studies are performed.

• Heat transfer and heat generation in the cell are neglected.

• Studied life span of battery cells: 0 − 1500 cycles. The model is only valid in
this range and no comments can be made about the validity of the methods
and results outside this range.

• Normalised values, measurements and results, and general schematics of ge-
ometries and models used due to confidentiality.

• Developed models are considered empirical since they require test data for
each individual type of cell and test condition.

• Three scenarios were investigated: (i) Swelling force; (ii) Gas pressure; (iii)
Module deformations.

• The models were developed to be used with commonly available FE-solvers
that handles linear thermal expansion and fluid pressure changes.

3
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2
Theory

2.1 Battery
A battery is a device that can store chemical energy. In addition, the chemical
energy can be converted to electrical energy. A battery cell can be connected either
in serial and/or in parallel to increase the output voltage and/or current. Batteries
can either be a single-use battery or a rechargeable battery, which is the one this
report will focus on.

2.1.1 Battery cell
A battery cell consists of two electrodes, anode and cathode. These are separated
by an electrolyte and a separator. The electrolyte is a solution that allows trans-
portation of ions. It can be a gel, fluid or a solid substance [3]. The separator
prevents internal short circuit by separating the two electrodes. In addition, the cell
contains current collectors to extract the current and to obtain as efficient transfers
of the electrons between the electrodes as possible [4]. Figure 2.1 shows a schematic
illustration of a battery cell during charge and discharge.

There are several materials used for the different parts in a Li-ion battery cell.
Graphite is a common material for the anode and Lithium Iron Phosphate (LFP) or
Lithium Nickel Manganese Cobalt Oxide (NMC), among others, are commonly used
for the cathode. Aluminium is often used as the current collector at the cathode
and copper at the anode.

A battery cell which is only valid for one discharge is called a primary cell [3].
This type of cells are of galvanic nature which means that the cell can only convert
chemical energy to electric energy [4]. Thus, a primary cell is non-rechargeable which
make them unusable in EVs. Instead, EVs use cells called secondary cells. This type
of cells operates as galvanic cells, just like the primary cells, but in addition to that,
the secondary cells can also operate as electrolytic cells [4]. This means that it has
the ability to convert chemical energy to electric energy, just like the primary cell,
but also vice versa. Thus, the secondary cell is rechargeable and therefore the one
used in EVs.

5



2. Theory

During discharge of a battery, electrons are transported from anode to cathode via
the outer circuit, through the external load. To maintain charge balance, ions are
transported in the same direction within the electrolyte. Two types of currents are
generated due to these flows. One current is generated by the flow of ions and one
by the flow of electrons. The current generated by the electrons is the one which
powers the external load, e.g. an electric propulsion motor in a car. This process
can be seen in Figure 2.1a. Charging is a similar but reversed event where electrons
and ions are transported from cathode to anode, which can be seen in Figure 2.1b.
To charge the battery cell an external current is applied via the outer circuit e.g.
by using a battery charger.

(a) Li-ion battery during discharge. (b) Li-ion battery during charge.

Figure 2.1: Discharge (2.1a) and charge (2.1b) of a Li-ion battery cell.

2.1.1.1 Battery cell characteristics

A battery cell have several useful characteristics: voltage U , current I, power P ,
electric charge Q and energy Ê. These characteristics can also be time dependent.
Power, electric charge and energy are calculated as

P (t) = I(t) · U(t) (2.1)

Q =
∫
I(t) dt (2.2)

Ê =
∫
P (t) dt (2.3)

where t is the time variable.

6



2. Theory

2.1.1.2 Battery cell types

A battery cell can be packaged in different ways to suit the application. Figure 2.2
shows three common cell types, prismatic cell, cylindrical cell and pouch cell.

(a) Prismatic cell. (b) Cylindrical cell. (c) Pouch cell.

Figure 2.2: Different types of cells.

The anode, cathode and separator can be assembled in different ways. These elec-
trode assemblies are commonly called jelly rolls, and typical manufacturing processes
are single sheet stacking, Z-stacking, cylindrical winding (cylindrical jelly roll) and
prismatic winding (flat jelly roll). The prismatic winding of the electrodes and sep-
arator is shown in Figure 2.3. Single sheet stacking, Z-stacking and cylindrical jelly
roll are shown in Figure 2.4.

Sheet stacking is when the anodes, cathodes and separators are stacked in an al-
ternating fashion. Z-stacking is similar to single sheet stacking, but the separator
is in one continuous piece. Cylindrical and prismatic winding is when the anode,
cathode and separator are formed in long sheets, stacked on each other and wound
up to either a cylindrical or flat shape. [5]

Figure 2.3: Prismatic winding (flat jelly roll) used in prismatic cell.
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Figure 2.4: Different types of jelly rolls.

The assemblies are inserted into a casing, typically made from stainless steel or
aluminium, to protect them from moisture, oxygen and external loads [6]. The
prismatic cell has a hard box shaped casing, Figure 2.2a, and the cylindrical cell
has a hard casing shaped as a cylinder, Figure 2.2b. Pouch cells uses a different
package design, here the anode, cathode and separators are stacked on top of each
other and housed in a pouch-bag. The pouch-bag is not a hard case which makes
it more flexible and lightweight [7]. Due to the soft housing design, the pouch cells
are more prone to swelling which need to be considered when packing the cells in a
battery pack.

2.1.2 Battery swelling
Battery swelling is caused by several mechanisms within the battery. There is e.g.
swelling due to thermal effects, Solid-Electrolyte Interphase (SEI) layer formation
and growth, gassing, plating and intercalation.

2.1.2.1 Thermal swelling

Thermal swelling occurs when the temperature changes e.g. when heat is generated
in the battery during charge and discharge. The generated heat originates from
chemical reactions and internal resistance in the battery [8]. The demand for shorter
charging times requires large currents, which generates more heat in the battery and
causes swelling.

2.1.2.2 SEI layer growth

SEI layer is a passivating layer that forms on the electrodes when the electrolyte is
reduced through cathodic reactions at the electrode. This layer is necessary since the
reaction between electrode and electrolyte is unstable. An initial SEI layer is formed
during the first charge/discharge cycle. This layer grows at a slow rate since the
initial layer slows down the breakdown of electrolyte. As the SEI layer grows, more
cyclable lithium is locked in the layer, which reduces the capacity of the battery.
The SEI layer also acts as a resistor with increasing resistance as the layer grows,
this resistance causes electrical losses in the form of heat generation [9].
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2.1.2.3 Gas generation

In a battery cell, gasses are generated when the electrolyte decomposes [10]. Abusive
conditions such as overcharging and overheating increases gas generation in the cell
[11]. The gas generation leads to swelling and pressure build-up [12]. It also affects
e.g. the cell performance and reduces the cycle lifetime [13].

2.1.2.4 Lithium plating

Metallic lithium formations on the anode surface during charging is called lithium
plating. The plating is caused by large currents and low temperature. Large currents
cause ions to move quicker than intercalation takes place and low temperatures cause
the chemical reactions to slow down [14]. If extensive plating takes place there is
a risk of the metallic lithium to form a conductive path through the separator,
resulting in an internal short circuit.

2.1.2.5 Intercalation

Intercalation is the process where molecules or ions are inserted in materials with a
layered structure. This process happens, e.g. in Li-ion batteries as lithium ions from
the cathode are inserted in the graphite anode. Figure 2.5 illustrates this phenom-
ena. When this occurs there is a volume change, i.e. swelling, of the electrode that
receives ions [15]. In the ideal case intercalation is fully reversible, but irreversible
effects are often observed, mainly due to formation of the SEI layer.[16]

Figure 2.5: Intercalation of Li-ions in the layered structure of a graphite anode.

2.1.3 Battery module
The battery module consists of interconnected battery cells. In order to obtain the
required voltage, power, capacity etc., these cells are configured in different ways.
For example, cells connected in series increase the voltage and cells connected in
parallel increase the capacity. It is also possible to have a combination of cells
in series and parallel to obtain a combination of voltage and capacity increase.
These combinations use the naming convention (nPmS), where n is the number of
cells in parallel and m is the number of cells in series. Examples of the different
configurations can be seen in Figure 2.6.
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(a) Battery cells in
series (1P2S).

(b) Battery cells in parallel
(2P1S).

(c) Battery cells in parallel
and series (2P2S).

Figure 2.6: Configuration of battery cells.

2.2 Thermal expansion

The thermal strain εT is calculated with

εT = α(T ) (T − T0) − α(T0) (T0 − Tref ) (2.4)

where T is the current temperature, T0 the initial temperature, Tref the reference
temperature for the thermal expansion coefficient and α(T ) is the thermal expansion
coefficient at temperature T . If T0 = Tref Equation (2.4) can be simplified as

εT = α∆T, ∆T = T − T0 (2.5)

2.3 Fluid expansion

Linear volume expansion of a fluid is calculated with

V (T ) = V0[1 + 3α(T )(T − Tref ) − 3α(T0)(T0 − Tref )] (2.6)

where V0 is the initial fluid volume, T0 the initial temperature, Tref the reference
temperature for the thermal expansion coefficient and α(T ) the secant coefficient
of thermal expansion at temperature T . If α is temperature independent, Equation
(2.6) can be simplified as

V (T ) = V0[1 + 3α(T − T0)] (2.7)
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2.4 Equivalent stiffness of springs in series
To estimate an equivalent material stiffness for different materials in series it is
possible to use the theory of springs in series. According to this theory the equivalent
spring stiffness Keq is

1
Keq

=
n∑

i=1

1
Ki

(2.8)

for n linear springs in series. Figure 2.7 illustrates a system of n springs in series.

Figure 2.7: System of n springs in series.
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3
Methods

3.1 M1: Swelling force
This section describes how a FE-model was set up to capture the swelling force of a
battery cell, and how to fit the response to available physical test data.

3.1.1 Physical test data
The provided physical test data on swelling force was measured on the outside of the
battery cell and is presented in Figure 3.1. The figure shows the normalised swelling
force over number of cycles. The swelling force is normalised with the maximum
measured force, obtained at 1500 cycles. The maximum swelling force is typically in
the range 10 − 15 kN [17]. We notice that about half of the total force arises within
the first 150 cycles. Further we see that the force increases linearly over number of
cycles after about 150 cycles.

Figure 3.1: Physical test data on swelling force over number of cycles. The swelling
force is normalised with the maximum measured force.
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Figure 3.2 shows a schematic of how the test rig was set up when the physical test
data on swelling force was measured. The battery cell was placed between two rigid
plates as illustrated in the figure. The top plate was fixed while the bottom plate
was allowed to slide vertically, i.e. in the y-direction. The force on the long sides of
the cell, i.e. force in the y-direction, was measured with a force transducer located
below the bottom plate.

Figure 3.2: Schematic of the setup for the physical test measuring swelling force.
Battery cell placed between two rigid plates with force transducer below.

3.1.2 FE-model setup
This section describes the different steps in the FE-model setup, e.g. how the mesh
was set up and how the boundary conditions were defined. Figure 3.3 shows a
3D-schematic of the battery cell that was used in the FE analysis. The coordinate
system shown in the figure was used throughout the project and is the one referred
to when describing directions in the report.

Figure 3.3: 3D-schematic of cell with coordinate system.
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3.1.2.1 Number of cycles

The input to the FE-model was number of cycles. One cycle is defined as one
complete charge and discharge cycle in this study. The studied span of cycles was
limited to 0 − 1500 cycles. Thermal expansion uses temperature as an input, hence
an equivalent temperature was used to represent number of cycles in the FE-model.
This means that an increase in cycles corresponds to a temperature increase. Here
we set an equivalent temperature increase of 0.1°C per cycle. For example, an
increase of 1000 cycles is equivalent to a 100°C temperature increase.

3.1.2.2 Geometry

The prismatic battery cell geometry used for the FE-model consisted of two jelly
rolls, a casing and a top lid sealing the casing. Figure 3.4 shows schematics of
cross-sections in two planes of the cell in Figure 3.3. The left figure illustrates the
cross-section of the cell along the long side, i.e. in xz-plane. The right figure shows
the cross-section along the width, i.e. in yz-plane. The dark grey area inside the cas-
ing illustrates the jelly rolls and the red areas on the top lid illustrates the positions
of the terminals. These terminals, and parts linked to the terminals, were neglected
in this study. Insulation parts such as insulation films, etc. were also neglected.

The relation between the width, height and length of the casing is highlighted in
Figure 3.4. The width of the casing is defined as L. The height of the casing is
double the width 2L, while the length is four times the width, 4L. The width of the
battery cell is typically in the range 20−50 mm [18]–[20] depending on the capacity
of the cell. The casing bottom and wall thickness is denoted h, with the top lid
being four times thicker than the walls, i.e. 4h.

Figure 3.4: Schematic of battery cell cross-section. Left is cross-section in XZ-
plane. Right shows cross-section in YZ-plane.
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3.1.2.3 Mesh

The battery cell was meshed with a combination of solid and shell elements. The
casing and lid were meshed using shell elements with 2 mm side length and their
thickness corresponding to the real geometry, i.e. the lid is four times thicker than
the casing. The jelly rolls were meshed with solid elements shaped as tetras and
pyramids with 5 mm side length.

3.1.2.4 Materials

The casing was modelled with an aluminium material imported from a material
database, which included plasticity and hardening data. The jelly rolls was modelled
with Young’s modulus EJR and density from another FE-model of a battery cell.
This material is about 1000 times softer than aluminium and was modelled as a
linear elastic material, i.e. plasticity was not taken into consideration.

3.1.2.5 Thermal load

A temperature load was applied on the jelly rolls to obtain a thermal expansion.
The initial temperature was set to 0◦C, and it was then increased to 150◦C. This
temperature span was chosen since the physical test data for the swelling force is
valid between 0 − 1500 cycles. The magnitude of the temperature increments is
dependent on the region of cycles. Looking at the physical test data in Figure 3.1,
we see regions where the force increases non-linearly, and regions where it increases
linearly with number of cycles. In the region where the force increase is non-linear,
the temperature increments need to be smaller compared to regions where the force
increase is linear. The temperature load was therefore divided into four steps.

Table 3.1 shows how the four steps were defined. The table shows the start temper-
ature Tstart, and the end temperature Tend, for each step. Each step is also divided
into a number of temperature load increments, NoTLI. The last column in the table
shows the magnitude of temperature load increments, TLI, and it is defined as

TLI = Tend − Tstart

NoTLI
(3.1)

Table 3.1: The four steps of the thermal load used in the M1 method.

Step Tstart[°C] Tend [°C] NoTLI TLI [°C]
1 0 1 5 0.2
2 1 5 4 1
3 5 10 1 5
4 10 150 7 20
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3.1.2.6 Boundary conditions

The boundary conditions in the FE-model were set to resemble the test rig setup
shown in Figure 3.2. All nodes on the external surface of the long sides were coupled
to a reference node located at the centre of the face as illustrated in Figure 3.5. This
was performed on both sides of the casing. These reference nodes were fixed in all
six degrees of freedom which fulfilled two purposes. The first was that the FE-model
was constrained and the second purpose was that it made it possible to measure the
reaction force on the long sides of the battery cell.

Figure 3.5: Illustration of how the nodes were coupled to a reference node on one
long side of the battery cell.

3.1.2.7 Contact

A contact which ties the nodes on the contact surfaces was used to model the con-
tact between the two jelly rolls. This contact definition will be referred to as no-slip
contact in the report. The contact was defined on the inner surfaces of the jelly
rolls to tie these two together. The jelly rolls were assumed to not slide against each
other, leaving the friction out. This together with the fact that a no-slip contact is
easier for the solver to handle was the reason that it was chosen here.

The jelly rolls expand due to the thermal load which implied a contact between
the jelly rolls and the casing. This was modelled using a contact which allows slip
and this contact definition will be referred to as slip contact in the report. An
assumption of the magnitude of friction coefficient for the contact was made as
µ = 0.3. This assumption was based on the friction between two parts made from
aluminium. In addition, an investigation of how the friction affects the response in
terms of swelling force was performed. The small gap between the jelly rolls and
the casing, seen in Figure 3.4, was closed by adjusting the contact. This was a way
to obtain a response in reaction force right at the start of the simulation.
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3.1.3 Parameter estimation
This section explains the different steps used to fit the swelling force curve provided
to the project. The approach in this method was to use thermal expansion of the
jelly rolls. The thermal expansion replicated the total swelling, including not only
the thermal effects but also other swelling mechanisms e.g. gas build-up and SEI-
layer growth. In other words, thermal expansion was used to replicate the total
volume expansion.

The provided physical test data for the swelling force was measured only in y-
direction as described in Section 3.1.1. Therefore, an orthotropic thermal expansion
with αx = αz = 0 for the jelly rolls was assumed. This yields in an expansion only
in y-direction where the swelling force is known from the physical test.

The first step in this method was to find the relation between the thermal strain on
the jelly rolls, and the reaction force on the outside of the cell. This relation was
then used to find which thermal strain, on the jelly rolls, that is needed to obtain a
reaction force that replicates the measured swelling force in the physical test data.
With known thermal strain at different number of cycles, the thermal expansion
coefficient, αy, was predicted at corresponding temperatures.

3.1.3.1 Strain-force relation

A reference model was set up to find the relation between the thermal strain on the
jelly rolls and the reaction force on the outside of the case. This reference model
used a constant thermal expansion coefficient and the temperature was increased
with equally large increments.

Figure 3.6 shows the relation between the thermal strain on the jelly rolls and
reaction force response on the outside of the casing from the FE-model. As shown
in the figure the relation is linear and the strain can therefore be expressed as

εT = a · Fswell + b (3.2)

where Fswell is the swelling force, a is the slope of the curve and b is the thermal
strain corresponding to zero force.
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Figure 3.6: Normalised thermal strain vs. normalised reaction force. Thermal
strain normalised with maximum strain and reaction force normalised with maxi-
mum measured swelling force from physical test data.

3.1.3.2 Thermal expansion coefficient prediction

The thermal expansion coefficient αy for the jelly rolls was predicted with the relation

αy(T ) = εT

∆T (3.3)

where thermal strain εT was obtained from the strain-force relation in Equation
(3.2). The temperature used to predict αy was known from the physical test data
shown in Section 3.1.1. The assumption that a 1°C temperature increase in the
FE-model corresponds to an increase of ten cycles in the physical test data was used
here to transform the number of cycles in the test data to an equivalent temperature
used as input in Equation (3.3).

The thermal expansion coefficient for the jelly rolls depends on the applied tem-
perature. The relation between αy and the temperature, obtained from Equation
(3.3), is shown in Figure 3.7, where αy is normalised with the largest used value.
This relation is only valid for the case when the physical test data shown in Section
3.1.1 is used.
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Figure 3.7: Normalised thermal expansion coefficient, αy, as a function of the
temperature applied on the jelly rolls.

3.2 M2: Gas pressure
This section describes how a FE-model was set up to predict gas pressure evolution
in a battery cell, and how to fit the response to available physical test data.

3.2.1 Test data
The physical test data provided to this project consisted of gas pressure inside the
battery cell over 15 years. The test data is obtained from testing battery cells with
a usage profile that combines driving and parking, which means storage, charge and
discharge are considered. Since the FE-model uses cycles as input an assumption
of 250 cycles per year was made, i.e. 1500 cycles is equal to six years in Figure 3.8.
This graph has the pressure normalised with the pressure in the cell at six years,
which is typically in the range 0.1 − 0.2 MPa [21]. The pressures of interest are
the initial cell pressure P1 and the pressure P2 at 1500 cycles. Values for theses
pressures are presented in Table 3.2.

Table 3.2: Normalised pressures of interest from physical test data. Pressures are
normalised with the pressure at six years, i.e. 1500 cycles with an assumption of
250 cycles per year.

Pressure Value
P1 0.037
P2 1
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Figure 3.8: Experimental data of pressure build-up in a battery cell over 15 years.
The pressure is normalised with the pressure at 1500 cycles, i.e. at six years with
the assumption of 250 cycles per year.

The gas pressure inside the battery cell was measured from a setup with multiple
cells stacked next to each other and the outer most cells clamped on the long sides,
similar to the schematic in Figure 3.9. This setup was later considered when defining
boundary conditions for the FE-model.

Figure 3.9: Schematic of cell configuration for gas pressure measurements.
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3.2.2 FE-model setup

The M2 method used the same geometry, mesh and material parameters as the M1
method. This model did not have a thermal expansion of the jelly rolls, i.e. αy

was not used. An equivalent temperature that represented charge/discharge cycles
was also the input for this FE-model. However, for this model a negative initial
temperature T0 was used to have the convenient relation with the conversion factor
10 between equivalent temperature change and increase in cycles.

3.2.2.1 Boundary conditions

Two types of swelling cases were tested with the gas pressure model to investigate the
impact on the result from different boundary conditions: (i) constrained swelling; (ii)
free swelling. The boundary conditions for the first case with constrained swelling
resembled the test setup by having the long sides and bottom of the casing fixed
as shown in Figure 3.10a. The boundary conditions for the second case was set up
to represent free swelling of the battery cell. This was done by only having the lid
fixed at the location of the battery terminals as shown in Figure 3.10b.

(a) Constrained swelling. (b) Free swelling

Figure 3.10: Different boundary conditions on a single cell for gas pressure sim-
ulations. (a) Boundary conditions representing the test setup with fixed sides and
bottom of the casing. (b) Boundary conditions representing free swelling of the
battery cell with the battery terminals fixed.

3.2.2.2 Gas modelling

In order to model gassing and to fit the gas pressure from the physical test data a
cavity defined by a closed surface containing an incompressible fluid was modelled.
The surface was defined by the casing and the outer surfaces of the jelly rolls.
The fluid in the cavity is defined by its density, bulk modulus and thermal fluid
expansion coefficient α. The bulk modulus and expansion coefficient can be defined
as temperature dependent to capture non-linear behaviour. Gas generation over
time was modelled as thermal volume expansion due to temperature increase of the
fluid.
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3.2.2.3 Thermal load steps

There was no initial gas pressure in the closed surface, which meant that two thermal
load steps were necessary to define in the model. The first step started from the
initial temperature T0 and increasing to 0°C, and the second step started from 0°C
increasing to 150°C. The first step makes sure that the pressure at 0°C is the same
as the initial pressure P1 from the physical test data, and the second step makes
sure that the pressure in the cell reaches P2.

3.2.3 Parameter estimation
To create a FE-model with similar gas pressure evolution as the physical test data the
initial equivalent temperature T0 and thermal expansion coefficient α were needed.
The method to estimate these parameters through fluid volume, pressure and tem-
perature is described below.

3.2.3.1 Volume-pressure relation

A reference model that captures the volume and pressure relation of the expanding
fluid was set up. This model used boundary conditions from case (i) that reassem-
bles the test setup, a sufficiently large constant α and the equivalent temperature
range 0 − 150°C, to reach pressures comparable with the physical test data.

The normalised pressure as function of equivalent temperature for the reference
model is illustrated in Figure 3.11. In this figure the pressure is normalised with the
pressure at 1500 cycles from the physical test data.

Figure 3.11: Normalised pressure and temperature relation from the reference
model. The pressure is normalised with the pressure at 1500 cycles form the physical
test data.
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The normalised fluid volume as function of equivalent temperature is illustrated in
Figure 3.12. The volume in this graph is normalised with the initial fluid volume.

Figure 3.12: Normalised volume and temperature relation from the reference
model. The volume is normalised with the initial fluid volume.

The volume vs. pressure was plotted in a graph to easily determine at what volume
a certain pressure was obtained. The normalised fluid volume vs. pressure is shown
in Figure 3.13.

Figure 3.13: Normalised volume and normalised pressure relation. The volume is
normalised with the initial fluid volume V0 and the pressure is normalised with the
pressure at 1500 cycles from the physical test data.

24



3. Methods

With the pressures of interest P1 and P2 described in Section 3.2.1 and the graph
in Figure 3.13 it was possible to determine the volumes of interest, V0, V1 and V2.
The values are presented with a brief description of the volumes in Table 3.3.

Table 3.3: Normalised volumes of interest.

Volume Value Description
V0 1 Initial fluid volume
V1 1.017 Volume at pressure P1
V2 1.045 Volume at pressure P2

3.2.3.2 Volume-temperature relation

Equation (2.7) in Section 2.3 describes the linear temperature and fluid volume
relation. The linear relation makes it possible to create a curve using only two
points. With the volumes V0, V1 and V2, and the temperatures T1 and T2 known,
the slope of the linear curve ranging from point (T1, V1) to (T2, V2) can be calculated.
Further, the equivalent initial temperature T0 = −90.44°C was determined using the
slope and the volume V0 in a linear equation. This is illustrated in Figure 3.14. The
reason for using a negative T0 is to have a convenient conversion factor between
equivalent temperature change and cycle increase for all the models in this project.

Figure 3.14: Normalised volume and temperature relation used to determine initial
temperature T0.
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Since the pressure increases linearly a constant α was assumed. Equation (2.7) was
rearranged to solve for α as

α = V/V0 − 1
3∆T (3.4)

and could then be used in the FE-model.

3.3 M3: Simplified geometry
The simplification of the M1 model consisted of a changed geometry. A solid block
with only one material in the same outer dimensions as the original cell was used,
instead of the casing and jelly rolls. The mesh also differs from M1, the element side
length is 5 mm and the volume was meshed with rectangular prism elements.

A large portion of the setup was similar to the M1 concept. However, the sim-
plified model did not require contacts which reduced the computational time. The
thermal load and boundary conditions were set up in the same way as in the M1
model. The thermal expansion coefficient αy from M1 was also used in M3.

3.3.1 Material
The material used for the solid block was determined using the theory of springs in
series, i.e. aluminium and jelly roll material was combined to an equivalent material.
The aluminium had a very small impact on this equivalent material stiffness due
to it being significantly stiffer than the jelly roll material. The equivalent material
stiffness differed by less than 1% from the jelly roll material. Thus, the softer
material governs the equivalent stiffness of springs in series.
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3.3.2 Parameter estimation
Using the jelly roll material from the M1 model for the simplified geometry resulted
in a larger reaction force compared to the M1 method, see Figure 3.15.

Figure 3.15: Force comparison of M1 and M3 methods using the same material
parameters.

To adjust this the Young’s modulus or αy was scaled with the scale factor Sf . This
scale factor was determined by the area relation

Sf = Acontact

Aface

(3.5)

where Acontact is the contact area of the jelly roll and Aface is the face area of the
solid block.

The reason why the scale factor is based on the areas is the difference in defor-
mation of the side face for the two geometries. During thermal expansion the solid
block has a uniform displacement over the entire side face. On the other hand,
the casing in the M1 method has a non-uniform deformation when the jelly rolls
are thermally expanded, due to the edges of the casing stiffening up the structure.
The largest displacements would be obtained near and on the contact area of the
jelly roll, and the displacements would decrease when moving towards the edges of
the casing. The displacements are related to the reaction force at their particular
nodes, thus the solid block will have a larger total sum of reaction forces compared
to the M1 cell. Hence, the reaction forces from the M3 cell must be reduced to fit
the test data. It is possible to use the same scale factor for both αy and Young’s
modulus due to the material model, thermal strain equation etc. being linear. With
a non-linear material model, e.g. considering plasticity, it might not be possible to
use the same scale factor for both αy and Young’s modulus.
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3.4 M4: Battery module

This section describes the method for modelling a complete module in a battery
pack. A detailed module containing multiple cells and foam pads was set up. Figure
3.16 illustrates a schematic of the battery module including these components. The
detailed module model was simplified by neglecting the terminals and the busbars
shown in the figure.

The module geometry was extracted from a battery pack model where it was al-
ready meshed. The battery cell geometry in this model differed slightly from the
geometry in M1 method. Therefore, a new strain-force relation also had to be in-
vestigated to reduce the impact from these differences. Finally, the method on how
this module was simplified using a solid block will also be described.

Figure 3.16: Schematic of the detailed battery module used in battery packs.

3.4.1 Test data

The available data on the module was displacement of the end plates due to cell
swelling. An increase of the initial module length was measured from another FE-
model. Due to confidentiality these results cannot be presented. The input for
this model was swelling forces on the cells in the y-direction. These are not the
same swelling forces as presented for the M1 method in Figure 3.1. The normalised
swelling forces on the cells used as input for the module model are presented in
Figure 3.17. The forces were measured in a similar test rig as shown in Figure
3.2. The forces in the graph are normalised with the maximum swelling force from
Section 3.1.1 to make them comparable with all other forces presented in this report.
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Figure 3.17: Normalised swelling forces on cell used in physical test of complete
module. Swelling forces are normalised with the maximum measured force from
Section 3.1.1.

3.4.2 FE-model setup of detailed module
The FE-model of a detailed battery module was set up with an already meshed
geometry. The input to the model was number of cycles. Similar to the other
models created in this project, the increase in cycles was represented by an equiva-
lent temperature increase that was used with thermal expansion to model the cell
swelling.

3.4.2.1 Mesh

The geometry was meshed using a mix of shell elements, solid elements and a type
of elements used for gaskets. Cell casing, end plates and side plates used shell
elements, the mounting feet and jelly rolls used solid elements. Foam pads were
meshed with an element type used for gaskets, this type of elements consider the
non-linear behaviour of the foam material.

3.4.2.2 Materials

The battery cell casings, side plates and end plates are all made of aluminium. The
casings and side plates were defined with a stronger aluminium material than the
end plates. The jelly rolls used the same material definition as in M1. Young’s
modulus of the jelly rolls was also scaled up with factors 10 and 100, due to the
module length increase being very small when using E = EJR for the jelly rolls.
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3.4.2.3 Foam pads

The foam pads are very soft compared to the parts next to them in the module.
Modelling the foam pads with solid continuum elements is difficult with this large
difference in stiffness. There is a major risk of obtaining negative volumes of the foam
pads when a pressure from the swelling is applied. The foam pads were therefore
modelled in a similar way to gaskets, using an element type which does not use
a regular material model but instead requires a closure-pressure relation. Figure
3.18 shows the closure-pressure behaviour used for the foam pads in the detailed
module model. The closure-pressure relation was provided from a physical test and
it describes how much the thickness will close when a certain pressure is applied.

Figure 3.18: Closure-pressure relation for the foam pads in the FE-model. Closure
normalised with initial thickness of foam pads. Pressure normalised with maximum
pressure applied in test.

3.4.2.4 Boundary conditions

The nodes inside the bolt holes located in the mounting feet were fixed in all trans-
lations and rotations to resemble the module being mounted in the battery pack.
The bottom of the cells were constrained in z-direction and all three rotations, i.e.
they were free to move in x- and y-direction.

3.4.2.5 Contacts

The contact between cells, foam pads and end plates in the detailed module was
modelled using multiple no-slip contacts, one for each contact. The short sides of
the cells were connected to the side plates with no-slip contact as well. The contact
was defined on the entire short side to model glue pads that holds the cell in the
module, and prevent penetration between the side plates and cells.
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3.4.2.6 Load

The load on the module originates from cell swelling. The swelling of the cells was
modelled with thermal expansion of the jelly rolls similar to the M1 method. The
steps in the M1 method were used to find the proper αy(T ) for the jelly roll mate-
rial to replicate the swelling behaviour presented in Figure 3.17. A new strain-force
relation was created to take the differences in the battery cell geometry into consid-
eration. All cells were assumed to swell with the same swelling behaviour, i.e. all
jelly rolls used the same material properties.

The physical test data of swelling force over number of cycles for the cells used
in the module differed from the data used in M1. The swelling force curve for this
case shows a linear behaviour which means that the resolution for αy(T ) can be
reduced compared to M1. Hence, the number of steps was reduced to two steps and
these are stated in Table 3.4.

Table 3.4: The two steps of the thermal load used on the cells in the module.

Step Tstart[°C] Tend [°C] NoTLI TLI [°C]
1 0 10 10 1
2 10 150 14 10

3.4.3 Simplified module
The detailed module was simplified by replacing the battery cells and the foam pads
with a solid block. This solid block is referred to as cell block in the report and
Figure 3.19 shows the module with the cell block. The cell block has an equivalent
bulk material that corresponds to the materials in the cells and foam pads. The
methods on how the material parameters for this bulk material was approximated
is presented in this section, together with the model setup.

Figure 3.19: Schematic of the simplified battery module.
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3. Methods

The boundary conditions and thermal load was set up the same way for both the
detailed and simplified module. This was performed to make the detailed and sim-
plified models comparable. Both models used the same αy(T ).

3.4.3.1 Contacts

The cell block had no-slip contacts defined between the side plates and the long side
faces of the block to prevent penetration. There were also no-slip contacts defined
between the end plates and the cell block.

3.4.3.2 Material approximation

A bulk material stiffness for the cell block was approximated using three different
methods: (i) the theory of springs in series; (ii) assuming the cell block consisted of
only jelly roll material; (iii) cell block and battery cell length ratio.

Case (i) combined the stiffness of aluminium, the jelly roll and the foam material
into an equivalent stiffness with the theory of springs in series. Since the foam ma-
terial varies with the degree of compression it was assumed that it had the constant
stiffness of a fully compressed foam pad, which is about 50% of the jelly roll stiffness.

Case (ii) assumed that the solid block consisted of only the jelly roll material, since
the jelly rolls are the only parts that thermally expands in the model.

Case (iii) used the scale factor

Sf = 2 · L
Lblock

(3.6)

to scale down the stiffness of the cell block, where L is the battery cell width and
Lblock is the initial length of the block in the y-direction. This scale factor was used
on: (iii-a) the equivalent stiffness from case (i); (iii-b) on the jelly roll stiffness.

The reasoning for this scale factor is that the major contribution to the displace-
ments of the end plates comes from the outer most cells. The idea is that swelling
of the inner cells mostly cancel each other out, due to the cell casings being adhered
to the side plates with no-slip contacts.
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4
Results

4.1 M1: Swelling force

The reaction force on the large faces of the battery cell obtained in the FE-model
is plotted in Figure 4.1 together with the physical test data on swelling force. The
forces in the figure are normalised with the maximum obtained swelling force from
the physical test.

Figure 4.1: Reaction force from FE-model fitted to the swelling force from the
physical test data. The forces are normalised with the maximum swelling force
obtained at 1500 cycles.

Different friction coefficients for the contact between the jelly rolls and the casing
were tested. Figure 4.2 shows the fitted FE-model using three different friction
coefficients. The curve corresponding to µ = 0.3 is the same curve as in Figure 4.1.
The figure shows that a very low, close to zero, friction coefficient yields a noticeable
change in the reaction force. However, increasing the friction coefficient does not
affect the reaction force in this case.
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Figure 4.2: Fitted FE-model with different friction coefficients for the contact
between the jelly rolls and the casing. Force normalised with the maximum force
from the physical test data.

4.2 M2: Gas pressure

Figure 4.3 shows a comparison of the physical test data and the model prediction
using the FE-model. From the figure it can be seen that the FE-model captures the
gas pressure increase. In this figure the pressure is normalised with the pressure at
1500 cycles from the physical test data. The part of the orange curve that ranges
from about −900 to 0 cycles corresponds to the first step of the FE-model.

Figure 4.3: FE-model results compared with physical test data. The pressure is
normalised with the pressure at 1500 cycles from the physical test data.
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4. Results

Figure 4.4a shows a comparison of the gas pressures in the battery cells with bound-
ary conditions representing constrained and free swelling. This figure shows a pres-
sure that appears to be constant zero for the boundary conditions representing free
swelling. Further, Figure 4.4b shows only the curve with the normalised gas pressure
for the boundary condition representing free swelling, to clarify that the pressure
also increases for this case.

(a) Constrained and free swelling.

(b) Free swelling.

Figure 4.4: Comparison of different boundary condition effects on gas pressure. (a)
Comparison of gas pressure evolution with constrained and free swelling of the bat-
tery cell. (b) Gas pressure evolution in the free swelling battery cell. The pressures
are normalised with the pressure at 1500 cycles from the physical test data.
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4.3 M3: Simplified geometry
Figure 4.5 shows a comparison of the normalised swelling forces between the M1 and
M3 concept. From this graph it is also possible to compare the effects from scaling
the Young’s modulus and αy with the scale factor Sf .

Figure 4.5: Comparison of normalised swelling forces between the full and simpli-
fied geometry. The forces are normalised with the maximum swelling force obtained
at 1500 cycles.

4.4 M4: Battery module
Table 4.1 shows the result for the detailed module model. The first column displays
the jelly roll stiffness in the model. The second column displays the module length
increase as a percentage of the maximum module length increase from the test data.

Table 4.1: Length increase of detailed module model for different jelly roll stiffness.

Stiffness Percentage of test data
EJR 20%

10 · EJR 29%
100 · EJR 32%

36



4. Results

With the Young’s modulus for the jelly rolls increased by a factor 100, plastic strains
up to roughly 13% could also be observed in the side plates near the foam pads.
Figure 4.6 shows a schematic of the deformed shape, where the red oval highlights
the region where plastic strains were observed.

Figure 4.6: Schematic of deformed side plate and battery cells. The region where
plastic strains were observed is highlighted in the red oval.

Table 4.2 shows the result for the simplified module. The first column displays
the approach that was used to determine the bulk material stiffness. The second
column displays the module length increase as a percentage of the module length
increase from the detailed module model using the non-scaled Young’s modulus, i.e.
E = EJR. The simplified module did not exhibit any plastic strains in the side
plates.

Table 4.2: Length increase of simplified module model for different bulk material
stiffness.

Bulk material Percentage of detailed
stiffness module length increase

Springs in series 203%
Jelly roll stiffness 326%

Scaled springs in series 52%
Scaled jelly roll stiffness 131%
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5
Conclusions and discussion

5.1 M1: Swelling force
Using method M1 shows that the reaction force from the FE-model coincides well
with the physical test data. The method is able to capture the swelling force be-
haviour both in the linear and the non-linear region.

The reference model showed a linear relation between the thermal strain on the
jelly rolls and the reaction force. The reference model used a constant αy which
results in a linear expansion of the jelly rolls. The battery cell was also fixed on
the large faces of the casing meaning that the geometry of the battery cell do not
contribute to a non-linear relation. Due to lack of data a linear elastic material was
assumed for the jelly rolls which also contributed to the linear relation observed.
It should be considered that the stiffness of the jelly rolls will vary when swelling
occur in the cell and that in reality the large faces will not be completely fixed. The
conclusion here is that this linear relation is a special case due to the assumptions
that have been made. However, even if the relation is non-linear it can be used to
estimate the thermal expansion coefficient.

The physical test data for the swelling force provided to the project was limited
to swelling force on the large faces of the battery cell, i.e. in y-direction. It was
therefore decided to only have expansion of the jelly rolls in y-direction. One option
would be to use the same expansion in both x- and y-direction for the jelly rolls with
the argument that there are as many layers of electrodes on the short sides of the
jelly rolls as there are on the long sides. However, it cannot be verified that this is
the case without any data connected to the short sides of the cells. It was therefore
decided to assume expansion only in the y-direction.

The presented M1 method can be used to fit data in both directions for the same
cell. However, it will result in a more complex problem to solve since the reaction
force on one side will be coupled to the other. During this study, displacements
at the short sides of the casing have been noticed without any expansion in this
direction. Due to Poisson’s effects, defined by the Poisson’s ratio of the material, a
deformation in the y-direction causes a resultant deformation in the x-direction. An
additional expansion in the x-direction will therefore be affected of the expansion in
the y-direction. Thus, applying expansion in both directions will yield in a coupled
problem where the two swelling forces need to be fitted at the same time.
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The model of the battery cell in the M1 method contained contacts. The contact
between the jelly rolls and the case walls allowed slip. A friction coefficient for
this contact was therefore required but since it was unknown it had to be assumed.
The assumption of µ = 0.3 was based on data for friction between two aluminium
parts. An additional study on how the friction coefficient for the contact affected
the results was performed. The conclusion from this study is that a lower friction
coefficient than the assumed will influence the result and therefore a proper friction
coefficient for this contact needs to be considered in future studies.

5.2 M2: Gas pressure
When looking at the curve in Figure 4.3 we find that the FE-model predicts the gas
pressure from the physical test data well. There are some small non-linear deviations
in the gas pressure of the FE-model that may be explained by non-linear behaviour
in the geometry, e.g. curved deformations due to corners of the casing. The method
gives a good approximation when modelling gas pressure evolution. It was easy to
fit the model to the available test data, considering the linear pressure increase. Al-
though, there should not be any problem fitting the model to a non-linear pressure
evolution using the M2 method.

It is also possible to include swelling of the jelly rolls, since the volume change
of these have an impact on the fluid volume and therefore impacts the gas pressure.
Thus, making it possible to combine the swelling effects from gas pressure build-up
and other sources of swelling, e.g. intercalation or thermal effects.

Looking at how the gas pressure differed between constrained and free swelling,
it is obvious that the boundary conditions have a large impact on the result. If
the gas pressure evolution is of interest, the boundary conditions must be properly
defined to make the results relevant.

5.3 M3: Simplified geometry
With a simplified geometry it is possible to reduce the needed computational re-
sources, due to fewer contacts and meshed parts, and still get a similar response
in reaction force. However, the simplified geometry has drawbacks. If the bound-
ary conditions were different to the fixed sides, the deformations would differ when
comparing the M1 and M3 cell, as described in Section 3.3. The geometrical simplifi-
cation by using a solid block may not be suitable if the deformed shape is important
to the application. If there would be swelling deformations in more than one direc-
tion the different geometries might also have an effect on the results. Due to the
limited amount of test data, expansion in multiple directions was not investigated.
Frictional effects, like shearing between the casing and jelly roll in the M1 method
is also difficult to consider with a solid block. The effects on the results by changing
the geometry to a solid block needs to be investigated further to be sure it is a
suitable replacement in FE-models.
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The method of using springs in series theory to determine an equivalent material
response for the simplified geometry worked well in combination with the scale fac-
tor. Although, the aluminium being significantly stiffer than the jelly roll material
caused it to have a negligible effect on the equivalent stiffness. Therefore, uncertain-
ties emerged on how well the method would work for other material combinations.
Due to the lack of data on the jelly roll material it was assumed to be linear elastic
with a constant stiffness, although it is known that the stiffness changes over the
life span. There are also e.g. unknown plasticity and potentially viscoelastic effects
for the jelly rolls that need to be considered. If these parameters were known it is
necessary to consider them when creating an equivalent material for the solid block,
and in that case the springs in series theory might be unsuitable.

5.4 M4: Battery module
The detailed module utilised the M1 method to estimate αy used to replicate the
cell swelling. The reaction force on the cell coincided well with the physical test
data provided for this case. This verifies that the M1 method is a good approach to
model swelling forces on the battery cell.

The detailed module did not predict the test data well. The module length increase
was roughly 20% of the test data for the case when using E = EJR. Even with an
increase of Young’s modulus on the jelly rolls by a factor 100 the resulting module
length increase was only 32% of the test data, which is far from a desired result.
An acceptable difference between the models could be a ±10% difference in length
increase. Therefore, the model must be set up in a different way to be more accurate.

With the jelly roll stiffness increase, plastic strains were observed on the side plates
where the foam pads are located. These strains can be explained by the no-slip
contacts. In reality the glue will have an adhesive effect up to a certain failure
point, and then allow slip between the different parts. The glue would fail before
the aluminium shows signs of plastic strains. With glue pads allowing slip, a larger
module length increase is also expected to occur since the battery cells would be
allowed to move in the y-direction. The detailed module was simplified by removing
the busbars and terminals, it is expected that they would change the structural
stiffness if they were included. This is something to study further since anything
that changes the structure is of interest.

The simplified module did not reproduce the results from the detailed module well.
When comparing results from the detailed and simplified module it was found that
the length increase varies largely. The simplified module differed from roughly half
the length increase up to three times as large as the detailed module, depending on
the method used to approximate the bulk material. The method that came clos-
est had a 30% larger length increase of the module compared to the detailed model.
The difference in response between the models is significant and cannot be neglected.
Thus, the method to determine a bulk material needs further investigation.

41
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Since strain is related to the initial dimensions it is not surprising that the long
solid block caused a larger length increase of the module. This length must some-
how be considered when setting up the FE-model, as this model showed it was
possible to change the displacements by scaling the Young’s modulus. By using a
different αy it is also possible to affect the displacement, something that was not
tested in this project.

Following the previous reasoning, a no-slip contact is not an accurate represen-
tation of reality when slip is expected in the contact. An expansion of the block
in the y-direction will then cause a length increase of the side plates, contributing
to the total length increase of the module. Therefore the contact between the solid
block and side plates must be further investigated.

Generally, the contact definition for both module models is uncertain. The rea-
son for using no-slip contacts was the FE-solvers ability to obtain convergence more
easily with this contact definition. Contacts that were allowed to slip was tested but
the FE-solver was not able to solve them properly, and the simulations terminated
early. Due to the module being the last thing modelled in this project lack of time
meant further work on the model was not performed. The model that was developed
in this project also had different boundary conditions compared to the model where
the module length increase was measured. The mounting feet in that module model
were connected to bases with pre-tensioned bolts with contacts between the feet and
bases allowing slip. This type of boundary condition was not set up due to lack of
time, but is recommended in further studies.

5.5 Future work
This section presents suggestions and ideas for future work with FE-modelling of
battery cell swelling. Additionally, suggestions on valuable experimental data for
future studies are presented.

For future work with capturing the swelling in a FE-model it would be convenient to
have all the physical test data, that are to be fitted, measured on the same battery
cell. The cycling curve of the cell in the tests should also be the same. This would
make the results more comparable in the analysis step. It would also be convenient if
the same cells then are used when physical tests are to be done in a complete module.

The model set up in the M1 method contained a fixed boundary condition on the
long sides. When continuing the work with this model it needs to be investigated
how this boundary condition can be changed. An investigation of how the model
can be set up to allow some displacements and still obtain the reaction force is
recommended, i.e. without allowing it to expand freely.
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Another suggestion for future work is to combine the two methods, M1 and M2.
Using the thermal expansion of the jelly rolls from M1 and the fluid expansion from
M2. A combined model would be useful when one is interested in separating the
different swelling sources. The internal gas pressure would be represented by the
fluid expansion and the remaining sources would the be represented by the thermal
expansion of the jelly rolls. This would be useful when studying swelling of one
single cell rather than a complete module or battery pack. In this case the complete
swelling of the battery cell is of interest, and how that affects the surrounding parts
in the module, e.g. the module structure.

Parameters for the fluid in the M2 method were assumed to be similar to incom-
pressible air. For future modelling of gas pressure evolution, it is of interest to
investigate how other fluid parameters than α affect the results. It would also be
of interest to compare deformations on battery cells due to gas pressure build-up,
which requires test data on these deformations.

It was possible to fit the swelling forces using a simplified battery cell geometry
in the M3 method. Since the deformations were not evaluated with this model it
is difficult to say if the geometry change is valid for any other case or boundary
conditions. This is something that needs to be determined before simplifications
can be used in a larger scale.

The detailed module model largely underestimated the length increase, even when
increasing the Young’s modulus of the jelly rolls. Further work with this type of
problem would be to model the contacts in a more accurate way. With the contacts
more accurately defined a study on which jelly roll stiffness resulting in the same
length increase should be performed. If the material parameters are fixed, e.g. when
the model is used in a crash simulation with particular material parameters, it is
possible to alter the swelling behaviour by changing αy. This was not tested in this
project but is of interest in future work.

The simplified module overestimated length increase compared to the detailed mod-
ule. The methods tested to approximate the bulk material resulted in large devia-
tions of the module length increase. Further studies should be done to find a way to
define this bulk material. Similar to the detailed module, the contacts need a more
realistic definition. It is also of interest to investigate if there are any structured
methods to modify αy to have similar results from both module models.
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5.5.1 Experimental data for future work
This project had limited amount of physical test data and during the project it
became clear what types of data that could be useful in order to perform a more
detailed study in the future. This section will therefore present suggestions on useful
experimental data for future work with FE-modelling of battery cell swelling.

It was discussed earlier in the report that expansion of the jelly rolls in more than one
direction would replicate reality better. This would require test data for the swelling
force on all sides of the battery cell. These measurements need to be performed at
the same time to intercept the coupled behaviour as discussed. An additional data
on displacements of the cell would be preferable. Knowing the relation between
the displacement and the swelling force would be very useful for future work with
replicating the swelling in FE-models.

The M1 method was developed to replicate the swelling force on the long sides
of the battery cell. This swelling force occurred due to many factors as discussed
earlier. The M2 method, replicated the gas pressure inside the battery cell. This gas
pressure was one of the factors included in the swelling force for M1. A suggestion
would be to perform a physical test where the swelling force and the gas pressure
are measured at the same time. This data would be useful if further studies to set
up a FE-model which combines the two methods.

There have been uncertainties in this project regarding the friction coefficient be-
tween the jelly rolls and the casing. A physical test measuring the correct friction
coefficient between these two components would be valuable data when further in-
vestigation is performed. Further it is known that the stiffness properties of the jelly
rolls vary over time when the battery cell is cycled. This will have an impact on the
swelling force and therefore it needs to be measured and captured in the model.
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