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Abstract
With ever stricter emission laws, a main focus in the development of new chainsaws
is not only to optimize the performance but also to lessen the environmental impact
from the operation of the two-stroke engine. A big part of this is to optimize the
geometry to reduce the leakage of unburned fuel. Long simulation times makes
this process slow and tedious. This thesis investigates different ways of reducing the
simulation time to enable a faster design iteration process in the future. This is done
by removing non-vital geometry to reduce the size and complexity of the domain.
The mesh is also examined to assess which areas can be coarsened and thereby reduce
the number of cells. Furthermore the physics setup and time discretization of the
simulation is studied. These are modified by increasing the time step and changing
a gas model. Finally, the successful changes from the three different approaches are
combined into one single model. To verify that the changes made does not impact the
results of the simulations significantly, several measurements are set up in the model
with extra focus towards quantities like the pressures that later can be measured
easily in a physical prototype. The study results in a simplified model which runs
more than three times faster compared to the original, without significantly reducing
the accuracy of the results.

Keywords: CFD, Two-stroke engine, Wiebe, Stratified charge, Overset mesh, Chain-
saw, Adaptive time step
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Indices

i, j, k Dummy index
l Gas species index
t Time

Parameters
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θSOC Crank angle at start of combustion
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νt Turbulent viscosity
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1
Introduction

This chapter describes the background of the thesis and outlines the limitations and
goal.

1.1 Background
Husqvarna AB is a company that manufactures a wide range of products, mainly
for gardening and construction. Even if many of the products are becoming electric,
some of them still need to be driven using combustion engines to handle long oper-
ating hours in places where recharging opportunities are limited. Therefore some of
their chainsaws, like the one in Fig. 1.1, are utilizing two-stroke engines. Two stroke
engines are known to have high emissions but there is a strong focus on minimizing
these.

Figure 1.1: Husqvarna chainsaw 564 XP [1]. Reprinted with permission.

One of the general problems with two-stroke engines is that they tend to leak un-
burned fuel out of the combustion chamber, causing higher emissions [2]. This
leakage can be minimized by altering the design.

To get results without physical testing in the developing stages, a computational
fluid dynamics (CFD) model can be used to simulate the flow inside the engine.

1



1. Introduction

Complex CFD models need a lot of computational power, which is often a problem
when trying to improve existing designs. The main contributors to the complexity of
the model are, among others, a fine mesh and a complex geometry. When reducing
these, the key is to preserve the most important data from the simulation. The
purpose of these specific simulations is to retrieve the pressures inside the engine
and also properties of the outflow. The CFD model currently used in the design
process is very time consuming when used for design iterations, which is why the
task is to simplify it to allow for a faster and more automated optimization process.

1.2 Purpose and Goal
The purpose of this master’s thesis is to develop a simplified CFD model in Star-
CCM+ which reduces the computational time, making it better suited for working
with design iterations. The flow should remain accurate, and the combustion cham-
ber is of high interest. The pressures inside the two-stroke engine has to be captured
correctly as well. The goal is to reduce the computational time by at least 50% com-
pared to the current model without a major difference in the results.

1.3 Limitations
The complete model is set up in Siemens Simcenter Star-CCM+ 2502, hence this
is the software that will be used. The thesis will only investigate one specific two-
stroke engine model at its rated speed. This is due to chainsaws being used in a wide
range of speeds, making it unfeasible to run simulations for all operating points.

The model will remain three-dimensional, 2D simulations will not be investigated.
The results are evaluated based on reference data extracted from the original sim-
ulation, not from experimental data. The changes will still be set up with the
experimental process in mind to make it possible to compare data extracted from
experiments.

The combustion model used today is already one of the simplest and cheapest models
[3] and due to this, the thesis will not look into other options for the combustion
process.

There are a couple ways of handling movement in StarCCM+ in regards to the
mesh, this thesis uses the overset mesh approach.

2



2
Theory

This chapter will outline relevant theory related to the thesis.

2.1 The Two-Stroke Engine
An illustration of a two stroke engine with part numbering is presented in Fig. 2.1.

Figure 2.1: Cross-section of a two-stoke engine.

On the right side of the engine, air is drawn in through the inlet system (12). The
incoming air is split into two channels, one where fuel will be injected either through
a carburetor or via low pressure fuel injection (LPFI), and one with clean air. An
inlet port is located at (10), from which a mixture of air and fuel (Af) flows into
the crankcase (11). Above the Af-port, two airhead (Ah) ports are placed (9). This
is where clean air can flow into the scavenging channel (3) through cutouts in the
piston (5). The scavenging channel connects the crankcase to the cylinder (13),
allowing for the gas mixture to flow into the combustion chamber (CC) (4) through

3



2. Theory

the scavenging ports, where the spark plug (8) ignites the gases. The exhaust channel
(2) is located to the left of the piston, this is where the exhaust gases escapes into
the muffler (1) after the combustion process has taken place. In the middle of the
figure, the connecting rod (6) can be seen connecting the piston to the crank (7).

A complete cycle of the engine consists of two strokes. When the piston moves
upward, referred to as the compression stroke, the gas in the combustion chamber
gets compressed by the moving piston [4]. As the piston rises, the scavenging channel
is closed off, and no more gas can enter the combustion chamber. The exhaust port is
open a little bit longer, before it too is closed off by the piston. The piston continues
upward until it reaches its top dead center (TDC). While this is happening, the inlet
ports are opened and new gas can begin to flow into the crankcase.

As the combustion takes place, the piston starts to move downwards again, referred
to as the expansion stroke [4]. The exhaust port is once again opened to let the
exhaust gases out of the combustion chamber. As it moves further down towards its
bottom dead center (BDC), the scavenging port is opened to let fresh charge into
the combustion chamber, and the inlet ports are closed off.

2.1.1 Airhead
Airhead, or as it is more commonly known, sequential stratified charge, is a technique
implemented in the two-stroke engine to reduce emissions of unburned fuel [5] [6].
As can be seen in Fig. 2.2, while the piston is close to TDC, clean air can flow into
the scavenging channel via cavities inside the piston. The clean air can be seen in
blue, flowing from right to left.

Figure 2.2: Flow of air (in blue) through the Ah-port and the piston into the
scavenging channel [1]. Reprinted with permission.
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With this technique, a layering of the gases is created inside the scavenging channel,
with clean air on top of the Af-mixture [5]. Utilizing this, if there is any leakage out
of the exhaust port when the gases flow through the combustion chamber, the first
thing to escape is the clean air. Thereby giving the exhaust port more time to close
completely, trapping the Af-mixture inside the chamber.

2.1.2 Engine Performance Parameters
To measure the performance of an engine there are several parameters that can be
used, such as the trapping efficiency (TE), the delivery ratio (DR), and λ.

If there is exactly enough oxygen present in the mixture to burn all of the fuel, the
combustion process would be called stoichiometric [7]. A ratio of the real air to fuel
ratio (AFR) and the stoichiometric AFR is used as a measurement and is referred
to as λ, (see Eq. 2.1).

λ = AFR

AFRstoich

(2.1)

The AFR in the combustion chamber is defined as [7]:

AFR = mair

mfuel

(2.2)

If the combustion takes place with more oxygen than required, λ > 1, the burning
process is called lean [8]. And if there is less oxygen than required, λ < 1, the
burning process is called rich.

The delivery ratio is defined below as [9]:

DR = Mas

Mdr

(2.3)

Here Mas is the mass of the air flowing into the crankcase and Mdr is the theoretical
air mass needed to fill the entire swept volume (SV) [9]. The SV is defined by Eq. 2.4,
where the bore is the diameter of the piston, and s denotes the stroke length [10].

SV =
(

bore

2

)2

πs (2.4)

The trapping efficiency is defined as [9]

TE = Mtas

Mas

(2.5)

where Mtas represents the trapped mass from the current cycle.
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2.2 Wiebe
The Wiebe combustion model is a one-equation model that describes the combustion
process. The mass fraction burned (MFB), xb, can be calculated using Eq. 2.6, where
θ is the current crank angle, θSOC is the crank angle at the start of combustion
(SOC), and ∆θ is the combustion duration [3],[11].

xb(θ) = 1 − exp

−a

(
θ − θSOC

∆θ

)m+1
 (2.6)

The parameter a is a constant defined by Eq. 2.7, where xb,EOC is the burned fuel
fraction at the end of combustion (EOC).

a = −ln(1 − xb,EOC) (2.7)

To retrieve the unknown parameter, m, the Wiebe function is fitted against exper-
imental data for the MFB [12]. One way to obtain the MFB is to integrate the
heat release rate (HRR), which corresponds to the MFB [13]. To compute the HRR
Eq. 2.8 can be used.

HRR = dQ

dθ
= γ

γ − 1p
dV

dθ
+ 1

γ − 1V
dp

dθ
+ dQwall

dθ
(2.8)

The fitting can be done in different ways, but is usually done using a least square
method [14].

2.3 Computational Fluid Dynamics
CFD is a technique in which the governing equations, (see Chpt. 2.3.1), are numer-
ically solved [15], [16]. The equations are usually solved using one of three main
approaches, these being the finite element, finite difference, and finite volume meth-
ods. The domain in which the equations are to be solved is discretized into a grid
known as a mesh, and the equations are then solved for each of these grid cells in
the form of systems of linear equations. When using CFD for engine simulations,
time steps are often of the order of 0.25 crank angle degrees (CAD) [17] or smaller
[18].

2.3.1 Governing Equations
The governing equations for a compressible Newtonian fluid are the conservation of
mass, conservation of energy, and conservation of momentum [19].

The conservation of mass, commonly referred to as the continuity equation, is defined
by Eq. 2.9.

∂p

∂t
+ div(ρu) = 0 (2.9)
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The conservation of energy equation can be found in Eq. 2.10.

∂(ρi)
∂t

+ div(ρiu) = −p div u + div(K grad T ) + Φ + Si (2.10)

For a perfect gas:
p = ρRT, i = CvT (2.11)

Where Cv is the specific heat at a constant volume [20]. The conservation of linear
momentum is presented component wise in Eq. 2.12-2.14 [19].

∂(ρu)
∂t

+ div(ρuu) = −∂p

∂x
+ div(µ grad u) + SMx (2.12)

∂(ρv)
∂t

+ div(ρvu) = −∂p

∂y
+ div(µ grad v) + SMy (2.13)

∂(ρw)
∂t

+ div(ρwu) = −∂p

∂z
+ div(µ grad w) + SMz (2.14)

To use the equations, they are discretized over finite control volumes, called cells,
in CFD simulations.

2.3.2 Turbulence Model
There are several ways to resolve turbulence in the flow, large eddie simulations
(LES), direct numerical simulations (DNS), or by solving the Reynolds-Averaged
Navier–Stokes (RANS) equations [21]. The Navier Stokes equations are presented
in Eq. 2.15 [22].


∂ρ
∂t

+ ρ ∂vi

∂xi
= 0

ρdvi

dt
= − ∂P

∂xi
+ ∂

∂xi

(
2µSij − 2

3µ ∂vk

∂xk
δij

)
+ ρfi

(2.15)

When working with turbulent flows, the Navier–Stokes equation is often time aver-
aged first to obtain the RANS equations [22]. When doing so, new unknowns called
Reynolds stresses appears which then need to be modeled. One of the models devel-
oped for this is the k-ε model. This approach is less computationally expensive than
both LES and DNS [23]. It consists of two equations, one solving for the turbulent
kinetic energy (k) and one for the turbulence eddy dissipation (ε) [24]. The standard
k-ε model uses the equations presented in Eq. 2.16 and Eq. 2.17 to determine the
turbulent viscosity (νt) defined in Eq. 2.18 [24] .

∂k

∂t
+ ∂kui

∂xi

= ∂

∂xi

(
Dkeff

∂k

∂xi

)
+ Gk − ε (2.16)

∂ε

∂t
+ ∂εui

∂xi

= ∂

∂xi

(
Dεeff

∂ε

∂xi

)
+ C1ε

ε

k
Gk − C2ε

ε2

k
(2.17)
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νt = Cµ
k2

ε
(2.18)

Gk is the production of turbulent kinetic energy as a result of mean velocity gradi-
ents, determined by [24]:

Gk = 2νtS
2
ij (2.19)

The strain rate tensor is given as:

Sij = 0.5
(

∂uj

∂xi

+ ∂ui

∂xj

)
(2.20)

Dkeff and Dεeff are the effective diffusivities and can be calculated using the equa-
tions below:

Dkeff = ν + νt (2.21)

Dεeff = ν + νt

σε

(2.22)

σε is usually set equal to 1.3, C1ε=1.44, C2ε=1.92, and Cµ=0.09.

The realizable k-ε model introduces another equation for ε, and also changes the
formulation of the eddy viscosity model by changing the constant Cµ, to a varying
function that enables usage for large strain rates [25]. The new equation for ε is
presented in Eq. 2.23 [24].

∂ε

∂t
+ ∂εui

∂xi

= ∂

∂xi

(
Dεeff

∂ε

∂xi

)
+

√
2C1εSijε − C2ε

ε2

k +
√

vε
(2.23)

The turbulent viscosity is defined as in the standard k-ε but uses the varying Cµ

defined by Eq. 2.24 instead of the constant value.

Cµ = 1
A0 + As

kU∗

ε

(2.24)

U∗ can be written as:
U∗ =

√
SijSij + Ω̃ijΩ̃ij (2.25)

With:
Ω̃ij = Ωij − εijkωk − 2εijkωk (2.26)

A0 is set to 4 and As =
√

6cosφ with:

φ = 1
3Arccos(min(max(

√
6W, −1), 1)) (2.27)

W = SijSjkSki

S̃2
(2.28)

C1ε = max

(
η

5 + η
, 0.43

)
(2.29)

Where:
η = S

(
k

ε

)
(2.30)
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The constants are set as C2 = 1.9, σk = 1.0, and σε = 1.2

The realizable k-ε two-layer model is a combination of the two-layer approach and
the realizable k-ε model [26]. This gives the model flexibility for all y+ wall treat-
ment. The two layer approach allows for the use of the k-ε model in the entire flow
affected by the wall. The difference is that the values of the dissipation rate and the
turbulent viscosity are changed depending on the distance to the wall. Close to the
wall they are a function of the turbulent length scale, further out in the flow they
are instead interpolated with the freestream values.

The equations are derived for incompressible flow. In the compressible solver in Star-
CCM+ the equations are adjusted to take the compressibility into consideration [26].

2.3.3 Mesh

A mesh is a partition of the computational domain into a fine grid of cells and the
governing equations are then solved iteratively for each cell [15]. There are two main
types of meshes, structured and unstructured, with the unstructured meshes being
better at capturing arbitrary geometries.

In Star-CCM+, there are three main types of volume meshes, these being tetra-
hedral, trimmed cell, and polyhedral meshes, visualized in Fig. 2.3-2.5 [26]. The
tetrahedral mesher builds the mesh by inserting points into the domain with the
Delaunay method. The trimmed cell mesher utilizes a pure hexahedral grid that
covers the geometry, and the cells at the edges of the domain are then trimmed
using the surfaces of the geometry. Finally the polyhedral mesh is built from a
tetrahedral mesh. It consists of cells of arbitrary shapes with an average of 14 faces
per polyhedral.

Figure 2.3: Tetrahedral
mesh.

Figure 2.4: Polyhedral
mesh.

Figure 2.5: Trimmed
cell mesh.

One way of evaluating the level of resolution of the mesh, is by utilizing the param-
eter y+ and the Courant number.
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2.3.3.1 Prism Layers

Prism layers are used to refine the near-wall regions in the domain. This is done
to better capture the boundary layer regions [26]. The prism mesh consists of
orthogonal prismatic cells along boundary surfaces .

2.3.3.2 Wall Y+

The Wall y+ is a normalized measure of the distance to the wall and the definition
is presented in Eq. 2.31, where u∗ is the friction velocity [26].

y+ = yρu∗

µ
(2.31)

For y+ values below five, in the viscous sub layer [27], the velocity scale can be
defined as seen below [26]:

u∗ =
√

µ|vtangential|
ρy

(2.32)

Similarly the velocity scale for y+ values above 30, in the log-layer [27], can be
defined as below [26]:

u∗ = C1/4
µ k1/2 (2.33)

In the two-layer approach, the blended wall function is used for the friction velocity
everywhere and it is defined as [26]:

u∗ = γt

√
µ|vtangential|

ρy
+ (1 − γt)C1/4

µ k1/2 (2.34)

and the blending function, γt, as:

γt = exp
(

−ReD

11

)
(2.35)

With ReD being the wall-distance Reynolds number defined by the equation below:

ReD =
√

kd

ν
(2.36)

The y+ values should aim to be around 1 or above 30 when using a two layer
approach for the k-ε model [26].

2.3.3.3 CFL

The convective Courant number describes how many cells the fluid moves per time
step, see Eq. 2.37 [26]. When using an implicit solver, one should aim for an average
Courant number of ≈ 1 to achieve stability.

C = v∆t

∆x
(2.37)
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2.3.3.4 Overset Mesh

With the use of overset meshes, there are two or more meshes that are overlapping
[28]. The cells in these meshes are divided into active and inactive cells. In one
of the meshes, it is the so called acceptor cells that determine if they are active
or not. In the cells that are inactive nothing is solved. The same goes for the
other mesh/meshes where the so called donor cells determine whether the cells in
that/those meshes is active or not.

Overset meshes are often used when there are moving parts in a simulation [29]. One
region, usually the stationary, is being used as the background mesh while moving
parts, together with a small volume around them, are meshed as overset meshes. In
Star-CCM+, an interface is created for the overset mesh between two regions. Via a
hole-cutting process, the meshes are divided into active and inactive cells, and which
of the cells that will be the acceptor cells is determined. It is important that the
cells in both regions are of similar size in the overlap region and that both meshes
have at least five cells in the overlapping region.

When using the overset mesh approach, one needs to monitor the mass conservation
in the simulations [30]. If all of the meshes resolves the flow correctly, the interpo-
lation between them will conserve the mass, however, if one of them does not, the
mass will not be conserved across the overset meshes.

2.3.4 Multi-component Gas
The multi-component gas module is a single fluid formulation that computes the
fluid properties in a few different ways, depending on the property [26]. Some
properties such as for example the specific heat are calculated according to Eq. 2.38
where Yl is the mass fraction of component l, ϕl is the corresponding property and
n is the total number of gas components.

ϕmix =
n∑

l=1
Ylϕl (2.38)

The dynamic viscosity and thermal conductivity are calculated using the Mathur-
Saxena averaging method defined in Eq. 2.39, where Xl is the species mole fraction
of component l.

ϕ = 1
2

 n∑
l=1

Xlϕl +
(

n∑
l=1

Xl

ϕl

)−1
 (2.39)

To determine the molecular diffusivity of each component in the mixture, Dl,m, the
Schmidt number is used as below:

Scl = ν

Dl,m

(2.40)
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2.3.5 Enthalpy
When working with perfect gases, the enthalpy only varies with the temperature as
can be seen below [31]:

h(T1) = h(T0)
∫ T1

T0
CpdT (2.41)

To determine the enthalpy of a certain gas, the 7-coefficient NASA thermodynamic
polynomials can be used [26]. The polynomial for the enthalpy is defined as below:

h

RuT
= a1 + a2

2 T + a3

3 T 2 + a4

4 T 3 + a5

5 T 4 + a6

T
(2.42)

The coefficients for each individual gas can be retrieved from a material database.

2.4 Error Measurements
The absolute percentage error (APE) [32] is quantified as in Eq. 2.43. Where At is
the reference value and Ft the measured data.

APE =
∣∣∣∣At − Ft

At

∣∣∣∣ (2.43)

The mean absolute error (MAE) [33], is defined as in Eq: 2.44, where N stands for
the number of measurements.

MAE = 1
N

N∑
t=1

|At − Ft| (2.44)
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3
Current setup

The model is simulating the process of a Schnürle two-stroke engine with three
moving parts; the piston, the connecting rod, and the crank. The combustion
process is not simulated but modeled using the Wiebe model and the mesh is a
polygonal mesh with prism layers along all surfaces.

3.1 Geometry
In Fig. 3.1 a cross-section of the simulation model is presented.

Figure 3.1: Illustration of the model in Star-CCM+ with the moving parts in red.

Furthest to the right, there is a cone around the intake filter, where atmospheric
conditions are applied. The filter and the intake can be seen connecting to the
crankcase at two different locations, the lower one being the Af-channel and the
upper one being the Ah-channel. Even if the crankcase and cylinder are different
parts, they are defined as one single region in the setup. The red part at the bottom
of the crankcase is the crank and it is attached to the piston via the connecting rod.
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At the upper left of the crankcase, the scavenging channels can be seen connecting
to the cylinder. At the top, the combustion chamber is seen and to the left of
the cylinder, in a lighter shade of gray, the exhaust is illustrated connecting to the
muffler. The large cone around the muffler is, just as the one around the intake, set
to atmospheric conditions.

3.2 Motion
There are three moving parts in the simulations; the piston, the connecting rod, and
the crank, these can be seen marked red in Fig. 3.1. Each of the parts have separate
movement definitions, that ensures that the movements are synced. The motion of
the pistons is purely translational, and the crank motion is purely rotational. The
motion of the connecting rod is a combination of both translation and rotation as
it is connecting the piston and the crank.

3.3 Fuel Injection
The CFD model does not simulate the fuel injection as in the real chainsaw. Instead
a portion at the end of the Af-pipe is defined as a cell set, illustrated in Fig. 3.2,
and a source term adding fuel mass is then applied to the set. The source term is
defined in a way that accounts for the mass flow, and the current gas composition
in the section so that the mass fraction of fuel into the crankcase is constant.

Figure 3.2: Cell set marked in red where the fuel is added as a source term.

3.4 Combustion Process
The combustion process is activated as the piston moves upward, and starts to
approach its TDC. There is no spark plug to ignite the gases since the combustion
is utilizing the Wiebe model which determines how much of the fuel is burned with
repect to time. As the combustion occurs, source terms handles the exchange of
molecules allowing for the oxygen and fuel to be reformed into carbon dioxide and
water. This process continues until either the fuel or the oxygen runs out and the
combustion no longer can proceed.
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3.5 Mesh
Apart from the regular mesh, all moving parts have an overset mesh associated
with them. This means that when the parts move there is no need to re-mesh the
regions. Instead the overset meshes handles the information exchange. Since the
overset meshes for all the moving regions overlap at some point, overset interfaces
are created between them all. This is also done for all moving regions and the
background mesh, which is the cylinder-crankcase since it is stationary, and since
all movement are inside this mesh. All meshes, both overset and background, are
utilizing prism layers and polygonal cells to capture the characteristics of the flow.

3.6 Numerical Setup
The current simulation setup is using a coupled unsteady implicit solver with a fixed
time step of 0.25 CAD. The fluid is simulated as a multi-component gas, consisting
of five different species: carbon dioxide, fuel, water, nitrogen, and oxygen. The
turbulence is modeled using the realizable two-layer k-ε model.
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4
Method

The existing model is first analyzed to understand how everything is set up and
defined. Before any modifications are made, measurements are set up in the original
model to be used as reference data later. The process is divided into three main
areas where the first examines the possible geometrical modifications, the second
the mesh and the third the physics of the model. The changes and simplifications
are run just a few revolutions at first to determine if they look promising enough to
keep, and to find if there are any issues that needs to be addressed before running
them until convergence. One thing is changed at a time and the successful changes
are later combined to establish an optimal model.

4.1 Preprocessing

The first step was to set up measurements in the existing model to collect data that
can be used as reference values for the modified versions. Some scenes were also
created to help visualize certain aspects of the flow such as the mass fraction of fuel
and the pressure. A scene is a representation of the results or the setup that could
be including the geometry or a field of the flow for example.

Some measurements were also set up to allow for the use of boundary conditions
instead of the inlet and outlet geometries. For the inlet, the total temperature,
total pressure, and mass fractions were measured at a plane just upstream of the
Ah- and Af-ports. Inside the muffler, several pressure measurements were taken, a
volume-averaged pressure for a sphere occupying almost the entire muffler, a surface-
average over the exit of the muffler and a surface-average at the boundary between
the muffler and the exhaust pipe.

Reports and plots were created to enable validation of the results from the simplified
models. The performance parameters; DR, TE, and λ were calculated, and mass
flows were measured over the Ah-, Af-, scavenging-, and exhaust-ports. This was
not only done to compare the mass flows for the reference and the new models, but
also to compute the mass conservation. The internal pressure in the crankcase and
inside the combustion chamber are evaluated as mass averages.
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4.2 Changes and Modifications

The modifications were divided into three major categories. The first one being
geometrical modifications, where different parts were removed and replaced with
either boundary conditions or stationary volumes. Another approach is mesh mod-
ifications, where the mesh was studied to see if and where it can be coarsened or
changed in other ways to save computational time without compromising the accu-
racy of the results significantly. The last category was the physical setup where the
changes were made to the gas mixture and the time stepping.

4.3 Geometrical Modifications

The geometrical changes were divided into several main categories, the outlet, the
inlet and the moving parts inside the crankcase. Each of the changes were imple-
mented individually at first to assess the impact, and some were later combined.

4.3.1 Simplified Outlet
To reduce the model size, the parts downstream of the exhaust pipe i.e the muffler
and the big atmospheric cone, were removed. The first approach was to set the
end of the exhaust pipe to a pressure outlet with the measured pressure. Later this
was changed by using a small cone around the exhaust exit instead, similar to the
one around the muffler. This was done to minimize the numerical issues caused by
having the pressure outlet to close to the exhaust port. The cone boundaries could
then be set to pressure outlets instead.

Multiple versions were set up using the different pressure measurement from the
muffler to see which gave the best match. One version was also set up with at-
mospheric pressure to see if it was feasible to use this setup without requiring any
prior data. As for the mass fraction at the boundary, it was set to the standard air
values. This needs to be specified for the software to be able to handle any potential
backflow over the outlet boundary, and what is specified should therefore not affect
the simulation as a whole.

4.3.2 Simplified Inlet
A model was set up where the majority of the inlet-system were removed. Only
the part of the pipes closest to the crankcase for the Ah- and Af-channels are left.
The end of the pipes were set up as stagnation inlets, with the measured total
temperatures and total pressures as the boundary conditions. By removing the
majority of the inlet pipes, the air filter, and the atmosphere, and instead applying
these stagnation inlets at the remaining pipe boundary, the need for the fuel injection
also disappeared. Instead, since the gas mass fraction is known for both pipes, this
can be specified directly at the boundary.
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4.3.3 Limiting Moving Parts
Out of the three moving parts, the piston is the most essential for the function of the
engine, but the possibility of removing the other two was investigated. By reducing
the number of moving parts in the model, the number of overset meshes can be
limited, speeding up the simulation.

4.3.3.1 Replaced Connecting Rod

One setup was made where the connecting rod was removed from the model. This
was done by eliminating the connecting rod and replacing the corresponding volume
with a cylinder that was merged with the crank instead. This allowed for the two
volumes to move together as one. The volume of the connecting rod was measured
by meshing the solid rod and then using a report to compute the total volume of
the mesh. This volume was then created as a small cylinder directly in Star-CCM+,
which was then merged with the crank using the unite tool. The new geometry is
presented in Fig. 4.1.

Figure 4.1: The crank with the volume of the connecting rod replaced.

To create the overset region, an offset was created based on the united part. The
unite was then subtracted from the offset, meaning that the solid parts were not
meshed since no fluid is present here. The subtracted volume was then meshed
with the same settings as the original crank. To ensure that the air volume is kept
constant in the crankcase, an overset volume integral was computed and compared
for the new model and the reference model. When necessary, the added cylinder
was modified until the air volumes matched.

4.3.3.2 Replaced Crank

One option is to keep the connecting rod but to take away the rotating crank. The
volume of the crank was calculated in the same way as for when the connecting rod
was removed, first meshing and measuring the volume using a summation report and
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then computing the air volume. To allow for the connecting rod to still move freely,
two stationary cylinders were placed inside the crankcase with a spacing between
them for the rod to pass through, and both cylinders were subtracted from the
crankcase.

4.3.3.3 Replaced Connecting Rod and Crank

One step further is to remove both the crank and the connecting rod, the removed
objects were then replaced in two different ways. One way is to have a stationary
cylinder that is placed in the middle of the crankcase. Since the new cylinder does
not move, the overset mesh was also removed. The cylinder was simply subtracted
from the volume inside the crankcase instead and the subtract was meshed with the
same settings as the crankcase with walls as the boundary conditions for the new
cylinder. This model was also set up with a small extra overset mesh volume with
interfaces as the previous overset belonging to the crank. An alternative approach
is to keep the geometry of the crank as similar to the original as possible. This
was achieved in the same way but by using the united crank geometry from the
simulation without the connecting rod instead and the overset mesh being kept
around it. By running both versions, the impact of the crank geometry could also
be evaluated.

4.4 Mesh Modifications
The mesh was coarsened to make the simulations run faster. One approach was to
increase the base size of the existing mesh in the entire model. This was done with
a base size of 150% compared to the original. Since the flow inside the combustion
chamber is of high interest, a setup was also made with a base size of 200% ev-
erywhere except in the combustion chamber. In the combustion chamber the mesh
was refined to maintain the same size as in the original model. This was done to
maintain a high level of accuracy in this part of the model, while still reducing the
computational time.

Investigations of the mesh in only the inlet and outlet were also made. Setups with
an inlet and outlet mesh of 200%, 250%, and 300% of the original base size were run.
The target surface size for the interface between the inlet pipes and the crankcase
was reduced to ensure a smoother transition of mesh sizes.

Setups were made with the coarse inlet and outlet, while the crankcase together with
the cylinder and exhaust were increased but by a lower percentage. The combustion
chamber was kept as the original mesh size for all of these simulations.

The prism layers were also varied in the engine for the mesh with a inlet and outlet
at 300% to evaluate the impact of a change in the number of prisms. The total
thickness of the prism layers were kept.

How much the mesh can be coarsened is based on the CFL number preferably
staying below five, and the y+ values should be under five or above 30 to avoid the
overlap/buffer region where there is well defined theory. Since the velocity varies a
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lot with time, the y+ and CFL values also varies, making it difficult to keep them in
the right ranges for the entire simulation. Since the task is to make the simulation
run faster, the focus shifted to ensuring that the number of cells in undesirable ranges
stayed the same or lower than before. To track this, the number of cells containing
a y+ value between five and 30 and the number of cells with a CFL number higher
than five are calculated. When changes are made, this can be compared to the
original simulation.

4.5 Physics Modifications
The physics setup was modified in a few different ways to conclude if there is some-
thing that can be adjusted to minimize the computational time. The time step
were increased and a model with only a single component gas was also set up where
passive scalars are used to track the gases.

4.5.1 Adaptive Time Step
If a longer time step can be used, this would speed up the simulations significantly.
To accomplish this, the adaptive time step module was activated in StarCCM+.
Apart from the time stepping, the same setup as for the reference was used. The
CFL number was chosen as the time step provider, with a target mean CFL of one
and a target maximum CFL of five. The cut-off percentage was tried at 0.5% and
1%. The minimum time step was set to the same as the reference, 0.25 CAD, and
the maximum was run at different values ranging from 0.4-0.75 CAD to find a limit
for what is tolerable. The maximum change factor was kept at the default, meaning
that the time step, at most, could change by a factor of two, between time steps.

Some of the existing reports and measurements were based on a fixed time step.
These were adapted to work using a time step-independent definition. The number
of time steps for one cycle was measured and used as a variable in reports where
necessary. To make the comparison of the results for different setups easier, since
the regular simulations all hit exactly 360 CAD each revolution, the adaptive time
step models should also do this. The adaptive time step model in the software
allows the user to specify checkpoint times that the simulation is required to hit.
When approaching a checkpoint, the time step is gradually decreased if necessary.
To simplify the mass conservation calculations, it is beneficial if the simulation hits
a couple of other timestamps exactly as well, which were also defined here, making
it three timestamps in total for each revolution that are predefined.

4.5.2 Single Component Gas Formulation
One setup was made where the multi-component gas was changed to a single gas
formulation and a passive scalar were instead used to determine if the gas is fresh
fuel mixture or not. This means that the clean air and exhaust gas therefore are
undistinguishable from each other. This was not considered an issue since the in-
teresting part is how much of the fresh mixture that is flushed straight through the
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combustion chamber, as well as the pressures and total mass flows.

To calculate the enthalpy for the gases that are normally present, which are used
to compute the heat release during the combustion process, the 7-coefficient NASA
polynomials (Eq. 2.42) were used with coefficients from the material database in
Star-CCM+. These equations were implemented as field functions since they are
dependent on the temperature and then adapted into the combustion model. The
theoretical heat release was added as a volumetric energy source inside the combus-
tion chamber to give the temperature increase. Since the gas constant is defined for
air in the new model, it was scaled with the molar masses for each gas to achieve
the proper enthalpies. To reduce the risk for errors, the computed enthalpies were
compared with the ones in the reference model for the initial conditions.

The specific heat of the regular gas mixture varies over the combustion process as
the temperature increases and the exchange of molecules occurs. This lead to the
specific heat of the single gas being set as a polynomial based on temperature, with
coefficients based of an old simulation setup from Husqvarna using a similar concept.

The passive scalar was changed via a scalar source term based on the amount of fuel
that would have been burned in each cell if present.

4.6 Postprocessing
The necessary data were extracted from the simulations via reports and scenes. The
scenes gave a first visual indication to if the flow behaved as expected. For a more
in-depth look at the data, a Python script was created that loads tabulated data
from the reports and uses it to plot the data for the reference model as well as for
the modified models, for an easy comparison.

To make data of different scales comparable, the MAE was normalized. For this work
it was normalized with the mean of the reference data for the different pressures and
mass flows, and the normalized MAE (NMAE) is thereby defined by Eq. 4.1.

NMAE = MAE

mean(At)
(4.1)

The script computes either the NMAE or the APE of the measurements. When the
errors are computed, periods where the data is zero for the reference, for example
while a port is closed, are not included in the calculations. For the setups with
an adaptive time step, the reference data is interpolated to the time steps of the
adaptive model when computing the error.

For the models where the mesh were affected, such as removing and replacing parts
in order to remove overset meshes or coarsening the mesh, the mass conservation
was closely monitored. For these models the amount of cells with a wall y+ or CFL
number within an undesirable range for each time step were also plotted, to ensure
no major mesh related errors are introduced.
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4.6.1 Assessing Accuracy
The primary data used to assess the impact of the modifications are:

• Mass-averaged internal pressure inside the crankcase

• Mass-averaged internal pressure inside the combustion chamber

• Mass flow into the combustion chamber

• Mass flow through the Af-, Ah-, and exhaust-port

• λ in the combustion chamber

• Delivery ratio

• Trapping efficiency

Before this could be properly assessed, the simulations first had to be converged. If
a simulations is converged or not, was determined by λ, where a change from cycle
to cycle of less than 1h is considered converged. For the single gas formulation, this
could not be done and therefore the mass conservation error is the one determining
if it is converged or not.

The DR and TE were retrieved from predefined reports in the model for all cases
except the adaptive time steps. If the time step was varied, the DR was instead
calculated in Python by integrating the mass flows over time since the reports were
defined for a constant time step. The TE defined in Star-CCM+ was still used but
with the calculated DR from the script.

Due to the overset meshes being used, it was important to check if the mass was
being conserved in the models. This was done separately for the crankcase and the
combustion chamber. For the crankcase, the incoming mass was computed through
the Af- and Ah-port, and the outgoing mass was computed through the scavenging
port. The same was done for the combustion chamber, except that here, the mass
into the system was computed through the scavenging port, and the mass out of the
system was computed over the exhaust-port. This was done directly in Star-CCM+
by summarizing the mass flows over one entire revolution and calculating the total
mass in and out of the chosen control volume.

The mass conservation computation was done in Python for the models with an
adaptive time step since the length of each time step varies over the course of one
revolution in those simulations. For these, the mass flows for the same ports as
above were integrated with respect to the time for both the reference model and the
simplified models. These integrals could then be compared instead to determine if
the changed model is mass conservative.

4.6.2 Timesavings
The computational time for each simulation gets measured automatically when they
are run on the cluster. All final simulation setups for the different simplifications
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were run with all plot and scene exporting options turned off on the same amount
of cores. The time data could then be extracted and compared with respect to the
real time elapsed for one revolution. Due to the cluster consisting of several nodes
with no manageable way of specifying which ones the simulation will run on, the
time can vary slightly depending on which nodes are used. To minimize the risk of
obtaining skewed time measurements, the elapsed solver time for each time step was
monitored to ensure it did not increase when all exports were turned off.

4.7 Combinations
To combine the different modifications into one model, the mean of the error mea-
surements for the pressures, and the mean for the mass flows was taken for each of
the setups. If this mean error were above 5% the setup was not considered for use in
any combined model, but the rest were weighted in respect to their timesavings. For
each of the main modification categories, the ones with the lowest weighted error
were considered for a combined model. If multiple setups of the same type were on
par, a conservative approach was taken, where the one with the smaller change in
setup was to be used first.

The combined models were then put through the same postprocessing procedure
as the individual setups where the error measurements determines if the model is
accurate or not. If the results for the combinations gave a good agreement with
the reference, a model with a bigger change in setup was tried. The setups were
combined two and two at first before they all are combined into one.
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Using the methods described above, multiple different models were created. The re-
sults for all of these simplified models are presented in this chapter for one revolution
if nothing else is stated, using a converged solution and compared to a converged
revolution from the reference model. The accuracy of the results is quantified using
the NMAE and the APE.

5.1 Geometrical modifications
The results for the all the different geometrical changes are presented in this chapter.
The data is presented in tables and some plots are included to illustrate the errors
during the span of one cycle.

5.1.1 Without Outlet System
This section presents all different setups where the outlet system is removed.

5.1.1.1 Atmospheric Pressure

The NMAE for the different mass flows and pressures can be found in Tab. 5.1
for the setup with the atmospheric pressure as a boundary condition. Almost all
of the data deviate significantly from the reference values, giving an overall poor
agreement. The pressure inside the combustion chamber gives the best agreement
with the reference with a 4% difference.

Table 5.1: The NMAE of the results from the simulation with atmospheric pressure
at the outlet.

Data NMAE [%]
Mass flow Af-port 14.9
Mass flow Ah-port 18.4
Mass flow into exhaust 17.2
Mass flow into CC 16.2
Muffler inlet pressure 110
Crankcase pressure 20.7
CC pressure 4.00
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The pressures do not match the reference well, as can be seen in Fig. 5.1–5.2. The
pressure at the muffler entry is significantly lower than the reference between ap-
proximately 140 and 360 CAD. The pressure inside the crankcase is also lower than
the reference during the second half of the cycle.

Figure 5.1: Normalized surface-
averaged pressure at the muffler entry
for the case with atmospheric conditions
downstream of the exhaust.

Figure 5.2: Normalized internal pres-
sure inside the crankcase with atmo-
spheric conditions downstream of the ex-
haust.

The performance parameters, λ, DR, and TE are presented in Tab. 5.2 where the
APE is stated with respect to the reference. These also deviate significantly from
the reference values.

Table 5.2: The error for the performance parameters of the simulation with atmo-
spheric pressure at the outlet, compared to the reference data.

Parameter APE [%]
λ 3.13
Delivery ratio 15.7
Trapping efficiency 9.24

In regards to computational time, removing the outlet system and replacing it with a
pressure outlet with atmospheric conditions saves about 14.5%. This setup conserves
the mass 14.7% better than the reference through the crankcase and 46.1% better
through the combustion chamber.

5.1.1.2 Measured Pressure from the Reference

The different types of pressures at the outlet give different levels of correlation to
the reference, but all the setups give a better agreement with the reference than
using the atmospheric conditions.

Using the volume-averaged pressure from inside the muffler on the boundary, the
results in Fig. 5.3-5.4 are obtained. The muffler entry pressure gives a better match
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than the previous setup, and the crankcase pressure agrees well with the reference
pressure.

Figure 5.3: Normalized pressure at
the muffler entry for the setup with the
volume-averaged pressure as the outlet
pressure.

Figure 5.4: Normalized pressure in the
crankcase for the setup with the volume-
averaged pressure as the outlet pressure.

The NMAE for the results can be found in Tab. 5.3. All values except the pressure
at the inlet to the muffler are close to the reference for the setup with the volume-
averaged pressure as the boundary condition. The other two pressures, the exit
pressure and the entry pressure, give a much worse correlation across the board.

Table 5.3: The NMAE of the results from the simulation with different outlet
pressures.

Data NMAE [%]
Volumetric average Entry pressure Exit pressure

Mass flow Af-port 0.488 12.6 7.12
Mass flow Ah-port 0.830 15.4 9.04
Mass flow into exhaust 3.84 14.5 9.31
Mass flow into CC 1.53 13.7 8.08
Muffler inlet pressure 17.0 94.1 54.7
Crankcase pressure 0.734 17.2 9.75
CC pressure 0.391 3.37 1.92

The performance parameters λ, DR, and TE are presented in Tab. 5.4. Here it can
also be seen that using the volumetric average pressure at the boundary gives quite
good results, and that the other two pressures give results that differ more from the
reference.
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Table 5.4: APE for the performance parameters for the different outlet pressures.

Parameter APE [%]
Volumetric average Entry pressure Exit pressure

λ 0.612 2.77 2.03
Delivery ratio 0.165 13.1 7.62
Trapping efficiency 0.404 7.79 4.55

The three different outlet pressures gives an average timesaving of 13.5%, and the
mass conservation error is at maximum 2.81% less conservative than the reference
for any of the versions.

5.1.2 Removed Inlet

With a removed inlet system, the simulations did not converge within a reasonable
amount of time, as can be seen in Fig. 5.5, where λ is decreasing after about nine
cycles.

Figure 5.5: λ for the simulation with a removed inlet system.

The results for this simulation is still presented, but for this unconverged simulation.
The resulting entry pressure of the muffler is presented in Fig. 5.6 and the internal
pressure for the crankcase in Fig. 5.7. Both pressures still give a solid fit, and this
is the case for most of the quantities that are extracted further away from the inlet.
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Figure 5.6: The muffler-entry pressure
for the setup with the inlet removed.

Figure 5.7: The internal pressure inside
the combustion chamber for the setup
with the inlet removed.

The mass flows through the Af- and Ah-ports are presented in Fig. 5.8 and Fig. 5.9,
where they can be seen to be far from the expected mass flows. There is not enough
air flowing into the system through the Ah-port during the second half of the cycle,
which is then compensated by a too high inflow of fuel mixture at the beginning of
the next cycle.

Figure 5.8: Normalized mass flow
through the Af-port for the model with
the inlet removed.

Figure 5.9: Normalized mass flow
through the Ah-port for the model with
the inlet removed.

The NMAE for the mass flows and pressures can be found in Tab. 5.5. Here it can
also be seen that the data extracted far away from the inlet are still decent, but that
the ones close to the inlet are far from the reference values.
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Table 5.5: The NMAE of pressures and mass flows with the inlet removed.

Data NMAE [%]
Mass flow Af-port 15.1
Mass flow Ah-port 25.5
Mass flow into exhaust 1.87
Mass flow into CC 2.77
Muffler inlet pressure 2.51
Crankcase pressure 6.84
CC pressure 0.320

The error of the performance parameters are presented in Tab. 5.6. The λ error
increases as the simulation continues to run but the error for this revolution is at
4.21%. The DR and TE do not deviate that as much from the reference.

Table 5.6: The error of the performance parameters with the inlet removed com-
pared to the reference data.

Parameter APE [%]
λ 4.21
Delivery ratio 1.59
Trapping efficiency 0.407

Even though the simulation did not converge, a single cycle run after the presented
values are extracted gives a reduction in computational time of 9.66%. The dif-
ference in mass conservation is 2.37% better through the crankcase and 3.50% less
conservative through the combustion chamber.

5.1.3 Replaced Connecting Rod

Looking at the performance of the simulation when the connecting rod is replaced,
it can be seen in Fig. 5.10–5.11 that the pressures agree well with those taken from
the reference simulation.
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Figure 5.10: Normalized combustion-
chamber internal pressure for the simpli-
fied model with the connecting rod re-
placed.

Figure 5.11: Normalized muffler-inlet
surface-averaged pressure for the simpli-
fied model with the connecting rod re-
placed.

The data studied to determine the accuracy can be found in Tab. 5.7. The pressures
correspond well to the reference data but the mass flows through the Af- and Ah-port
are not as close.

Table 5.7: The error of pressures and mass flows when the connecting rod is
replaced.

Data NMAE [%]
Mass flow Af-port 3.85
Mass flow Ah-port 6.24
Mass flow into exhaust 0.877
Mass flow into CC 2.86
Muffler inlet pressure 0.966
Crankcase pressure 2.00
CC pressure 0.655

The error of the performance parameters is presented as the APE with respect to
the reference model in Tab. 5.8. All the performance parameters are close to the
reference values and differ by less than one percent.

Table 5.8: Error for the performance parameters for the model with the connecting
rod replaced.

Parameter APE [%]
λ 0.561
Delievery ratio 0.762
Trapping efficiency 0.131

A comparison of this setup and the reference in regards to the mass flows through the

31



5. Results

Af- and Ah-ports is visualized in Fig. 5.12 and Fig. 5.13. There is a small amount
of extra mixture entering the crankcase through the Af-port at the end of the cycle,
compensated by a little less mixture entering the crankcase at the beginning of the
cycle. The air through the Ah-port also differs from the reference solution, having
a slightly different flow profile during the majority of the time the port is open.

Figure 5.12: Normalized mass flow
through the Af-port for the simplified
model with the connecting rod replaced.

Figure 5.13: Normalized mass flow
through the Ah-port for the simplified
model with the connecting rod replaced.

The mass conservation error is 7.85% higher in this setup than in the reference
through the crankcase, and the mass conservation error through the combustion
chamber is 2.79% lower than in the reference. Replacing the connecting rod and
thereby removing its overset mesh resulted in a time saving of 21.1%.

5.1.4 Replaced Crank

Some of the resulting pressures from the simulation with the crank replaced can be
seen in Fig. 5.14–5.15. The pressure inside the combustion chamber is close to the
reference with only a small difference in maximum combustion pressure, and at the
muffler entry, it deviates slightly during the second half of the cycle.
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Figure 5.14: Normalized internal pres-
sure of the combustion chamber for the
simplified model with the crank replaced.

Figure 5.15: Normalized surface-
averaged pressure at the inlet to the muf-
fler for the simplified model with the
crank replaced.

The error of the performance parameters is presented as the APE with respect to
the reference model in Tab. 5.9. No significant change can be seen.

Table 5.9: APE for the performance parameters for the model with the crank
replaced.

Parameter APE [%]
λ 0.415
Delivery ratio 2.27
Trapping efficiency 0.910

The NMAE for the pressures and mass flows can be found in Tab. 5.10, where it
can be seen that the pressures match well with the expected result. However, the
mass flows deviate a bit more. They differ for the majority of the cycle when the
respective ports are open. This can be seen in Fig. 5.16 where the mass flow into
the combustion chamber is illustrated.

Table 5.10: The NMAE of results with a replaced crank.

Data NMAE [%]
Mass flow Af-port 6.09
Mass flow Ah-port 8.11
Mass flow into exhaust 2.62
Mass flow into CC 9.82
Muffler inlet pressure 3.51
Crankcase pressure 2.57
CC pressure 0.877

The peak of the mass flow is greater for the simplified model. The rest of the cycle
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still matches quite well, however.

Figure 5.16: Normalized mass flow into the combustion chamber for the simulation
with the crank replaced.

The mass conservation differs by 10.4% through the crankcase and 4.58% through
the combustion chamber, when compared to the reference. In both of the cases,
this model is more mass conservative. Removing and replacing the crank geometry
resulted in a time saving of 27.0%.

5.1.5 Replaced Connecting Rod and Crank

When two of the moving parts are made stationary, and only two overset meshes
are kept, these being the background and the piston, an error message is triggered
stating that cells are outside of a region. The interpolation of the acceptor and donor
cells does not work, and the simulation crashes. If the option to treat this error as
a warning is activated, the simulation continues to run anyway. This error is most
prominent around the time when the piston overset starts to move past the bottom
edge of the cylinder volume, but the simulation still manages to converge. Results
for a run with this option selected are presented for the geometry with one stationary
cylinder. Two different geometries with this option deactivated are also presented,
where a small extra overset mesh is utilized to get rid of the error message.

For the single-cylinder setup, with the option "treat error as warning" active, the
pressures inside the combustion chamber and at the muffler entry can be seen in
Fig. 5.17 and Fig. 5.18 respectively.
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Figure 5.17: Normalized internal pres-
sure of the combustion chamber for the
simplified model with the crank and con-
necting rod replaced, using the option
"treat error as warning".

Figure 5.18: Normalized surface-
averaged pressure at the inlet to the muf-
fler for the simplified model with the
crank and connecting rod replaced using
the option "treat error as warning".

The pressure in the combustion chamber matches the reference well, and the pressure
at the entry to the muffler is similar to the reference but with a slightly different
shape.

For the run with the same geometry with an extra overset mesh, the same graphs
are plotted in Fig. 5.19 and Fig. 5.20.

Figure 5.19: Normalized internal pres-
sure of the combustion chamber for the
simplified model with the crank and con-
necting rod removed and replaced with
a single cylinder, with an extra overset
mesh.

Figure 5.20: Normalized surface-
averaged pressure at the inlet to the muf-
fler for the simplified model with the
crank and connecting rod removed and
replaced with a single cylinder, with an
extra overset mesh.

There is no noticeable difference between the graphs with or without the extra
overset mesh. This indicates that the error in the simulation that is not utilizing an
extra overset does not have any noticeable impact on the results.
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The same data for the other geometry, more similar to the original crank with the
overset mesh kept, is shown in Fig. 5.21 and Fig. 5.22.

Figure 5.21: Normalized internal pres-
sure of the combustion chamber for the
simplified model with a stationary crank
from the setup without the connecting
rod.

Figure 5.22: Normalized surface-
averaged pressure at the inlet to the muf-
fler for the simplified model with a sta-
tionary crank from the setup without the
connecting rod.

There is a slight difference between the geometries. The overall trends are the same,
with the error being a little bit bigger when using the crank from the setup with
only the connecting rod replaced. This is clear in Fig. 5.21 where the top pressure
is higher for the geometry with the more standard crank geometry than for the ones
with a single cylinder. The NMAE for the different setups are presented in Tab.
5.11.

Table 5.11: NMAE for the different cases with the connecting rod and crank
replaced.

Data

NMAE [%]

Single cylinder
Extra overset

Single cylinder Crank from
replaced rod

Mass flow Af-port 6.74 6.81 6.96
Mass flow Ah-port 10.4 10.5 9.20
Mass flow into exhaust 2.32 2.32 3.19
Mass flow into CC 12.0 12.1 9.85
Muffler inlet pressure 3.40 3.40 4.07
Crankcase pressure 3.14 3.35 3.76
CC pressure 0.614 0.625 1.45

Comparing the two simulations with a single cylinder, there is a minimal difference
in the errors. The small difference is most likely coming from numerical discrepancies
and from the fact that there will always be slight differences between revolutions in
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the transient simulations. There is a noticeable difference between the two different
geometries when looking at the errors. The pressures can be seen to differ more
from the reference, but the mass flows are more accurate overall.

The performance parameters are presented in Tab. 5.12. The λ value differs between
the three setups, but the two single-cylinder geometries still give similar results. The
more accurate shape of the crank gives a noticeably lower error for λ but is further
from the reference for the delivery ratio.

Table 5.12: APE for the performance parameters with the connecting rod and
crank replaced.

Parameter

APE [%]

Single cylinder
Extra overset

Single cylinder Crank from
replaced rod

λ 1.90 2.22 0.458
Delivery ratio 2.07 1.95 2.81
Trapping efficiency 0.909 0.879 0.803

The mass conservation errors for the different setups are presented in Tab. 5.13.
There is a major difference between the setups, where the case with no overset
and the small overset is more conservative than the one with the overset over the
entire new part replacing the crank and connecting rod. It should be noted that a
negative value for the mass conservation difference indicates that it is better than
the reference, and a positive value that it is worse.

Table 5.13: Mass conservation error compared to the reference with the connecting
rod and crank replaced.

Difference in mass
conservation Single cylinder

Extra overset

Single cylinder Crank from
replaced rod

Crankcase [%] -93.2 -93.1 +18.8
CC [%] +11.0 +3.40 -9.19

Replacing both the connecting rod and the crank with a single stationary cylinder,
the time saved is 38.7%. When adding a small extra overset, the time saved is
reduced to 34.9%. By using the geometry closer to the original crank, with the
larger overset mesh, the time saving was 21.2%.

5.2 Mesh Modifications
The results for the coarsened meshes are presented in this chapter. Results have
been divided into different categories. One section presents a coarsening of the mesh
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for the inlet and outlet, one for the entire engine, and one section for modified prism
layers. The results for combined meshes with different base sizes are also presented.

5.2.1 Inlet and Outlet
An increased base size of the mesh inside the inlet and outlet gave a good agreement
with the reference for all the versions. The pressures can be seen for the 300% base
size case in Fig. 5.23 and Fig. 5.24.

Figure 5.23: Normalized internal pres-
sure of the combustion chamber for the
simplified model with the 300% coars-
ened inlet and outlet.

Figure 5.24: Normalized surface-
averaged pressure at the inlet to the muf-
fler for the simplified model with with the
300% coarsened inlet and outlet.

The number of elements where y+ is between 5 and 30 is presented in Fig. 5.25 and
where CFL is above 5 in Fig. 5.26, these are also for the 300% mesh. Both of the
them are slightly lower than in the reference case.

Figure 5.25: The number of elements
where y+ is between 5 and 30 presented
with respect to CAD.

Figure 5.26: The number of elements
where CFL is above 5 presented with re-
spect to CAD.

The NMAE for the results can be found in Tab. 5.14. The results for each base
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size of the mesh in the inlet and outlet are presented in the same table for an easy
comparison. In general, the coarser the mesh is, the larger the error becomes.

Table 5.14: The NMAE of the pressures and mass flows with changed base sizes
for the inlet and outlet.

Data
NMAE [%]

With base size:
200% 250% 300%

Mass flow Af-port 1.25 2.11 2.61
Mass flow Ah-port 2.03 3.92 4.16
Mass flow into exhaust 0.563 1.17 1.45
Mass flow into CC 0.583 1.27 1.61
Muffler inlet pressure 3.84 4.86 3.13
Crankcase pressure 1.51 3.79 4.23
CC pressure 0.330 0.694 0.676

The APE for the performance parameters are presented for all the mesh sizes in
Tab. 5.15. All setups give an overall low error.

Table 5.15: APE for the performance parameters for the different base sizes on
the mesh in the inlet and outlet.

Parameter
APE [%]

With base size:
200% 250% 300%

λ 0.348 0.532 0.282
Delivery ratio 0.469 1.18 1.49
Trapping efficiency 0.124 0.390 0.515

In Tab. 5.16, the timesavings for the coarse inlets and outlets, as well as the mass
conservation in comparison to the reference can be seen. The timesavings do not
differ significantly but the mass conservation improves slightly for the coarser mesh.

Table 5.16: Timesavings and mass conservation for different mesh sizes in the inlet
and outlet.

Mesh size of inlet and outlet 200% 250% 300%
Timesavings [%] 14.7 15.5 16.8
Difference crankcase [%] 3.66 -0.0200 -4.67
Difference CC [%] -4.45 0.474 -2.58

5.2.1.1 Prism Layers in 300% Base Size for Inlet and Outlet

The model with 300% of the base size in the inlet and outlet is modified with fewer
prism layers in the exhaust and crankcase. In Tab. 5.17, the results with different
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changes of the prism layers are presented. Some of the values are better with fewer
prism layers, such as the mass flows through the Ah- and Af-ports, but the internal
pressure of the crankcase is significantly worse. The pressure inside the combustion
chamber is close to the reference for the setup with one less prism layer, and is still
good with two prism layers removed in the combustion chamber.

Table 5.17: The NMAE of the results with changed prism layers.

Data

NMAE [%]
Nr of prism layers removed

1 2 in CC
1 in Crc & exhaust

Mass flow Af-port 2.26 4.24
Mass flow Ah-port 3.40 6.15
Mass flow into exhaust 1.99 1.29
Mass flow into CC 2.47 1.68
Muffler inlet pressure 3.22 3.22
Crankcase pressure 7.62 6.31
CC pressure 0.29 1.08

The errors for the performance parameters show that the values are close to the
reference as can be seen in Tab. 5.18, but removing one prism layer did increase the
error compared to the original 300% base mesh.

Table 5.18: APE for the performance parameters for the different prism layers.

Parameter

APE [%]
Nr of prism layers removed

1 2 in CC
1 in Crc & exhaust

λ 1.04 2.25
Delivery ratio 2.30 1.01
Trapping efficiency 0.514 0.718

The mass conservation through the crankcase is 73.1% better than the reference, and
the combustion chamber is 44.2% better than the reference with one less prism layer.
The timesaving becomes 20.7% compared to the reference. Removing an additional
prism layer in the combustion chamber only saves an additional 0.1 percentage
points, for a total timesaving of 20.8%.

5.2.2 Entire Engine
When the base size of the mesh is increased in the entire engine, the number of
elements in undesirable y+ and CFL ranges decreases noticeably. The number of
elements where y+ is between 5 and 30 is presented in Fig. 5.27 and where the CFL
number is above 5 in Fig. 5.28.
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Figure 5.27: The number of elements
where y+ is between 5 and 30 presented
with respect to CAD, with an increased
base size in the entire engine.

Figure 5.28: The number of elements
where CFL is above 5 presented with re-
spect to CAD, with an increased base size
in the entire engine.

The errors are presented in Tab. 5.19 for the case with a base size of 150% com-
pared to the original mesh and for the case with 200% of the original, but with the
combustion chamber kept at the original mesh size. This is due to the poor per-
formance inside the combustion chamber when using the 150% mesh everywhere.
Especially the pressure in the combustion chamber correlates better when reverting
to the original size. All of the errors increases when increasing the mesh size, the
difference is biggest for pressure at the inlet to the muffler, with a deviation from
the reference of 7.70%.

Table 5.19: NMAE for the performance parameters for the different base sizes.

Data

NMAE [%]
With base size:

150% 200%
original CC

Mass flow Af-port 1.41 1.96
Mass flow Ah-port 2.27 3.39
Mass flow into exhaust 1.98 2.68
Mass flow into CC 3.10 3.97
Muffler inlet pressure 5.12 7.70
Crankcase pressure 5.92 6.05
CC pressure 1.81 0.440

The error for the performance parameters are presented in Tab. 5.20. It can be seen
that the coarser mesh gives a higher error for λ and the trapping efficiency whereas
the delivery ratio is similar.
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Table 5.20: APE for the performance parameters for the different base sizes.

Parameter

APE [%]
With base size:

150% 200%
original CC

λ 1.88 3.46
Delivery ratio 2.31 2.80
Trapping efficiency 0.0106 1.31

The simulation with 150% of the original base size give a 40.4% timesaving and the
one with 200% of the original base size, a 50.3% timesaving. The mass conservation
through the crankcase is 87.6% better for the 150%, and 86.3% better for the 200%.
Through the combustion chamber, the mass conservation is 79.5% better for the
150%, and 70.8% better for the 200%.

5.2.3 Combined Mesh Changes
Here are the results from meshes that have one base size for the inlet and outlet
systems and another base size for the core of the engine, excluding the combustion
chamber which is kept at the original mesh size. When referencing the different
setups, the first base size percentage represents the base size in the core of the
engine and the second percentage the base size in the inlet and outlet, in relation
to the original size.

For two of the setups, the number of elements where y+ is between 5 and 30 is
presented in Fig. 5.29 and where CFL is above 5 in Fig. 5.30. It can be seen that
both the y+ values and the CFL numbers are better with the new mesh sizes.

Figure 5.29: The number of elements
where y+ is between 5 and 30 presented
with respect to CAD for the mesh using
120, 300% and 150, 250%.

Figure 5.30: The number of elements
where CFL is above 5 presented with re-
spect to CAD for the mesh using 120%
and 300% and 150, 250%.

The pressure at the muffler entry is presented in Fig. 5.31–5.32 for the 120, 300%
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mesh and the 150, 250% mesh. There is a clear difference between the two, where
the simulation with a coarser core mesh deviates more from the reference pressure.

Figure 5.31: Pressure at the muffler en-
try for the 120, 300% mesh.

Figure 5.32: Pressure at the muffler en-
try for the 150, 250% mesh.

The mass flow into the combustion chamber also differs between the 120, 300% and
the 150, 250% mesh as can be seen in Fig. 5.33 and Fig. 5.34. The shape is the same
but the error is prominent for the coarser core mesh.

Figure 5.33: Mass flow into the com-
bustion chamber for the 150, 250% mesh.

Figure 5.34: Mass flow into the com-
bustion chamber for the 200, 250% mesh.

The NMAE for the pressures and mass flows can be found in Tab. 5.21. From the
numbers, it can be seen that the mesh size in the core of the engine has the biggest
impact on the accuracy of the results.
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Table 5.21: The NMAE of results with different base sizes for the inlet/outlet, and
the rest of the engine.

Data
NMAE [%]

With base size:
120% & 300% 150% & 250% 200% & 250%

Mass flow Af-port 2.38 2.28 2.62
Mass flow Ah-port 3.62 3.98 4.83
Mass flow into exhaust 2.37 2.72 3.39
Mass flow into CC 2.92 3.46 4.78
Muffler inlet pressure 3.91 7.29 8.51
Crankcase pressure 7.96 8.00 7.33
CC pressure 0.532 0.524 0.64

The APE for the performance parameters are presented for all the mesh sizes in
Tab. 5.22. The accuracy of λ and the DR is clearly decreasing as the mesh is
coarsened with the highest error being 3.70% for the DR.

Table 5.22: APE for the performance parameters with different base sizes for the
inlet/outlet, and the rest of the engine.

Parameter
APE [%]

With base size:
120% & 300% 150% & 250% 200% & 250%

λ 1.64 2.47 3.44
Delivery ratio 2.41 2.61 3.70
Trapping efficiency 1.03 0.917 1.60

The timesavings and the mass conservation comparison for the different setups can
be found in Tab. 5.23. A coarser mesh, yields a faster simulation time, although at
the cost of accuracy. But the mass conservation is good in all of the versions.

Table 5.23: Timesavings for different mesh sizes.

Mesh sizes 120% & 300% 150% & 250% 200% & 250%
Timesavings [%] 38.7 42.8 52.2
Difference crankcase [%] -70.1 -76.2 -73.9
Difference CC [%] -24.2 -39.6 -80.6

5.3 Modifications of the Physical Setup
The results of the different modifications related to the physics of the simulation is
presented in two sections, with the first being the time discretization and the second
the single gas formulation.
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5.3.1 Adaptive Time Step
When using two different cutoffs for the time step provider, 0.5% and 1%, both
simulations give good results. The 0.5% cutoff gives slightly more accurate results
but takes a bit longer to run since it takes shorter time steps on average, see App. A
for graphs. Since the 1% still gives acceptable results, this is the cutoff percentage
that is used for all adaptive time step models.

Using the maximum time step of 0.5 CAD, the pressures agree well compared with
the original model, as can be seen in Fig. 5.35–5.36.

Figure 5.35: Normalized internal pres-
sure of the combustion chamber for the
model using a maximum adaptive time
step of 0.5 CAD.

Figure 5.36: Normalized surface-
averaged pressure at the inlet to the muf-
fler using a maximum adaptive time step
of 0.5 CAD.

For all different maximum time steps, the NMAE for the results are presented in
Tab. 5.24. The overall trend for the majority of data, is that a longer time step
results in slightly larger errors. The pressure at the inlet to the muffler is the one
with the largest error when the time step is increased.

Table 5.24: The NMAE of the data when different maximum time steps are used.

Data
NMAE [%]

Maximum step size [CAD]:
0.4 0.5 0.6 0.75

Mass flow Af-port 1.69 2.19 3.12 3.84
Mass flow Ah-port 2.16 2.88 3.82 4.47
Mass flow exhaust-port 1.05 1.28 1.38 1.42
Mass flow into CC 2.07 2.83 2.99 3.02
Muffler inlet pressure 2.30 3.57 4.85 6.39
Crankcase pressure 0.83 1.06 1.01 1.00
CC pressure 0.44 0.382 0.500 0.528

The APE for the performance parameters can be found in Tab. 5.25, they all have
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an error below one percent for all of the maximum time step sizes.

Table 5.25: APE for the performance parameters with different maximum time
steps.

Parameter
APE [%]

Maximum step size [CAD]:
0.4 0.5 0.6 0.75

λ 0.219 0.245 0.209 0.0653
Delivery ratio 0.0558 0.112 0.112 0.156
Trapping efficiency 0.139 0.158 0.184 0.174

The timesavings for the different setups are summarized in Tab. 5.26, together with
the difference in mass conservation. It can be seen that the amount of time saved
starts to flatten out with the timestep increase. It should also be noted that the
mass conservation error through the crankcase increases significantly with larger
time steps, although the absolute error is, however, still within an acceptable range.

Table 5.26: Timesavings for different maximum time step sizes.

Maximum step size [CAD] 0.4 0.5 0.6 0.75
Timesavings [%] 37.5 47.7 53.4 59.0
Difference crankcase [%] +9.01 +15.5 +19.6 +25.3
Difference CC [%] –6.77 –7.327 –5.99 –5.79

In Fig. 5.37, the time step size taken by the simulation with a maximum step size
of 0.6 CAD can be seen over one cycle.

Figure 5.37: Time step size for one cycle with a maximum step size of 0.6 CAD.
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The time step can be seen to shorten as the scavenging port opens. Shorter time
step valleys can also be seen just after 100 CAD, around 250 CAD, and leading up
to 360 CAD. These are due to user input where it was desirable for the simulation
to hit a few exact timestamps to simplify some of the report definitions.

5.3.2 Single Component Gas Setup

The simulation setup for the single component gas, with passive scalars to track the
flow was not able to be properly setup in the allotted time. The main issue is that
the temperature, and therefore the pressure, never reaches the correct values in the
combustion chamber which can be seen in Fig. 5.38. Due to this, the results will be
incorrect. Some of the reports have not yet been properly defined for the new fluid
setup such as the trapping efficiency and λ, meaning that there is no way of knowing
how these are affected by the changes. This does not mean that the work was done
in vein, as the simulation can still give an indication of the potential timesaving,
given proper time to get everything working as intended.

Figure 5.38: Pressure in the combustion chamber for the simulation with a single
gas formulation.

The shape of the mass flow at the exhaust looks promising as can be seen in Fig.
5.39, but the magnitude is off compared to the reference.

47



5. Results

Figure 5.39: Mass flow through the exhaust for the simulation with a single gas
formulation.

The NMAE for the pressures and mass flows can be found in Tab. 5.27. All of
the data deviates significantly from the reference values, giving an overall poor
agreement.

Table 5.27: The NMAE of the results from the simulation with the single gas
formulation.

Data NMAE [%]
Mass flow Af-port 7.13
Mass flow Ah-port 20.5
Mass flow into exhaust 10.1
Mass flow into CC 31.6
Muffler inlet pressure 14.0
Crankcase pressure 25.1
CC pressure 11.0

The APE of λ, DR and TE are presented in Tab. 5.28 where the APE is stated with
respect to the reference. Only the DR is properly defined at the moment with one
passive scalar, which is the reason the other are left empty.

Table 5.28: The error of the performance parameters with a single gas formulation.

Parameter APE [%]
λ -
Delivery ratio 12.0
Trapping efficiency -
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The current setup gives at a timesaving of 38.1%. The mass conservation error is
15.5% better through the crankcase compared to the reference, and 33.9% better
through the combustion chamber.

5.4 Result Summary

The mean errors for the pressure and the mean error for the mass flows are presented
for each of the modifications in Tab. 5.29. The models with mean errors above 5%
are not used for the combined models.

Table 5.29: A summary of the results from all of the modifications.

Simulation setup Average error [%] Timesavings [%]Pressure Mass flow
Atmospheric pressure outlet 45.2 16.7 14.5
Volume avg pressure outlet 6.03 1.67 12.4
Muffler entry pressure outlet 38.2 14.0 14.8
Muffler exit pressure outlet 22.1 8.39 13.4
Removed inlet system 3.22 11.3 9.66
Replaced connecting rod 1.21 3.46 21.1
Replaced crank 2.32 6.66 27.0
Stationary crank, added cylinder 3.10 7.30 21.2
Stationary cylinder only, extra overset 2.46 7.93 34.9
Stationary cylinder only 2.39 7.88 38.7
200% inlet and outlet mesh 1.89 1.11 14.7
250% inlet and outlet mesh 2.12 3.11 15.5
300% inlet and outlet mesh 2.68 2.46 16.8

1 less prism layer 3.71 2.53 20.7
1 less prism in core, 2 less in CC 3.53 3.34 20.8

150% base size 4.28 2.19 40.4
200% base size 4.73 3.00 50.3
120% core and 300% in and out 4.14 2.82 38.7
150% core and 250% in and out 5.27 3.11 42.8
200% core and 250% in and out 5.49 3.91 52.2
Adaptive time step 0.4 CAD 1.19 1.74 37.5
Adaptive time step 0.5 CAD 1.67 2.29 47.7
Adaptive time step 0.6 CAD 2.12 2.83 53.4
Adaptive time step 0.75 CAD 2.64 3.19 59.0
Single component gas 16.7 17.3 38.1

The versions corresponding better with the reference are presented in Tab. 5.30,
where the mean errors have been weighted by their respective timesavings for one
revolution.
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Table 5.30: A summary of the errors from all of the modifications within the
acceptable error margin, weighted by their respective timesavings.

Simulation setup %Error per %time saved [-]
Pressure Mass flow

Replaced connecting rod 0.0573 0.164
200% inlet and outlet mesh 0.129 0.0754
250% inlet and outlet mesh 0.137 0.201
300% inlet and outlet mesh 0.159 0.146

1 less prism layer 0.179 0.122
1 less prism layer in core, 2 less in CC 0.170 0.160

150% mesh size increase 0.106 0.0542
200% base size 0.0941 0.0596
120% core mesh and 300% in and out 0.107 0.0728
Adaptive time step 0.4 CAD 0.0318 0.0464
Adaptive time step 0.5 CAD 0.0351 0.0481
Adaptive time step 0.6 CAD 0.0397 0.0530
Adaptive time step 0.75 CAD 0.0447 0.0540

5.5 Combinations
The combined models are made from the simulations with the replaced connected
rod, the mesh with 120 % base size inside the crankcase and exhaust and 300%
in the inlet and outlet, with the combustion chamber at original size, and utilizing
adaptive time stepping.

The results for all the combined setups are presented in Tab. 5.31.

Table 5.31: The NMAE of the results for the combined setups.

Data

NMAE [%]

No rod
120,300%

Adaptive 0.4
120,300%

Adaptive 0.5
No rod

Adaptive 0.6
No nod

120,300%
Mass flow Af-port 3.90 2.77 4.53 4.34
Mass flow Ah-port 6.38 3.63 7.02 6.33
Mass flow into exhaust 1.46 2.00 1.42 1.71
Mass flow into CC 3.12 3.59 4.33 4.18
Muffler inlet pressure 3.48 4.46 3.47 5.11
Crankcase pressure 7.46 7.50 2.27 6.60
CC pressure 0.176 0.507 0.865 0.480

For the model without the connecting rod and the modified mesh, most of the errors
are below 5%. Only the errors for the mass flow into the Ah-port and the crankcase
pressure are above. For the combination with a maximum time step of 0.4 CAD
and the mesh, the crankcase pressure is above 5%. For the combination of the
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adaptive time step and no connecting rod, only the mass flow through the Ah-port
was above 5% and the mass flow into the exhaust was better than in any of the other
combinations. For the model with all of the different simplification types combined,
the results show no significant difference compared to the results from the separate
combinations, they are even better in some cases. The performance parameters are
presented in Tab. 5.32 where all of the models give relatively small errors.

Table 5.32: Performance parameters for the combined models.

Parameter

APE [%]

No rod
120,300%

Adaptive 0.4
120,300%

Adaptive 0.5
No rod

Adaptive 0.6
No rod

120,300%
λ 0.545 1.19 0.624 1.19
Delivery ratio 1.05 2.26 0.667 1.31
Trapping efficiency 0.541 1.14 0.0187 0.873

For the final combination with a replaced connecting rod, a coarser mesh, and an
adaptive time step with a maximum of 0.6 CAD, the mass conservation error is
6.62% better for the crankcase and 16.8% better for the combustion chamber. This
setup gives a timesaving of 68.3%.

5.6 Final Setup
The final setup is the combination of the adaptive time step with a maximum time
step of 0.6 CAD, the connecting rod replaced and the 120, 300% mesh. This results
in a computational time that is 68.3% shorter than the reference, where the average
error is 4.14% for the mass flows and 4.06% for the pressures. The internal pressure
in the combustion chamber can be seen in Fig. 5.40 and the crankcase pressure in
Fig. 5.41.

Figure 5.40: Normalized internal pres-
sure of the combustion chamber for the
final setup.

Figure 5.41: Normalized internal pres-
sure inside the crankcase for the final
setup.
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The data that has the highest error is the pressure inside the crankcase, which can be
seen to correspond quite well with the reference, the difference being the maximum
pressure which is slightly higher.

The mass flows into the combustion chamber and into the exhaust are close to the
reference as can be seen in Fig. 5.42 and Fig. 5.43. The three remaining graphs can
be found in App. B.

Figure 5.42: Normalized mass flow into
the combustion chamber for the final
setup.

Figure 5.43: Normalized mass flow into
the exhaust for the final setup.
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The aim of the thesis was to develop a simplified model of a two-stroke engine
to decrease the computational time. This was done by investigating three main
categories of simplifications, these being the geometry, the mesh and the physics
setup of the model. The goal was to reduce the time for one cycle by 50% without
compromising the accuracy of the results too much which the final setup achieved.

The models where the inlet and outlet are removed are dependent on data for the
properties of the flow at the inlet and outlet, which means that there is a need for an
equivalent converged solution before these simulation setups can be utilized properly.
This makes these changes valid only when working with designs that already have
data from previous simulations. They would not work as well for changes in the
design since the boundary conditions would have to be altered for the simulation
to produce correct results. The removed outlet could be used for extracting data
when the simulation has already converged, but since the setup without the inlet
never converged for the λ value, this should not be used. This could be due to
the boundary condition being set too close to the volume of interest and giving
numerical errors.

The version where the connecting rod has been replaced is more useful for design
iterations since it has been shown that the model behaves in more or less the same
way if it is removed. The movement of the crank, on the other hand, seems to be
more important for the flow since the results become inaccurate when it is made
stationary. Therefore, it is preferred to keep the crank as a moving part, since
the movement drives the flow to some extent. However, removing the connecting
rod might not be preferable if changes are made to the bottom of the piston or to
the crank since they are connected and could influence each other. Furthermore,
removing the connecting rod might not be preferable if changes are made to the angle
or the geometry of the Af-inlet, since the incoming gas will hit the rod differently
as it enters the crankcase.

From the mesh simulations, the conclusion is that the mesh inside the crankcase
could not be coarsened much, since this increased the errors significantly. If the
geometry of the crankcase is to be changed, a coarsened mesh could produce accurate
results, but it might be preferable to revert back to the original mesh configuration
to fully assess the impact of the new geometries. The prism layers also had a
noticeable impact on the accuracy when removed from the crankcase, but not inside
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the combustion chamber, where at least two layers could be removed. These are not
removed in any of the suggested final models however, since removing them did not
have much of an impact on the simulation time.

The adaptive time step did not have a major impact on the accuracy of the results,
but saved a significant amount of time. This modification in the setup could be used
for most design modifications, since the time step will be automatically adjusted if
the velocities of the flow are affected. For higher limits than 0.75 CAD, the mass
conservation error could become a problem since it can be seen to increase as the
limit on the timestep increases. The mass conservation when using the adaptive
timestep is computed by integrating the mass flows in Python instead of doing it
in Star-CCM+ directly as the other setups. This computation is affected by the
difference in step size over the cycle, which gives different resolutions of the flow
rates. The flow into the combustion chamber has a higher resolution than the mass
flows through the Af- and Ah-ports, due to the ports being open during different
parts of the cycle, which affects the values of the integrals. If the overset meshes are
removed and another method is used to handle the moving parts instead, the need
to monitor the mass conservation disappears.

All simulations, including the ones for the time data, were run on 256 cores that
are part of a big cluster. This makes it difficult to ensure the same nodes are used
for each simulation. Due to this, the simulation time could be affected slightly
depending on which nodes that are used.

The simulation with a single gas formulation looks promising in regard to timesav-
ings. There are still some small issues that need to be resolved before a definitive
conclusion about the accuracy of the model can be drawn, since the temperatures
and pressures inside the combustion chamber are far from the reference values at
the moment. The next step of improving the simulation could be to look into the
specific heat and the density of the gas and connect them to the passive scalar. At
the moment, the density differs compared to the reference, since the gas composition
varies as the combustion process progresses. Since the density changes depending
on the gas composition, and is present in the calculations leading to the HRR, this
will influence the temperature in the combustion chamber. The specific heat is also
dependent on the gas composition, and the polynomial used might not be represen-
tative. One possible solution to this could be to use two passive scalars to track
the fluid inside the engine, one for the incoming fluid and one for the residual gases
from the combustion. Then the properties could be set separately for the fresh fuel
mixture and for the residual gases. Since this change does not directly connect to
the other modifications, the timesaving it provides could be scalable into a combined
model and therefore save about 38% on the model it is applied to. This makes it
relevant for future development. This setup would also be useful for all kinds of
design changes since the level of information is not impaired when the pressures and
total mass flows are of interest.

The final setup is the combination of the replaced rod, the mesh with a size of 120%
of the original in the core of the engine, excluding the combustion chamber, and
300% of the original in the inlet and outlet. It also utilizes an adaptive time step
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with a maximum time step of 0.6 CAD. In total, it takes 68.3% less time to run
than the original model while still maintaining good results.
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7
Declaration of AI Usage

During the duration of this thesis, AI in the form of Copilot has mostly been used
to help troubleshoot the simulation software. It has also been used to find useful
functionalities in the LATEX editor and Python functions well-suited for our needs.
Finally, Grammarly and the grammatical assistant integrated in Overleaf have been
used to catch grammatical errors in the report.
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A
Pressure and Mass Flow Plots

With a Lower Cutoff

Figure A.1: Internal pressure inside
the combustion chamber for the adaptive
timestep with a maximum of 0.5 CAD
and a cutoff of 0.5%.

Figure A.2: Surface-averaged pressure
at the inlet of the muffler for the adaptive
timestep with a maximum of 0.5 CAD
and a cutoff of 0.5%.

Figure A.3: Mass flow through the Af-
port for the adaptive timestep with a
maximum of 0.5 CAD and a cutoff of
0.5%.

Figure A.4: Mass flow into the combus-
tion chamber for the adaptive timestep
with a maximum of 0.5 CAD and a cut-
off of 0.5%.
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A. Pressure and Mass Flow Plots With a Lower Cutoff
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B
Extra Plots From the Final Setup

Figure B.1: Scaled mass flow through
the Af-port for the final setup.

Figure B.2: Scaled mass flow through
the Ah-port for the final setup.

Figure B.3: Scaled pressure at the muffler inlet for the final setup.
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