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Modeling and Evaluation of the Olshammar Engine.

A simulation based approach of a five-stroke turbocharged engine using Siemens Amesim.
Fredrik Aberg

Wilhelm Hansson

Division of Energy Conversion and Propulsion Systems

Chalmers University of Technology

Abstract

Internal combustion engines (ICEs) have been used since the 19th century and remain
relevant as of 2025, although the field faces major challenges. The future of ICEs will
heavily rely on new inventions and technological advancements. This thesis addresses
one such invention: the Olshammar engine, a five-stroke engine concept featuring a low-
pressure exhaust cylinder. The purpose of this study is to examine how the Olshammar
engine performs in comparison to a conventional four-stroke engine. There are several
software tools available for modeling and simulating ICEs, and in this study, Siemens
Amesim was used. Initially, a two-cylinder petrol baseline engine was modeled and op-
timized, providing the reference for modeling the Olshammar engine. The results show
that the Olshammar engine reduces brake-specific fuel consumption (BSFC) across the
operating range of 2000-5000 rpm, with the largest improvement at 3000 rpm, where
BSFC is reduced by approximately 4 %. This corresponds to a fuel conversion efficiency
of Ny = 35.2% compared to 1y = 33.7% for the baseline engine. Furthermore, the simu-
lations indicate that the improvement in BSFC can be attributed to the power contribution
from the exhaust cylinder, resulting from the recovery of expansion work. Additional
assessment of key parameters contributing to performance improvements suggests that
tuning the exhaust cylinder offset relative to the combustion cylinders, as well as adjust-
ing the bore-to-stroke ratio, can further enhance overall performance. Siemens Amesim
proved to be a well-suited tool for ICE modeling, to the extent that it could replace GT-
Power in the ICE course at Chalmers in the future. Finally, the findings of this study
demonstrate how the design and optimization of the Olshammar engine contribute to im-
proved fuel efficiency compared to conventional four-stroke designs.

Keywords: Olshammar engine, Internal combustion engine, Five-stroke engine, Ilmor en-
gine, Turbocharged engine, Low pressure cylinder, Exhaust cylinder, Siemens Amesim.



Modellering och utvérdering av Olshammar-motorn.

Ett simuleringsbaserat tillvigagangssitt for en femtakts, turboladdad motor med anvénd-
ning av Siemens Amesim.

Fredrik Aberg

Wilhelm Hansson

Avdelningen for energiomvandling och framdrivningssystem

Chalmers University of Technology

Abstract

Forbranningsmotorer har varit i bruk sedan 1800-talet och &r fortfarande relevanta i dag,
dven om de moter ett 6kande motstand i samhéillet. Hur framtiden for forbrinningsmo-
torer utvecklas beror i stor utstrickning pa framvixten av ny teknik och nya innovativa
l6sningar. Detta examensarbete behandlar en sadan innovation: Olshammar-motorn,
en femtaktsmotor med en lagtryckscylinder. Syftet med arbetet dr att undersoka hur
Olshammar-motorn presterar i jimforelse med en konventionell fyrtaktsmotor. Fér mod-
ellering och simulering av motorerna har programvaran Siemens Amesim anvénts. Inled-
ningsvis skapades en referensmotor, en tvacylindrig bensinmotor, som optimerades och
anvindes som jdmforelsebas mot Olshammar-motorn. Resultaten visar att Olshammar-
motorn reducerar den bromsspecifika brinsleférbrukningen (BSFC) inom driftomradet
2000-5000 rpm, med den storsta forbéttringen vid 3000 rpm, dir BSFC minskar med
cirka 4 %. Detta motsvarar en brinsleomvandlingseffektivitet pd 1y = 35,2% jamfort
med 17 = 33,7% for basmotorn. Simuleringarna pavisar vidare att forbéttringen i BSFC
kan kopplas till den extra effekt som utvinns ur avgascylindern som ett resultat av det
extra expansionsarbetet. En ytterligare analys av de faktorer som bidrar mest till pre-
standaforbittring visar att finjustering av avgascylinderns forskjutning i férhallande till
forbrianningscylindrarna samt variation av borr- och slagférhallandet kan ge ytterligare
optimeringspotential. Studien visar dven att Siemens Amesim &r vél lampat for model-
lering av forbranningsmotorer, i sadan grad att det kan ersitta GT-Power i framtida un-
dervisning inom ICE-kursen pa Chalmers. Resultaten understryker slutligen hur designen
och optimeringen av Olshammar-motorn bidrar till forbéttrad brinsleeffektivitet jamfort
med konventionella fyrtaktsmotorer.

Nyckelord: Olshammar-motorn, forbrinningsmotor, femtaktsmotor, Ilmor-motor, turbo-
laddad motor, lagtryckscylinder, avgascylinder, Siemens Amesim.
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in alpha-
betical order:

ATDC After Top Dead center

BDC Bottom Dead Center

BSFC Brake Specific Fuel Consumption [g/kWh]
BTDC Before Top Dead center

CAD Crank Angle Degree [°CA]

CAO05 CAD where 5 % of the fuel is burned
CA50 CAD where 50 % of the fuel is burned
CA90 CAD where 90 % of the fuel is burned
EVO Exhaust Valve Open

EVC Exhaust Valve Close

HP High Pressure

ICE Internal Combustion Engine

IMEP Indicated Mean Effective Pressure [bar]
IVO Intake Valve Open

IvC Intake Valve Close

LP Low Pressure

SI Spark ignition

TDC Top Dead Center

1X



This page intentionally left blank.



Nomenclature

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

Variables
p Pressure [Pa or bar]
|% Volume [m3]
m Mass [kg]
m Mass flow rate [kg/s]
u Gas velocity [m/s]
P Gas density [kg/m3]
T Temperature [K]
h Enthalpy [J/kg]
E Total energy [J]
Wei Indicated work (cylinder i) [J]
Teng Engine torque [Nm]
N Engine speed [rpm]
P Power [W]
N¢p  Brake fuel conversion efficiency  [-]
W,  Turbine work rate (W]
0 Heat transfer [J]
Och Chemical energy of fuel J]
Oht Heat transfer to walls [J]
S Pipe cross—sectional area [m?]
D Pipe diameter [m]
X; Mass fraction of species i [-]
?] Crank angle [°CA]
xp(0) Burned mass fraction (Wiebe)  [-]
p Gas density [kg/m?]

X1



Parameters

R

OLuv
a,m

6o

AO
C,(;
Sy

Vo

I, p1,Y1

Gas constant

Lower heating value of fuel
Wiebe function parameters

Wiebe burn start angle

Burn duration

Woschni heat transfer coefficients
Combustion chamber wall area
Cylinder volume at reference state
State before combustion

Pipe friction factor

Convective heat transfer coefficient
Radiative heat transfer coefficient
Wall temperature

Compressor total pressure ratio
Speed of sound ratio

Compressor rotational speed
Time step size

Ratio of specific heats

Geometric parameters

Bore [mm]
S Stroke [mm]
CR Compression ratio (-]

L Connecting rod length [mm)]

Indices

i Cylinder index

Jj Species index (gas composition)

Xii

J/(kg-K)]
J/kg]
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1

Introduction

The objective of this chapter is to introduce the subject of the Olshammar engine. It
presents the background of the concept, the research questions, the involved stakeholders
and the project’s main limitations. Finally, the significance of the study is discussed,
followed by an outline of the report structure.

1.1 Background

Cars, motorcycles and many more transportation devices today have one thing in com-
mon, they are all typical users of a propulsion system that was invented in 1876, the four
stroke ICE developed by Nicolaus A.Otto [4].

Previous to the upcoming of the four stroke ICE that is common today, Nicolaus A.Otto
together with Eugen Langen introduced an atmospheric engine in 1867. That engine used
the increase of pressure during combustion of the fuel and air mixture in the outward
stroke to accelerate a piston. The momentum of the piston generated a vacuum in the
cylinder which, combined with the atmospheric pressure, pushed the piston inward [4].
Although this engine worked, it had an modest thermal efficiency of 11 %.

Otto’s introduction of the four-stroke ICE, consisting of a cycle with an intake stroke,
compression stroke, expansion/power stroke and lastly an exhaust stroke, showed promis-
ing results compared to the atmospheric engine [4]. Going forward to today, the develop-
ment of better performing and more efficient ICE:s is still relevant. From this background,
the objective of this study is to evaluate the Olshammar Engine concept, created by Mats
Olshammar, by performing model based simulations in Siemens Amesim. This work is
done in a collaboration with Chalmers University of Technology and Mats Olshammar at
Olshammar Nebula AB.

The concept of the ICE evaluated in this project is developed by Mats Olshammar. Since
2019, Olshammar has both a Swedish and Chinese patent on the engine[15]. The idea has
been developed by Olshammar and on his website [14] there are both descriptions and
results of the engine. There are also 15 Youtube videos where Olshammar explains the
concept in detail. With both patent and idea in place, Olshammar moved forward with the
concept by doing simulations in GT- Power.
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1.2 Purpose

The purpose of this thesis is divided into two parts, where the first is related to the Ol-
shammar engine, and the second to Chalmers. For the Olshammar part, the purpose is
to further analyze and evaluate the Olshammar engine, using a modeling and simulation
based approach in Siemens Amesim.

For the Chalmers part of the thesis, the aim is to explore the advantages and disadvan-
tages of Siemens Amesim in terms of ICE modeling. This is of interest for the division
of Energy Conversion and Propulsion systems, and more specific the course in Internal
Combustion Engines, held by Petter Dahlander. Chalmers is currently using GT-Power in
the ICE course, but since the program is rather expensive compared to Siemens Amesim,
it is of high interest to explore whether Siemens Amesim could be a valid replacement for
GT-Power in the future.

1.3 Research questions

* How does the Olshammar engine perform compared to a four-stroke engine of same
characteristics?

* How does the exhaust cylinder contribute in terms of overall performance and why?

* What is the reason for having a sideport, and what effect does it have on the engines
overall performance?

* What are the advantages and disadvantages of Siemens Amesim in terms of mod-
eling internal combustion engines?

* Should Chalmers consider the option of replacing GT-Power with Siemens Amesim
in the internal combustion engine course?

1.4 Stakeholders

The stakeholders of the thesis are the following:

* Mats Olshammar: Inventor of the patent for the Olshammar engine.

e Chalmers and Petter Dahlander: It is in Chalmers interest whether the program
Siemens Amesim can be implemented in the internal combustion course. Petter
Dahlander is the examiner.

* Future researchers in the subject: This study can be used as a reference for future
research in the field of five-stroke engines.

1.5 Limitations

* Program experience: The thesis workers experience in Siemens Amesim.

* Limited turbocharger data: Number of compressor and turbine maps in Siemens
Amesim were few.

* Model simplifications: In the study, only a two cylinder gasoline engine was con-
sidered.
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* Optimization: Number of parameters that could be optimized at one instance was
limited by computational power.

* Knock: The available knock model in Siemens Amesim is a simplified model and
only gives an indication of knock.

1.6 Significance of the study

The significance of the study is that the Olshammar concept, that in earlier studies have
shown positive results regarding increased efficiency compared to conventional four-
stroke ICEs, is further investigated and validated. This increased efficiency can have
both positive environmental and economical effects.

1.7 Outline

The outline below presents a summary of the structure and organization in the thesis, in-
cluding the main chapters and their contents.

Chapter 2 starts by exploring the field of five-stroke engines via a literature review and
then proceeds by describing the Olshammar engine concept in detail. The chapter is then
continued with a theoretical background that presents the fundamental parameters and
theory related to the topic.

Chapter 3 presents the methods used for modeling, optimizing and validation of the Base-
line and Olshammar engine. It begins by covering the basics of theory and modeling in
Siemens Amesim. The chapter continues with a detailed description of the engine mod-
eling and the optimization. Further, an analysis of the timestep and tolerance, as well as
knock is presented. Lastly, the models are validated against an existing engine.

Chapter 4 presents the results of the simulations. The chapter starts with a compari-
son of BSFC and fuel conversion efficiency. It proceeds by examining the contribution of
the sideport and the effect of different exhaust cylinder geometries, as well as the timing
in CAD of the exhaust cylinder related to the combustion cylinders. The chapter ends
by presenting the difference in flow properties for different sections of the Baseline and
Olshammar engine.

Chapter 5 begins by analyzing the results of Chapter 4, with respect to how the exhaust
cylinder contributes. It follows by discussing the complications that occurred when at-
tempting to model the Ilmor engine and then dives into the sensitivity analysis that high-
lights the connection between parameters and robustness of the models. The modeling
of ICEs in Siemens Amesim is further discussed, with reasoning of the advantages and
disadvantages compared to GT-Power. The chapter ends by addressing the results of this
study in comparison to previous work on the Olshammar engine.

The thesis is concluded in Chapter 6, that showcase the potential of the Olshammar engine
and how Siemens Amesim can be used for modeling ICEs in the ICE course at Chalmers.
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2

Literature Review and Theoretical
Background

This chapter provides the theoretical foundation for the study and is divided into two
main parts. The first part presents a literature review of modern engines and previous
work on five-stroke engine concepts, while the second introduces fundamental ICE theory.
Together, these sections establish the background knowledge required for the modeling
work described in Chapter 3.

2.1 Literature review

The concept of five-stroke engines is not new, several attempts have been made to develop
efficient engine configurations based on this principle. This section reviews some of the
most notable five-stroke concepts and their main characteristics. In addition, previous
work related to the Olshammar engine is presented.

2.1.1 State of the art technology and engines today

In recent years, the automotive industry has seen many different engine concepts that
show greater performance and efficiency than before, and the development of new tech-
nology progress fast. Heywood stated in 2018 that the best BSFC of a four-stroke tur-
bocharged gasoline engine at that time was 230 g/kWh [4], but in recent years, this value
continues to decrease, meaning even more efficient engines. A modern state of the art
engine is the Mercedes-AMG 2.0-liter M139 engine, a turbocharged four-cylinder engine
that produces 416 hp [22]. The engine has a two-stage fuel injection, as well as a spray
guided combustion process that helps to increase thermodynamic efficiency. In addition,
the compression ratio is 9 and the max boost pressure is 2.1 bar (absolute pressure 3.1
bar) for the S-model. There is no official data published related to brake specific fuel
consumption or overall efficiency of the engine.

2.1.2 Previous results of five-stroke engines

There has been many previous studies related to the topic of five-stroke engines with tur-
bochargers for the purpose of achieving increased power and efficiency. In 2003 the Bel-
gian engineer Gerhard Schmitz filed a patent of a five-stroke ICE that showed increased
power density compared to a regular ICE[3]. The engine consists of two HP combustion
cylinders and one LP exhaust cylinder, with larger swept volume than the HP combustion

5
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cylinders[8]. In this concept, instead of directly transferring exhaust gases into the atmo-
sphere, the exhaust gases are sent to the LP exhaust cylinder to achieve an extra expansion
stroke with high expansion ratio [17].

High power density of engines is usually desired to reduce weight and dimensions[3]. In-
crease of power density can be achieved by increasing the air-intake by using compressed
air. Schmitz stated that the advantages in terms of power for an controlled ignition engine
using gasoline resulted in an increase in energy output of 20% at full load and 25% at
partial load. For the case of a compression ignition engine using Diesel, the increase in
energy output was in the range of 14% to 25%.

Another study on a five-stroke engine with port fuel injection and spark ignition was
performed in 2014 [8]. One of the key aspects of this study was to look into how a
five-stroke engine could be used as a range extender, whereas it would mainly operate in
high efficiency operating points. The ICE in this study utilize a "smart wastegate" system
with variable valve timing to control the boost pressure of the turbocharger. The study
performed tests over a wide range of operating points, however, the results were mainly
presented for an engine speed of 4000 rpm and brake power of 32.8 kW. At this operating
point, the BSFC was 226.4 g/kWh, which corresponded to an efficiency of 36.1% for the
engine [8]. Compared to an engine with the same displacement using the Miller cycle,
the five-stroke ICE showed greater power density. It was mentioned that the knock factor
was one limitation of the performance, and that fuel with higher octane number could be
further investigated to overcome this limitation.

Downsized engines are highly relevant today, and in 2016, Li, T. et al., performed a study
to showcase whether a Miller cycle or a five stroke cycles was beneficial for downsized,
highly boosted SI engines [9]. Different configurations of the Miller cycle was studied,
such as EIVC140, LIVC60 for low load operation, and LIVCS80 for high load operation.
The first comparison of low load operation included a Miller cycle with EIVC140 and
one with LIVC60. In the studied case, the Miller engine’s fuel conversion efficiency was
better than the five stroke engine, but both the Miller and the five-stroke where in turn
better than the Otto cycle engine in terms of fuel conversion efficiency [9]. Li, T. et
al.(2016) relates this to lower pump losses compared to the original engine, 2.8% lower
for EIVC140 and 4.5% lower for LIVC60. The five-stroke engine however experienced
higher pumping losses compared to the original engine. For the high load operation case,
the five-stroke engine achieved a higher fuel conversion efficiency than both the Miller
cycle and original engine. This was by the authors claimed as a result of the five-strokes
"cooling effect of the inner expansion cylinder on elimination of fuel enriched operation”

[9].

Stuart, K. et al.(2017) conducted a thermodynamic analysis of the five-stroke engine in
2017 where the thermal efficiency and power output over a wide range of operating points
were analyzed [20]. Stuart, K. et al. states that there has been mixed results in previous
studies regarding the efficiency of a five-stroke engine. Where some results state an effi-
ciency of 36% and others 30%, and that few of these studies have included in- cylinder
heat transfer and mass losses due to blow-by. The Wiebe function is used for the heat
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release analysis, as well as a 0D engine model that includes heat transfer via the cylinder
walls and mass loss due to blow-by. The results of the study showed that the five-stroke
engine achieved an indicated efficiency of 32%, which was an increase of 6% compared
to the Otto cycle engine that also was used in the study. overall, the five-stroke engine
showed up to 10% increased efficiency over a wide range of operating parameters. In
terms of heat transfer analysis, Stuart, K. et al. conclude that the Sth stroke contribute
with a large heat loss of up to 41% of the entire cycle’s total loss.

There has also been several physical implementations of five-stroke ICEs, mainly based
on modified four-stroke engines. Such an engine was built at Cracow University of Tech-
nology by Noga.m [12]. The engine used in this study is a four-cylinder turbocharged SI
engine from Audi, with a power of 147 kW and a displacement volume of 1.984 dm*[12].
A series of test results of the original engine was performed to get reference results for
the five-stroke engine. The main re-design went into designing the cylinder head and
camshafts, as well as manifolds and the boost system. During testing, the modified five-
stroke IC engine showed decreased BSFC in middle range RPM, as well as increased
specific power for the entire speed range compared to the four-stroke ICE.

2.1.3 The Olshammar engine concept

The purpose of the Olshammar engine is to further improve turbocharged ICEs efficiency
and performance [15]. To get to the core of how this is achieved, one has to under-
stand that the exhaust gases generated from the combustion process in the combustion-
cylinders, contains a significant amount of energy that can be converted to work by the
turbocharger[15]. A turbochargers efficiency is highly dependent on the mass flow enter-
ing the turbine, whereas it is advantageous if low mass flow comes in pulses, and large
mass flow in a more constant flow[15].

A configuration of the Olshammar engine, consisting of one exhaust cylinder(1) with
a sideport(23), a pipe without valve connecting the exhaust cylinder and turbine inlet(17),
two combustion cylinders(2,3), and a turbocharger arrangement (26,27) is shown in Fig-
ure 2.1.

In the low pressure (LP) exhaust cylinder, there are no intake or exhaust valves, which
differs from the concept of the original five-stoke engine by Gerhard Schmitz [3] that has
exhaust valves on the exhaust cylinder. This difference allows for a more constant flow
to the turbine in the Olshammar engine [14]. More even flow could potentially increase
turbine efficiency, and as a result the performance of the engine [15]. Additional perfor-
mance gain comes from the exhaust cylinder that extracts work from the pressure pulses
and therefore increases the output torque on the crankshaft. This further result in higher
efficiency. In addition, the added exhaust cylinder also helps with limiting back-pressure
of the combustion cylinders. Since the exhaust cylinder expands while the exhaust valve
of the combustion cylinders is open, the exhaust gas is split between the exhaust cylinder
and the exhaust duct, allowing the exhaust gas to evenly distribute between the exhaust
duct and the exhaust cylinder [15].
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Figure 2.1: The Olshammar engine. 2+1 cylinder configuration with sideport.

2.1.4 Master’s Thesis at KTH in 2021

After Olshammar developed the concept of the engine, it was further investigated in a
masters thesis in 2021 at the royal institute of technology (KTH) in Sweden. The master
thesis had several similarities to this project. It evaluated and simulated the Olshammar
engine using the software GT-Power which, just as Siemens Amesim, is a program that
can model ICEs. In GT-Power, a four-cylinder SI engine was imported and modified to
a baseline 2 cylinder SI engine. The baseline was then modified to the Olshammar en-
gine with configuration 2+1 (two combustion cylinders and one exhaust cylinder) [10].
The two configurations were then compared and evaluated on BSFC, BP, turbocharger
efficiency, impact on muffler and after treatment system sizing, hardware modification
and flywheel inertia. The project concluded that performance of the Olshammar engine
increased with boost pressure. With an absolute boost pressure of 3.5 bar, an average
reduction in BSFC with 5% and an increase of 4% in brake power were seen compared to
the baseline model for the range from 2000 to 6500 rpm.

At 3.5 bar absolute boost pressure and 4500 rpm the peak torque of the baseline and
the Olshammar engine were compared. Since the brake torque was different for the mod-
els, a normalized brake torque was used and calculated "by dividing the instantaneous
torque by the average torque value at that operating engine speed" [10]. For the Olsham-
mar engine, the normalized brake torque were 6% smaller which lead to the conclusion
that a smaller and more compact flywheel could be used. It is worth taken into account
that the normalized brake torque comparison were done at the best operating point for the
Olshammar compared to the baseline model.
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The thesis at KTH[10] states that the turbocharger efficiency is improved as a result of the
observed smoother exhaust gas flow to the turbine for the Olshammar model. However,
there is no measurements taken from the turbocharger that supports this.

The project ends with a recommendation for future work where "diesel engines for heavy-
duty applications and large-bore four-stroke marine engines" is encouraged to be more
investigated in combination with the Olshammar engine [10]. A future developer is also
encouraged to asses the Olshammar concept for an existing engine with compressor and
turbine maps available. Lastly, the thesis mentions that using a semi predictive combus-
tion model could have some benefits.

2.1.5 FEV Engineering Simulations

To further understand the potential of the Olshammar engine, Olshammar contacted the
consulting company FEV Sverige AB and performed new simulations in GT-Power in
October 2023. Olshammar refers to the results as very good on his website [14], they can
be seen in Table 2.1.

Engine Type BSFC Decrease (%) | BP Increase (%) | Boost Pressure (bar)
Four-stroke Petrol (SI) 10.1 16.4 3.5
Four-stroke Diesel (CI) 8.2 19.2 5.5
Two-stroke Diesel (CI) 24.8 95.8 5.5

Table 2.1: Performance improvement for Olshammar engine compared to Baseline en-
gine

In the report where FEV engineering concluded the results, several different engine con-
figurations were tested [21]. In Table 2.2 and 2.3, the comparison of a baseline and Ol-
shammar two cylinder petrol engine with one liter in total cylinder displacement is shown.
In the A columns, the relative change in % shows that the Olshammar model performs bet-
ter for all rpm, both when it comes to BSFC and BP (exception BP at 5000 rpm for 3.5
bar boost).

Absolute | BSFC BSFC BP BP
Boost Baseline | Olshammar | ABSFC | Baseline | Olshammar ABP
RPM [bar] [g/kWh] [g/kWh] [%] [kKW] [KW] [%]
2000 35 212.86 205.76 -3.34 44.73 72.79 | +62.74
3000 3.5 207.98 188.32 -9.45 102.14 120.44 | +17.92
4000 3.5 211.07 190.66 -9.67 153.12 177.59 | +15.98
5000 3.5 218.87 199.99 -8.63 183.74 181.19 -1.39

Table 2.2: Comparison between Baseline and Olshammar engine at 3.5 bar boost

Looking at the results from FEV raises a few questions. Firstly, there is no reasoning
about the results, they are simply published in a PowerPoint [21]. The low BSFC is also
questionable when compared to modern real world, state of the art, engines. The simula-
tions also showed that the petrol engine could achieve lower BSFC than the diesel engine,
which seems unreasonable in comparison to existing engines on the market. Further, the

9
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BSFC BSFC BP BP
Boost | Baseline | Olshammar | ABSFC | Baseline | Olshammar ABP
RPM | [bar] | [g/kWh] [g/kWh] [%] [KW] [kW] [%]
4000 2.5 214.89 199.24 -7.28 109.02 122.60 | +12.46
4000 3.0 212.70 193.94 -8.82 131.19 150.43 | +14.67
4000 3.5 211.07 190.66 -9.67 153.12 177.59 | +15.98
4000 4.0 209.74 188.50 | -10.12 174.43 204.21 | +17.07

Table 2.3: Comparison between Baseline and Olshammar engine at 4000 rpm for differ-
ent boost pressures

choice of comparing the Olshammar engine to the Baseline engine at specifically 4000
rpm for the boost variations is not clearly motivated, and it is not an usual operating point
to compare engines at. A more suitable range for the operating point would be 1500-2000

rpm.

10
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2.2 Theoretical Background

To provide an overview of the fundamentals of ICEs, this section presents the key per-
formance parameters and theoretical concepts relevant to the study including knock, tur-
bocharging and the four stroke cycle.

2.2.1 Indicated work

Following the pressure trace from a pressure- volume diagram seen in Figure 2.2, the
work transfer from the gas mixture to the piston over a cycle can be obtained [4].

T

Ignition

Cylinder pressure

) !
DC Volume BDC

Figure 2.2: P-V diagram of a four-stroke engine.

By integrating the pressure over the volume for the entire cycle, the indicated work is
defined by Equation (2.1).

Wc,i:/pdv 2.1)
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2.2.2 Brake power and brake torque

In an ICE context, torque is used as a measure of how much work the engine produces. It
can also, together with the angular velocity, be used to calculate the rate at which work is
produced. This corresponds to the output power, see Equation (2.2) where P is the power
[W], N is the rotational speed [rev/s], and T is the torque [Nm] [4].

P =2aNT (2.2)

The power and torque can be measured at the crankshaft. This is done for a specific load
or brake meaning that brake torque and brake power is the effective output. These are
parameters that are frequently used when evaluating engine performance [4].

2.2.3 Brake Specific Fuel Consumption

Brake specific fuel consumption, hereby mentioned as BSFC [g/kWh], is a parameter that
describes how much work an engine can produce given a certain amount of fuel, defined
by Equation (2.3)[4]. The parameter BSFC is normalized which makes it independent of
the engine size. According to Heywood the SI-engines with the lowest BSFC have typical
values around 235 g/kWh [4].

BsFc =" 2.3)
P,

where 1 is the mass flow rate [m/s] and P, is the brake power [W].

2.2.4 Brake Fuel Conversion Efficiency

Brake fuel conversion efficiency is defined as the ratio of power output to chemical energy
input [4]. The formula in terms of BSFC is defined as

B 3600
b= BsFc Orav’
where Q; gy is the lower heating value of the fuel, and defines the energy content. Stan-
dard values of Qv for hydrocarbon fuels are in the range of 42-44 MJ/kg [4].

(2.4)

2.2.5 Four-stroke Cycle

A four-stroke cycle is defined by an entire cycle being completed in four strokes, or 2
crankshaft revolutions for each expansion stroke[4]. The cycle starts with the intake stroke
where the piston moves from Top Dead Center (TDC) to Bottom Dead Center (BDC), in
order to pull fresh air into the cylinder. In general, the intake valve opens prior to TDC
to further increase volumetric efficiency. The intake valve closes shortly after the intake
stroke ends for the same reason. When the intake stroke is completed, the piston is at
position BDC and the compression stroke starts. During the compression stroke, the
piston compresses the air fuel mixture. When the piston reach TDC, combustion starts
either by compression (CI-engine) or a spark (SI-engine) which results in a instantaneous
rise in pressure in the cylinder. After combustion is initiated, the expansion stroke starts

12
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at TDC and ends at BDC. During this stroke, the gases in the cylinder have high pressure
and temperature, which pushes the piston down towards BDC, resulting in a force on the
piston which make the crankshaft rotate. The last stroke, the exhaust stroke starts from
BDC and ends at TDC, pushing the burned gases out from the cylinder to the exhaust [5].

2.2.6 Five stroke Cycle

The concept of the five stroke cycle was developed by the Belgian engineer Gerhard
Schmitz [3]. The concept is based on a configuration of at least one high-pressure (HP)
combustion cylinder connected to at least one low-pressure (LP) exhaust cylinder. The
HP combustion cylinder adapts a four stroke cycle, and the LP exhaust cylinder adapts a
two stroke cycle, by first expanding the exhaust gases entering from the HP combustion
cylinder, and then pushing these gases out of the cylinder with a fifth expansion stroke[3].
This expansion stroke can utilize an expansion ratio that is of a larger magnitude than the
compression ratio in the HP combustion cylinders[17].

2.2.7 Knock

In a combustion engine, abnormal combustion can occur when the unburned fuel—-air mix-
ture ahead of the propagating flame front (the end gas) auto-ignites due to high pressure
and temperature. This rapid and uncontrolled release of chemical energy generates pres-
sure waves that resonate within the combustion chamber. This phenomenon is known as
knock, which can cause severe engine damage [4]. Knock may arise for different reasons,
such as overly advanced spark timing or surface ignition from local hot spots that ignite
the mixture before the flame front arrives.

2.2.8 Miller cycle

For a four-stroke engine, the gas pressure inside the cylinder is greater than the pressure
in the exhaust system when opening the exhaust valve. Therefore, energy contained in
the high pressure cylinder gases are wasted in the exhaust system [4]. A solution to this,
where more of the available energy is used, is the Miller cycle. According to [7], using the
Miller cycle can improve the thermal efficiency compared to a conventional four-stroke
engine. This can either be achieved with a late or early intake valve closing which reduces
the compression stroke without affecting the combustion. However, while the thermal ef-
ficiency is increased, the reduced compression stroke means less air in the cylinder which
reduces the BMEP [7]. To account for this, a Miller cycle engine is combined with a
turbocharger or a supercharger that increase the pressure of the intake air which compen-
sates for the shorter compression stroke. In this way, the BMEP can remain on high levels
while the thermal efficiency is improved. Lastly, the improved thermal efficiency and the
cooling effect from the intake air caused by the intake valve timing, helps to reduce the
risk of knock due to pre-ignition in an SI-engine [7].
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2.2.9 Turbocharging Principles

A turbocharger consist of a compressor linked mechanically via a shaft to a turbine. The
main purpose of a turbocharger is to increase the overall power density of the engine. It is
a heavily used concept and is typically used in order to be able to downsize engines. By
directing the exhaust gases from the cylinder to the turbine after the exhaust stroke, the
remaining energy in the exhaust gas spins the turbine, and since it is connected via a shaft
to the compressor, the compressor starts to rotate and compress air that is led to the intake
of the cylinder. Maximum power in an engine is limited by airflow entering the cylinder
each cycle. By compressing the air prior to entering intake of the cylinder, the density of
the air is increased and thereby the power output of the engine rises [6].

By assuming that the turbocharger can be placed in a defined control volume, Equation
(2.5) show that the power is related to the energy of the gas/mixture[4].

2 2
Q—W:m{(h+%+gz) —(h+%+gz) ] (2.5)
out ]

m

The heat transfer rate Q is typically a low value and can therefore be removed, resulting
in the expression below.

_W - m(hO,out - hO,in) (26)

This expression represents the rate of shaft-work transfer (power) leaving the control vol-
ume, where 1 is the mass-flow rate and Ao denotes the stagnation enthalpy.

A turbocharger works efficiently when the incoming flow is steady, which is not usu-
ally the case if the flow directly comes from the cylinder where the flow is pulsating [4].
To overcome unsteady flow to the turbine, an exhaust manifold of large volume is used
to even out the pressure pulses from the exhaust runner. This helps to achieve close to
steady flow, but with the drawback that energy losses occur in the process of dampening
the high energy pressure waves[4].

To further increase volumetric efficiency, an intercooler can be used to decrease the air
temperature and thereby increase its density [4]. The intercooler is located after the com-
pressor and before the intake manifold [6].

To control the amount of boost pressure in the intake, a wastegate is used to allow ex-
haust gas to bypass the turbine [6]. The wastegate is placed upstream in the exhaust
manifold or more common today, directly in the housing of the turbine [6]. Moreover,
the wastegate contributes to limiting knock in the engine, as well as ensuring that there is
obedience with the limits of both the compressor and turbine maps [6].
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3

Methodology

The objective of this chapter is to describe the engine modeling process. After becoming
familiar with the software, the Olshammar model was constructed, optimized and evalu-
ated in comparison to a baseline configuration.

3.1 Siemens Amesim

The software used for modeling and simulating the Baseline and Olshammar engine was
Siemens Amesim version 2410. Siemens describes the software as follows on their about
page for the program [18], "Simcenter Amesim is a mechatronic systems simulation plat-
form that allows design engineers to virtually assess and optimize the systems’ perfor-
mance". With no prior experience using Amesim, a hands on study of the program started
the project. Since GT-Power was, and had been for several years, the main program of
use for simulating combustion engines at Chalmers, there was not a lot of easy access
guidance in the program. Siemens own tutorials, demos and library documentation were
therefore the main source of learning material during the early stages of the project.

There are different libraries in Amesim that are used to construct and build models. In the
case of this project, the mainly used libraries are the IFP-Engine library and the CFD1D
library. By using these two libraries, it is possible to construct the different engine config-
urations in this project, the Baseline model and the Olshammar engine model. Generally
when designing engine models in Amesim, it’s well sufficient and in most cases good
enough to only use the IFP-Engine library, but in the scope of this project that relies heav-
ily on accurate gas- modeling in the intake and exhaust, the CFD1D library is used for
that purpose.

3.2 Modeling theory

This section describes the modeling approaches used in Amesim for the main processes of
the combustion engine including combustion modeling, knock prediction, thermodynamic
modeling in 0D, gas modeling in 1D and the turbocharger behavior.

3.2.1 Thermodynamic Modeling in 0D

The cylinder volume is typically modeled as a thermodynamic system using the conser-
vation equations for mass and energy [4]. This approach assumes that the gas properties
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within the cylinder are considered uniform at each point in time, that is the system is
treated as a zero-dimensional control volume. In the cylinder volume region, the total rate
of change of mass flow equals the difference between flow in and out of the region, shown
below in equation (3.1)

=Y rmj. (3.1)

The energy transfer in the region is described by equation (3.2)

5Qch:5Us+6th_+6W+dejhj, (3.2)
J

where 6Q,, is the chemical energy of the fuel, U is the internal energy, 6Qy; is the heat
transfer, SW is the change of work and dm h; is the enthalpy over the boundaries.

For an ICE, the heat transfer play a crucial role when it comes to both design, efficiency,
emissions and performance. With temperatures of the burning gasses reaching as high as
2500 Kelvin, heat transfer appears between the gas inside the cylinder and the cylinder
walls, lining and head [4]. The magnitude of heat transfer affects several parameters. For
example the need of a cooling system to protect engine parts, efficiency and the formation
of different emissions. According to Heywood (2019), an increase of heat transfer to the
chamber walls will lower gas temperature and pressure [4]. This results in reduced piston
work which reduces the efficiency and power output from the engine.

The heat exchange between the fluid in the cylinder and the cylinder walls (Q) are com-
puted using the Woschni equation, see Equation (3.3). Descriptions and units of each
variable is found in Table 3.1 from the Amesim documentation [2].

130- 0.8 T 0.8
Q:%'<CI'VP+CZ'X?.VII'(P_PO)) Sw (3.3)
Symbol  Description Unit
Vy Mean velocity of the piston m/s
stroke Engine stroke m
(0] Engine rotational speed rad/s
p Pressure in the combustion chamber bar
T Temperature in the combustion chamber K
C,(; Woschni model coefficients (cycle phase dependent)  —
Vo Combustion chamber volume m3
P, 71,V Pressure, temperature, and volume before combustion bar, K, m?
Py Pressure without combustion bar
Sy Surface area of the combustion chamber wall m?>

Table 3.1: Description and units of engine simulation variables
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3.2.2 Combustion modeling

To simulate the combustion process in the cylinder, the built in Wiebe function was used
in Amesim. The function can be seen in Equation (3.4) and describes the mass fraction
burned versus crank angle degrees [4]. The shape of the Wiebe function can be changed
using the parameters a and m (standard values are a=5 and m=2). Rogers and Martyr
(2021) also describes the Wiebe function as widely adopted for modeling the heat release
in a combustion process by creating a similar burn curve as the S-shape of the heat release
integral. In conclusion, by using the Wiebe function a representation of how the air fuel
mixture burns in a real engine can be achieved for the model in Amesim [11].

m+1
xp(0) =1 —exp [—a (9;990> ] (3.4)

With the Wiebe model working for the engine, it had to be tuned in order to achieve high
performance and realistic values. According to Pulkrabek and Willard (2004), the burn
duration for most engines is around 25 CAD [16]. Pulkrabek et al. also mentions that a
typical spark ignition is around 10-30 CAD BTDC, this is a general value and apply for
different engines. Lastly CAS50 was studied to validate the models. To reduce emissions
and increase the performance and efficiency of the engine, a CAS50 around 8-12 CAD
ATDC has in earlier studies shown best results [13]. This value is also supported by Hey-
wood (2019) stating that for MBT timing in the general engine, CA50 will occur around
5-7 CAD ATDC [4]. By using the mentioned values (burn duration, CA50, spark ignition)
for the combustion and confirming they stayed withing a valid range when optimizing, the
model could be optimized while maintaining a high trustworthiness.

3.2.3 Knock modeling

When modeling an ICE, including knock analysis can increase the validity of the model.
Knock serves as the upper limit for performance by limiting how high compression ratio,
boost pressure and efficiency the model can have. The knock model that Amesim pro-
vides interpolates the ignition delay time from precomputed tables. These values are then
used in the Livengood—Wau integral to predict the timing of auto-ignition, where knock is
assumed to occur when the integral reaches unity [2].

The output of the knock model is provided as the parameter “BMF when knock detected”
where BMF stands for burned mass fraction. To classify an event as knock, a threshold
for the BMF is defined. In this project, the threshold is set to 0.85 for all models, meaning
that if auto-ignition occurs before 85% of the fuel mass fraction is burned, the event is
categorized as knock. It should be noted that this value is an approximation. Despite
efforts during the literature review, no suitable reference specifying at what BMF level
knock typically occurs in the end gases could be found. Since 0.9 is used as the default
threshold in Amesim, a value of 0.85 was selected to include a safety margin relative to
the default setting.
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3.2.4 Gas Modeling In 1D

An important aspect in terms of modeling combustion in an engine is the fact that gases
are usually treated as ideal gases [4]. The ideal gas law, shown in Equation (3.5), states
the relation, for a given mass m, between the pressure p, volume V, gas constant R and
temperature 7.

pV =mRT 3.5)

The intake and exhaust manifolds as well as the turbocharger are modeled using a one
dimensional approach with the CFD1D library. This is achieved by discretization of each
part into N-1 cells with size dx and solving the governing equations for continuity, mo-
mentum and energy at each cell center at each timestep 8¢ [1]. The governing equations
are shown by Equation (3.6), (3.7) and (3.8).

Continuity equation:

8pl~S 8p,-uS .
o T ox O 5-6)
Momentum equation:
dpuS d(pu*+p)S IS 1 B
o1 + ox —pa+ZfHquuv S =0. (3.7)

The total energy equation

JdpES N d(pE + p)uS

5, 5 =2 (he( Ty = T) + he(Tgan —TH) VIS =0.  (3.8)

Defining a gas in a pipe is achieved by considering its density p, static pressure p and
stream velocity u. Since the gas in this case is simulated using both the IFP-Engine
library and the CFDI1D library, a mass fraction term X, also has to be considered:

Y xi=1. (3.9)
i
The temperature 7 is defined as a function: 7 (p, p,X).

Each parts (pipes) section is defined as S:

2
S=m (g) (3.10)

Another important aspect is the heat transfer for the energy contained in the exhaust
gasses. Less heat transfer leads to hotter exhaust gases which can increase the efficiency
of exhaust energy driven devices such as turbochargers and emission after treatment sys-
tems [4].
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3.2.5 Turbocharger Modeling

Modeling a turbocharger in 1D is achieved by connecting a turbine to a compressor from
the CFD1D library with an inertia from the Mechanical library as a link, seen Figure 3.1.

TURBOCHARGER

COMPRESSOR = TURBINE |

L F

Figure 3.1: Turbocharger 1D

The compressor and turbine models use a Riemann solver in combination with a so-called
performance map to simulate the thermodynamic behavior of the working gas [1].

Compressor

The governing equations used as input to the Riemann solver for the compressor are given
below [1].

Continuity equation

pP1u1S1 = pauzSy, (3.11)
Total pressure ratio
Pop .
PRy = —= = map(m¢, ©.), (3.12)
Fo,1
Speed of sound ratio
_ T
A=, 222~ map(ric, @ ). (3.13)
To,1

Turbine

The equations used as input to the Riemann solver for the turbine are formulated in a
similar way to those for the compressor [1].

Continuity equation
p1uiS1 = pauaSz, (3.14)

Corrected mass flow rate
e = map(PRo(@;)), (3.15)
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Efficiency
N = map(PRy, @.). (3.16)

An example of the compressor and turbine performance maps is shown in Figure 3.2.
These maps are highly useful for evaluating the performance of the turbocharger and

assessing the validity of simulation results, as discussed further in the sensitivity analysis
5.2.

The compressor map consists of four boundary regions [1]:
* Low-speed extrapolation
* Maximum-speed extrapolation
* Surge extrapolation
* Choke extrapolation

Where the low and max speed boundary indicate that the compressor operate outside of
the lower and upper limit of the defined map due to either to low or to high speed. In surge,
the compressor operate to the left side of the present map which indicates low values
of corrected mass flow rate, and finally there is choke which indicates high values of
corrected mass flow rate, limited to sonic choke[1]. The efficiency map of the compressor
can be scaled in Amesim, which turned out to give high flexibility in the models.

Simulation operating points [null] 227166 rpm [null]
1| == Efficiency map [nulll . 0.68 0.015 7
307 Bl Pressure ratio map 1 0.66
1 /191538 rpm 064 0.010
=25 4 e 0.62 s
2 ] 173798 rpm <
EN N 0.60 2
= 1 .005
g 20 1559720 0.58 g - -
o 4 = Simulation operating peints [null]
2 1 2
g ] 1381220 / 0.56 8 — Corrected mass flow rate [null]
£ 5] 120267 rpm o054 $000
] 052 :
] S
10O 0.50 -0.005
] 0.48
05 T T T T T 1 -0.010 T : ; |
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0 1 2 3 4
Corrected mass flow rate [kg/s] Pressure ratio [total/static]
(a) Compressor Map (b) Turbine Map

Figure 3.2: Compressor and turbine map.

3.3 [Engine Modeling

With all the necessary components and submodels in place, the two models could be
modeled in Amesim. The models are presented in the sections below and consists of the
Baseline and Olshammar model.
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3.3.1 Baseline

The first engine modeled was the Baseline, it was from this model that the Olshammar
engine later was developed. After familiarizing with the program and studying demo
models available in Amesim, a four cylinder SI engine with a displacement volume of 2
liters was chosen as a foundation to build the Baseline upon. It can be seen in Figure 3.3
and includes controllers for exhaust particles, fuel injection, the throttle and the waste-
gate. Since the demo file used the IFP-engine library for intake and exhaust system, it had
to be replaced with components from the CFDI1D library in order to model the gas flow
in more detail. Both the controller for the throttle and exhaust particles were removed as
these fell outside the scope of the project. In practice, this meant that the cylinders, fuel
system and the wastegate controller were kept while the remaining parts were replaced
when moving from the demo to the Baseline model.

After changing the intake/exhaust system, the turbocharger and making modifications
in submodels and parameters, the model in Figure 3.4 was achieved.

Four cylinder turbocharged direct injection gasoline engine with TVA and WG controllers

Demonstrator characteristics Global engine definition Injection definition Exhaust particle estimator
- 2.0 L gasoline engine (Wiebe) @ : . B s
Fluid properties (E)—=C» Maximum mass flow rate
- Turbocharged
- Direct i 9‘_ i 2l Injection timing *
irect injection Engine definition S + speed rom)
- Transient run )
Cylinder head definition R i "
" Ry foxva) ApOm |l tion durati
Engine characteristics N s [ Injection duration [s]
- stroke = 83 mm Turbocharger definition ¢
- bore = 83 mm i . e
- connecting rod length = 150 mm , Combustion definition
- compression ratio = 10 ( -fPEnE,-giES (k)=C» Spark advance
- squish height = 1 mm Q nouvelles

—
(% x»kf;Eﬂ— » Combustion control

EXHAUST

INTAKE Wastegate controller

= sancomptarget pard (K p—----,
* it Dt oo o

+®~ » pancomp (oa
= L woanp
=~ 0
HE HEAT

L EXCHANGER

1@ momm O

1O o et

aanpy +-8) THROTTLE
Fanoat Tontn
¥

ExHAUsT,JJ'q—aT -G

MANIFOLD ;“H”‘”

Figure 3.3: Demo model
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Baseline engine

Demonstrator characteristics
- 1.0 L gasoline engine (Wiebe)
- Turbocharged
- Direct injection

Engine characteristics
- stroke = 83 mm
- bore = 83 mm

Global engine definition

Fluid properties
Engine definition

Cylinder head definition
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As earlier mentioned, the intake and exhaust system were modeled using components
from the CFDI1D library (green components in Figure 3.4). Atmospheric pressure and
temperature were applied as the initial conditions throughout the entire intake and ex-
haust system, as well as constants in the pressure source at the inlet. For friction mod-
eling, surface roughness values of 0.005 and 0.03 were used for the intake and exhaust,
respectively. These values were based on recommendations from Amesim and depend on
the material properties of the respective surfaces.

In the demo model, see Figure 3.3, a manifold from the IFP-engine library was used.
However, when using the CFD1D library, no predefined component representing a man-
ifold was available. Therefore it was modeled using straight and curved pipes as shown
in Figure 3.4 marked "INTAKE MANIFOLD" and "EXHAUST MANIFOLD". This ap-
proach of modeling the manifolds was inspired by another demo file available in the
CFD1D library documentation.
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Turbocharger

When using the predefined compressor component available in the CFDI1D library, it
calculates the pressure ratio and mass flow from an imported compressor map as described
in Section 3.2.5. Amesim offers a couple compressor maps in the demo files, however,
none of them were well adapted for the two cylinder 1 liter engine modeled in this project.
In most cases, the compressor map was designed for a four cylinder engine meaning it
was not scaled accurately for the two-cylinder engine, Baseline model. This resulted in
unsteady flow and either surge or choke could occur in the compressor. An example of a
compressor with surge is shown in Figure 3.5.

E B § § §

[ )

Figure 3.5: Surge compressor map

Without suitable compressor maps, the solution became to rescale an already existing one.
This was achieved by reducing the efficiency making both the flow and the pressure ratio
slightly lower.

The wastegate obtained from the demo file was placed in connection to the turbine. With
an absolute pressure target downstream of the compressor, a controller operates the waste-
gate to the desired value.

Combustion cylinders

There are two combustion cylinders in the Baseline engine with a total cylinder displace-
ment volume of 1 liter. In the list below, some of their main characteristics are listed.

* Bore =83 mm

e Stroke = 83 mm

* Connecting rod length = 150 mm

* Compression ratio =9
The two cylinders are phased 360 degrees. The spark timing of the engine was set to 10
CAD BTDC, however some variations to find the MBT curve was tested, see Chapter 4.
In Table 3.2 the parameters related to burn duration are shown. When comparing these
to the literature, see Section 3.2.2, both the combustion duration and CA50 are similar
which increases the models validity.
The valve lift profiles were originally taken from the default files available in Amesim.
These were then phased to achieve a good performance of the engine. To customize the
valve lift profiles to the Baseline model, they were modified by making them both longer
and shorter. It was also experimented with the Miller cycle, however, as it took longer
than expected to utilize the positive effects of that method, it was decided that this was left
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Parameter | Value [°CA]
CAO05 357.2
CA50 369.9
CA90 383.7

| Burn duration | 26.5 |

Table 3.2: Combustion Angles

outside the scope of the project. In Figure 3.6, the final valve lift profiles that originated
from the default files is shown.

T
90 C
Crankst

Figure 3.6: Valve lift profiles

Fuel system

As seen in Figure 3.4, a direct injection fuel system is used. The injector is controlled by
injection timing, mass flow rate and injection duration. The mass of fuel is decided by the
injection duration that is controlled by a controller that aims to hold the air/fuel mixture
stoichiometric (lambda 1). If there is a high boost leading to more air in the cylinder, the
injection duration gets longer to sustain a stoichiometric air/fuel mixture.

The fuel properties and what type of fuel that was chosen in Amesim can be seen in Table
3.3.

Lower heating value 44109 [kJ/kg]
Fuel type ENG_GASOLINE_UNLEADED
Stoichiometric air/fuel ratio (AFR) 14.2341

Table 3.3: Fuel properties
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3.3.2 Olshammar engine

The Olshammar engine, Figure 3.7, is modeled based on the Baseline engine, with an
added exhaust cylinder and with a custom-made valve configuration to simulate the ex-
haust cylinder without intake and exhaust valves, see Figure 3.8. The exhaust runners
from the combustion cylinders are connected to the modified exhaust cylinder, which

then feeds the turbine with exhaust gas.

The Olshammar engine is, as earlier mentioned, modeled from the Baseline model. Most
components, parameters and submodels are the same in the engine to ensure that the com-
parison between them depends on the key concepts of the Olshammar engine and not on
for example turbocharging or manifold modeling. The differences in respective compo-
nents for the Olshammar compared to the Baseline engine are described more in detail

below.

Olshammar Engine (Gasoline) with WG and injection controller

Demonstrator characteristics

- 1.0 L Combustion cylinders (Wiebe)

- 1.0 L Exhaust cylinder
- Turbocharged
- Direct injection

Engine characteristics
- stroke = 83 mm
- bore = 83 mm
- connecting rod length = 150 mm
- compression ratio = 9

INTAKE
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B runcomprom

THROTTLE (% )= I
O3 ==
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i EXCHANGER

R
1

Global engine definition

Cylinder head definition
Turbocharger definition
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Figure 3.7: Olshammar Engine
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Exhaust cylinder

As described in Chapter 2.1.3, the exhaust cylinder in the Olshammar engine has nei-
ther any combustion or valves (except sideport). However, Amesim does not provide any
cylinder adapted for this purpose. A normal combustion cylinder was therefore used as
the exhaust cylinder. To avoid combustion, a flow plug was placed instead of a fuel injec-
tor, resulting in no added fuel to the cylinder. To further reduce the risk of combustion, the
combustion efficiency was set to 0. In order for the intake gases to enter and the exhaust
gases to leave the cylinder, valves were needed. To model a cylinder without valves, a
constant lift was applied to the valves, and by setting that lift high (1 meter), the valves
are constantly open and affects the flow and combustion minimally.

The key different between the Olshammar and the Baseline engine lies within the exhaust
cylinder that in this model has a stroke of 90 mm and a bore of 120 mm. The principle of
having an additional exhaust cylinder without combustion is described in Section 2.2.6.
The timing of the exhaust cylinder is made such that when a pulse from one combus-
tion cylinder comes, expansion occurs where the pressure pulse helps pushing the piston
down, adding torque to the crankshaft. When the piston moves up, the pressure from
the combustion cylinders is smaller which means less resistance. This happens because
a portion of the exhaust gas has already passed on to the turbine inlet (since there is no
exhaust valve). In this way, positive work can be extracted from the exhaust gases in the
exhaust cylinder.

Sideport

By placing an additional valve in the exhaust cylinder, it is possible to have even more
control of the exhaust gases in the engine [15]. The approach to model this in Amesim
is by adding an additional exhaust valve in the cylinder head, see configuration in Figure
3.8. The core idea is to have the extra valve closed when the gases expands in the cylinder,
leading to a higher pressure on the piston which can extract work. When the piston reach
BDC, the exhaust valve is opened which increases the area for the gases to flow out
through. This is achieved by having a valve lift profile, see Figure 3.9 where the valve
lift profile is plotted against the exhaust cylinder volume. As a result, the pressure in the
exhaust cylinder is reduced faster leading to less resistant for the piston when moving
towards TDC and therefore reduced pumping losses.
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EXHAUST CYLINDER

EXHAUST
MANIFOLD

Figure 3.8: Exhaust cylinder with sideport
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Figure 3.9: Valve lift for exhaust cylinder and sideport
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3.4 Optimization

With established models, optimization was the next step in the process. The optimization
is done using different studies in Amesim. The studies of consideration in this project
were batch runs, design of experiments (DOE) and the inbuilt optimization tool which
uses a generative algorithm to find the optimal solution based on user defined criteria.
While the inbuilt optimization tool could be powerful, only a few parameters could be op-
timized at a time because of limitations in computational power, restricted by the number
of threads on the computer. Therefore batch runs and DOE were the main methods for
the optimization since they offered better possibilities in terms of control.

Optimizing systems with many parameters can be very difficult. The best would be to
optimize all parameters at the same time in a large optimization, so later optimization
is independent on earlier optimization. However, this requires huge computational re-
sources. This is a trade off, computational power versus how many parameters that is
optimized at a time.

The optimization started in an unstructured way. In order to get the baseline model to
run properly and to be as robust as possible, a lot of parameters had to be tuned roughly.
For example the spark ignition had to be somewhere before TDC and the intake system
and turbocharger needed a lot of tuning to make the flow good enough to avoid crashes
for small changes in related parameters.

Once a model that was robust enough to run when varying parameters in the model was
achieved, the iterative optimization could start. The simulations were performed for 1000-
6000 rpm. While all the engine speeds were covered in order to establish sufficient and
reasonable values of the entire range, the parameters were set so that best performance
was achieved at 2000 and 3000 rpm. To measure the performance of the models during
optimization, torque, BP and BSFC were used. A balance between the parameters was
also of interest in the end, to achieve a solid combination of brake fuel conversion effi-
ciency and performance.

In order to keep some structure when optimizing the engines, subsystems of the engine
were optimized one at a time. This also reduced the number of parameters meaning the
computational power available was enough. The subsystems were the intake system, ex-
haust system, the combustion cylinders, the turbocharger and for the Olshammar model,
the exhaust cylinder with sideport. The optimization was carried out in this order.

The Olshammar engine was modeled based on the already optimized baseline engine.

Therefore, the intake system, combustion cylinders and turbocharger could remain the
same while the exhaust system and the exhaust cylinder had to be re-optimized.
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3.5 Timestep and tolerance analysis

To achieve results independent on the timestep and tolerance in the model, a timestep
and tolerance analysis were performed. Table 3.4 shows the performance values of the
Olshammar engine without sideport, running at 3000 rpm and a timestep of T/5000. The
values in Table 3.4 show how dependent the solution is on the set tolerance, in order for
the solution to reach convergence. The timestep under these conditions did not affect
the outcome of the result and could therefore be fixed since the tolerance rather then the
timestep defines the convergence of the system.

Tolerance | Torque | Brake Power | BSFC
0.01 1122 | 352 254
0.001 123.5 39.8 234.7
0.0001 1242 | 39.1 233.1
0.00001 1242 | 39.1 233.1

Table 3.4: Timestep analysis.

With Tolerance = 0.0001 based on the results in Table 3.4, and the same engine con-
figuration and operation point as above, Figure 3.10 shows the dependence of timestep
in terms of pressure-volume diagrams for one of the two combustion cylinders, in range
from T/100 to T/10000. A final value of T/5000 was chosen for calculations of indicated
values, where higher accuracy is needed, whereas a timestep of T/100 with tolerance of

0.0001 was used when extracting converged values from the simulations as seen in Table
34.
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Figure 3.10: Timestep analysis of PV diagram of combustion cylinder

31



3. Methodology

3.6 Knock analysis

As described in Section 2.2.7, knock can cause severe damage to the engine and must
therefore be taken into account. While the aim of the engine modeling is to reduce fuel
consumption (BSFC), not using knock as a limit might lead to a model with an unrea-
sonably high performance compared to what a real world engine can achieve without
knocking. As described in the theoretical background Section 2.2.7, too high temperature
and pressure can cause a self ignition in the end gases leading to knock. To determine
whether knock occur in the model, Amesim’s built in knock detection function is used
which provides the output parameter "BMF when knock detected". As mentioned in the
knock modeling Section (3.2.3), the limit for when knock is considered to occur in the
end gases is set to 85% mass fraction burnt. In Figure 3.11, the BMF knock detected is
shown for 1000-6000 rpm with a spark ignition of 10 CAD BTDC.

Knock analysis

120

BMTF when knock detected

== Baseling
=== (Olshammar
— — =BMF knock limit

ol . . . 5 .
1000 2000 3000 4000 5000 6000

RPM

Figure 3.11: BMF when knock detected

Note that the curves are very similar for the Baseline and Olshammar model. There is an
exception for the Olshammar engine at 5000 rpm where the BMF value is 0. This suggests
that the engine is very sensitive and knocks heavily in these conditions. However, no
other value indicates that the model is knocking. The peak pressure does not increase
and the performance is not significantly better than for other values. See Table 3.5 for a
comparison between a non knocking and a knocking spark ignition, where a spark timing
of —20° indicate no knock with a higher maximum pressure than what a spark timing of
—10° is showing.
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Spark timing [°CA] | Torque [Nm] | BP [kW] | BSFC [g/kwh] | Max Press. [bar] | BMF knock
-10 102.5 53.6 272.0 80.0 0.00
-20 101.7 53.1 274.4 99.1 0.94

Table 3.5: Engine performance at 5000 rpm for selected spark timings

In Figure 3.11, both the Olshammar and the Baseline model fall below the 85% threshold
for knock at 1000 rpm. It can be mitigated by retarding the spark timing. By retarding
it from 10 CAD BTDC to 5 CAD ATDC both the models reach the knock threshold
(Baseline 85.2 %, Olshammar 88.0 %). Similarly as the knocking case at 5000 rpm
(Table 3.5), no significant increase in performance is seen for the simulations that knocks.
This lies within how the knock model work. It does not model knock but rather monitor
the combustion and evaluates the knock tendency, meaning that no knocking behavior is
modeled. Because of this, knock should not be seen as a major limitation but rather a way
to confirm that the models are somewhere around the reality. It is also worth to note that
modeling knock is advanced and have big uncertainties and therefore should be used only
as a guideline.

3.7 Validation

The validation targeted a study of a five-stroke engine, performed by Noga.M and Sendyka.B
in 2013 [12]. The study was conducted using a four-stroke engine of 1.984 dm> with a
maximum power of 147 kW. A turbocharger of model KP39 by Borg Warner was used in
the tests. Test runs of the four-stroke engine was first performed, before rebuilding it to
a five-stroke engine. It is the values of the four-stroke engine which are used to validate
the Baseline model. The values of the validation are shown in Figure 3.12, where torque,
BP and BSFC for a 1 liter engine configuration are being compared. The parameter of
greatest interest for the validation is BSFC, which is reflected in Table 3.6, where the
accuracy of BSFC is in range of + 0-5 % when comparing the baseline with the study by
Noga M. et al. According to Heywood (2019), the SI-engines with the lowest BSFC have
typical values around 235 g/kWh, which is in the same range as the lowest values in the
validation of the Baseline engine[4].
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Baseline Validation
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Figure 3.12: Validation of Baseline Engine

RPM Torque% diff Brake power% diff BSFC% diff

2000 16.1 19 0.5
3000 16.9 6.2 -2.5
4000 17.4 20 1.5
5000 13.8 21.8 4.4

Table 3.6: Validation accuracy for baseline compared to literature engine

By validating the Baseline, a solid foundation was built for the work to continue on in
terms of the Olshammar engine which is based on the Baseline model.
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4

Results

After completing the engine models, their relative performance was evaluated to deter-
mine whether the Olshammar engine provides an improvement compared to the baseline
configuration. In addition, different variations of the Olshammar engine were examined
more in detail, including the influence of the sideport, the timing of the exhaust cylinder,
and the power contribution of the exhaust cylinder compared to the combustion cylinders.

4.1 Performance Comparison

The following comparisons are made for the different engine configurations, operating
in engine speed range of 1000-6000 rpm, under wide open throttle (WOT) conditions.
The comparisons were mainly aimed at analyzing variations in BSFC across the different
configurations by selecting operating points for the models that corresponds to the same
torque.

Olshammar engine without sideport compared to Baseline engine

Without the sideport on the exhaust cylinder, Figure 4.1a show that the Olshammar engine
reduce BSFC in the range of 2000-4000 rpm compared to the Baseline. At 1000 and 6000
rpm, BSFC was on the other hand increased. The change in percentage is shown in Figure
4.1b, where the Olshammar engine without sideport achieves lowest BSFC compared to
the baseline at 3000 rpm. The fuel conversion efficiency of the baseline at 3000 rpm is
Ny = 33.7%, compared to 1y = 35.0% for the Olshammar.

Olshammar engine with sideport compared to Baseline engine

When comparing the performance of the Olshammar engine with an additional sideport
to the Baseline engine, similar results to the ones presented in Figure 4.1a were seen. The
results are shown in Figure 4.2, where the main difference is seen at 5000 rpm, where the
addition of the sideport decrease BSFC. The result of the sideport is further presented in
Section: Effect of sideport in Olshammar engine. The fuel conversion efficiency of the
Olshammar engine with sideport is 17y = 35.2% at 3000 rpm.
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Figure 4.1: Olshammar engine without sideport compared to Baseline
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Figure 4.2: Olshammar engine with sideport compared to Baseline
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Effect of sideport in the Olshammar engine

Comparing the Olshammar engine with and without the addition of the sideport, Figure
4.3, show that there is a relation between decrease of BSFC and increased engine speed
when the sideport is added. Table 4.1 shows the boost pressure of the engine. With close
to the same boost pressure value of the configuration with sideport and without, Table
4.1 ensure that the improved BSFC of the sideport configuration is not due to the boost
pressure difference compared to the configuration without sideport.

Influence on fuel consumption with sideport

BSFC [%]

1 I I 1 1 1
1000 2000 3000 4000 5000 6000

Engine Speed [RPM]

Figure 4.3: Influence on fuel consumption with sideport

Olshammar Olshammar
Baseline With sideport without sideport
RPM [bar] [bar] [bar]
1000 1.15 1.17 1.17
2000 1.39 1.36 1.38
3000 1.55 1.51 1.49
4000 1.73 1.64 1.65
5000 1.88 1.81 1.85
6000 1.95 1.96 2.00

Table 4.1: Comparison of absolute boost values
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4.2 Indicated values of combustion cylinders and exhaust
cylinder

To be able to capture the contribution of the exhaust cylinder in terms of the overall
performance of the engine, the indicated values of each cylinder had to be compared. The
following figures illustrate the operating cycles of the HP combustion cylinders and the
LP exhaust cylinder for the Olshammar engine configuration with sideport. The engine
operates at 1000-6000 rpm under wide-open throttle (WOT) conditions.

Combustion Cylinder Exhaust Cylinder

——1000 RPM ——1000 RPM
80 - ———2000 RPM 241 ——2000 RPM
3000 RPM
7o Hf ———4000 RPM 22
———5000 RPM
60 | 6000 RPM
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——— 5000 RPM
6000 RPM

18
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(a) PV diagram of Combustion Cylinder  (b) PV diagram of Exhaust Cylinder

Table 4.2 show the contribution of the exhaust cylinder in terms of IMEP and indicated
power.

RPM IMEP [Bar] Ind. Power [KW] RPM IMEP [Bar] Ind. Power [KW]

1000 13.8 10.3 1000 -0.2 -0.16

2000 174 26.0 2000 0.18 0.28

3000 18.7 42.0 3000 0.73 1.7

4000 18.3 54.8 4000 0.70 2.2

5000 17.3 64.8 5000 0.31 1.2

6000 15.7 70.6 6000 -0.16 -0.76
(a) Total Ind. Values of Combustion (b) Ind. Values of Exhaust cylinder
cylinders

Table 4.2: Comparison of indicated values between combustion and exhaust cylinders.
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4.3 Maximum Brake Torque

For the Olshammar model with sideport, the maximum brake torque (MBT) curve under
WOT conditions for engine speeds of 1000-6000 rpm are shown in Figure 4.5. A spark
ignition timing of 10 CAD BTDC (-10) provide MBT for engine speed of 1000-4000 rpm,
and a more advanced spark ignition of 15 CAD BTDC result in higher torque for engine
speed of 5000-6000 rpm.
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Figure 4.5: Maximum Brake Torque
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4.4 Timing of exhaust cylinder in relation to combustion
cylinders

By changing the offset of the exhaust cylinder in relation to the combustion cylinders,
Figure 4.6 visualize the effect that the offset have on brake torque, brake power and BSFC.
In the standard configuration when offset is 0, the exhaust cylinder is phased 180 CAD
to the combustion cylinders. The effect of the offset is mainly seen at the higher engine
speed of 6000 rpm, where the BSFC is reduced to 311 g/kWh with an offset of 20 CAD,
compared to 320 g/kWh in the standard configuration.
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Figure 4.6: Exhaust cylinder offset variation.
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4.5 Variation of bore and stroke of the exhaust cylinder

The geometry of the exhaust cylinder, with respect to bore and stroke, shows a varying
effect on the overall performance of the engine according to Figure 4.7 and 4.8. With
operating points of 2000-3000 rpm where the engine is optimized for, the results show
that for 2000 rpm, a shorter stroke of 90mm and a bore of 120mm result in lowest BSFC
and highest torque. For 3000 rpm however, the lowest BSFC was still achieved at a stroke
of 90mm and a bore of 120mm, but the torque increased on the other hand with a larger

bore.
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Figure 4.7: Variation of bore and stroke at 2000 rpm.
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Figure 4.8: Variation of bore and stroke at 3000 rpm.
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4. Results

4.6 Pressure pulses in exhaust

This section presents the behavior of the flow in the exhaust system of the engines, and
more specifically how the efficiency of the turbine and compressor are effected for the
baseline and Olshammar engine models.

The pulses of the pressure and mass flow rate in the exhaust system, for different en-
gine speeds prior to the turbine, are presented in Figures B.1 and B.2 in the Appendix. As
the engine speed is increased, the curves for both the pressure and mass flow rate is lifted
in the region between the peaks of the pulses for the Olshammar engine compared to the
Baseline. In other words, the pressure and the mass flow into the turbine becomes more
even.

In Appendix, Figure B.3 and B.4, it is harder to draw any conclusions from the graphs
whether the efficiency for the turbine and compressor differ between the Olshammar and
the Baseline model. For 6000 rpm the efficiency do not drop as low for the Olshammar
compared to the Baseline model. However, the difference between the Olshammar and
Baseline models efficiency for other rpm are not unambiguous.
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Discussion

In this chapter, the results are discussed in greater depth and related to the research ques-
tions presented in Section 1.3.

5.1 Analysis of the results and the contribution of ex-
haust cylinder

In terms of performance, the Olshammar engine show a reduced BSFC at 2000-5000 rpm
for the sideport configuration when compared to the Baseline engine. The increase of
performance is a result of the additional contribution of power that the exhaust cylinder
contributes with, seen in Table 4.2b. Even though the exhaust cylinder provides additional
power, the heat-losses of the additional 5th stroke would need further evaluation. Accord-
ing to Stuart, K. et al. (2017), the heat losses of the Sth stroke can be around 41% [20].
This would need further evaluation in the model, but it could give an early indication that
the heat losses can be larger than they currently are.

The addition of the sideport allows the pressure to be released quicker during the ex-
haust stroke by increasing the area for the gases to flow out through. As a result, during
the exhaust stroke, the work done by the exhaust gas on the piston is reduced as it ascends
toward TDC, which effectively reduces pumping losses. Further, the simulations showed
that the sideport reduced BSFC more as the engine speed and boost pressure increased.
The fact that the sideport showed more improvement for higher boost pressure could pos-
sibly mean that a larger engine, operating at higher boost, could benefit to a greater extent
from the sideport compared to the engine model in this thesis. Worth to note is that the
sideport was modeled using a valve lift profile, see Section 3.3.2, while it in the con-
ceptual idea presented by Olshammar [15] is described as a hole in the cylinder wall to
remove the need of a camshaft. A consequence of this is that the Olshammar model in
this project will get better results than it would with the sideport as a hole in the cylinder
wall due to the optimized valve lift profile.

In general, the torque curve for a boosted engine is usually flatter over the engine speed
than what Figure 4.1a show, but due to how the comparison was performed, the maxi-
mum boost pressure is limited, and therefore the torque at higher engine speed is slightly
decreased [19]. This explains why the torque curves obtained from the simulations have
a larger decline for higher rpm.

An aspect to consider when evaluating the result of the MBT curve is that the boost
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pressure is limited with the wastegate controller, to allow a fair comparison between the
models. Since a more retarded spark timing highly influence the exhaust gas temperature
according to Stone. R (2014), the boost pressure for a more retarded spark could in theory
be higher if the boost pressure was not limited by the wastegate [19]. This would result
in a different MBT curve due to possibly higher torque as a result of greater turbine work
[19].

5.2 Sensitivity analysis

Despite a lot of efforts making the engine models as representative for a real engine as
possible, they are still only models of the real world. That is very important to have in
mind. Therefore, this sensitivity analysis of parameters influence on the results (engine
performance) and model robustness is carried out.

In the start of the project, the model robustness were a main issue. In particular when
it came to modeling the gas flow using the CFD1D library. Changing lengths or diam-
eters anywhere in the intake or exhaust system could result in computational errors in
the pipe downstream of the compressor. By tuning the compressor, intake and exhaust
system, a more robust system was achieved where small changes did not result in com-
putational errors anymore. However, it is still clear that the gas flow modeling has a huge
impact on the model robustness.

Connecting to the gas flow modeling, the turbocharger is important both for the model
robustness and the influence on the engine performance. The parameter with the main
influence was the turbocharger inertia, see the inertia between the compressor and turbine
in Figure 3.1. A too low inertia made the compressor very sensitive to mass flow vari-
ations resulting in backflow and surge. A good example of this is the compressor map
seen in Figure 3.5. If the inertia was too high, the efficiency of the turbocharger dropped
significantly and was not able to generate any boost. The balance between too high and
low inertia was crucial and had to be tuned carefully.

For the combustion modeling, the Wiebe function was used. As described in Section 3.2.2
the shape of the Wiebe function can be changed with the parameters a and m (named a and
f in Amesim). These two parameter had a big influence on the whole combustion regard-
ing multiple aspects. The performance of the model changed drastically and important
characteristics such as burn duration, cylinder pressure and cylinder temperature were af-
fected. The parameters had to be tuned with care to achieve a reasonable combustion.
The main output that was studied here was the burn duration.

5.3 Modeling internal combustion engines in Amesim
In the research question, see Section 1.3, one of the question is "What are the advantages
and disadvantages of Amesim in terms of modeling internal combustion engines?". Be-

fore any conclusion is drawn, it is important to note that this is the subjective experience
of the thesis workers and that they had no prior experience with modeling in Amesim.
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Even though there where three sessions with technical experts from Siemens and Volupe,
most of the time the learning process and troubleshooting had to be done without help or
support.

The main advantage experienced in Amesim was the user interface. It was easy to get
started in the program and to understand the different workbenches (sketch, submodels,
parameters, simulation). For example the click and drag function in sketch mode made
it easy to import and connect different components, making it possible to build up mod-
els fast. The integrated help function in Amesim was also highly beneficial. It provided
direct access to the documentation of each selected component, including the underlying
physical models and available parameters and submodels. As a result, the modeling of
the engines were straight forward considering the prerequisites. Another advantage of the
usability was related to the creation of plots, where the parameter of interest was dragged
and dropped in the model. The possibility of making pre-defined plots that updates after
a new simulation was also time saving.

A challenge in Amesim for the thesis workers were that the program had to be learned
independently and without supervisors. Despite efforts being made, no one at Chalmers
with prior knowledge from simulating ICEs in Amesim similar to the one in this project
was found. During the project it became evident that Amesim is not a software tool
developed solely for combustion engine simulations. For example it was hard to have
exact control over the combustion duration. The need for controllers to sustain a constant
lambda value and boost pressure were also things that had to be modeled while it might
would be expected to be integrated in components for a program made specifically for
ICE modeling.

The biggest challenge was to model the gas flow with a turbocharger using the CFD1D
library. Before tuning and optimizing it correctly, the difference of a few millimeters in
a pipe length could make the entire simulation crash. Eventually, by optimizing pipes,
intake manifold and compressor map, a stable flow could be achieved. However, this was
very time consuming and there was not a lot of either documentation or demo files that
could provide support on how to solve the problem with instability in the intake system.
As for being a disadvantage for Amesim, it can be concluded that the CFD1D library is
very sensitive for modeling combustion engines. It is worth noting that the IFP-engine
library solves this problem, however not with the same accuracy in the gas flow modeling
as the CFDI1D library.

5.3.1 Comparison between Amesim and GT-Power

Since a part of this thesis also is about evaluating the possibility for Chalmers to re-
place GT-Power with Amesim for modeling and simulating ICE, a brief comparison is
conducted that summarize the key differences between the two software’s. The thesis
workers experience in GT-Power is limited to a few weeks of optimizing an ICE in an
earlier course at Chalmers. Therefore, the comparison can not be as in depth as would be
desirable.
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The industry leading software for modeling and simulating ICEs is GT-Power, created
by Gamma Technologies. GT-Power is developed solely for combustion modeling which
means it is tailored for this purpose. Compared to Amesim, the key advantage of GT-
Power is the ease to use while still showing high level of detail combined with fast compu-
tations. In terms of achieving accurate ICE modeling in Amesim as previously discussed
in Section 3.1, the IFP-Engine library is ideally combined with the CFD1D library. This
achieve high accuracy of gas modeling, but with some following disadvantages. Table 5.1
explains the cons and pros of the IFP-Engine and CFD1D library compared to GT-Power
when it comes to flow modeling.

Amesim-CFD1D | Amesim-IFP-Engine | GT Power
Difficulty High Low Low
Level of Detail High Low High
Robustness Low High High
Time Consumption High Low Low

Table 5.1: Comparison of Amesim and GT-Power for gas flow simulation.

After using the programs as a beginner it is still clear that the differences in the programs
can be connected to what they are developed for. Amesim is a platform where multiple
subsystems can be imported or developed and then studied in a system context where
subsystems work together. It can for example be for simulating entire powertrains in a
vehicle, where an ICE can be a subsystem. GT-Power however aims to study only the ICE,
that is the only thing it has been developed for. Because of this, computational factors such
as solvers for gas flow in the engine, have been tailored for the specific challenges that the
combustion engine comes with. It also allows the user to go a bit more into detail in the
combustion modeling. Overall this makes GT-Power a more suitable choice simulating
ICEs in depth and when the user needs to be in control of every little detail. The advantage
with Amesim however is the more friendly user interface. The opportunity to integrate
the ICE as a subsystem also makes it the clear choice over GT Power when simulating
bigger systems.

5.4 Differences from earlier studies

Previous studies on the Olshammar engine have compared its performance to an equiva-
lent baseline engine. In those studies, the operating point is decided by the boost pressure
resulting in different brake torque, brake power and BSFC for the two engines. Meaning
that the comparison were made under unequal operating conditions. The performance
of the Olshammar engine was then evaluated both for BSFC and BP. In this thesis, the
operating point is instead defined by the brake torque where the baseline and Olshammar
model achieves the same brake torque by varying the boost pressure, enabling a fair com-
parison. By evaluating the BSFC at equal torque output, it becomes possible to determine
which engine delivers the same power with the least amount of fuel input (lowest BSFC).
To verify this, the injection duration was also examined to ensure that the more efficient
engine indeed consumed less fuel, which was confirmed by the results (see Appendix,
Figure A.1 and A.2).
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Compared to earlier studies, this thesis treats lower boost pressure. There is one main
reason for this. The exhaust gases produced from the engines were not sufficient for the
turbocharger to reach as high boost pressures as earlier studies had used. This was es-
pecially true for low rpms where the maximum boost for 1000 and 2000 rpm were 1.15
and 1.39 respectively for the baseline engine. Both the study carried out by KTH [10]
and FEV [21] reached higher boost pressures with a maximum of 3.5 bar for 1000 and
2000 rpm. The reason for this difference can probably be linked to the modeling of the
turbocharger. KTH and FEV used GT-Power and while FEV does not state what kind of
turbocharger model that was used, KTH used a simple turbocharger model. This thesis
used a CFDI1D turbocharger in Amesim which could be the reason for a lower boost pres-
sure. It is also reasonable that it is harder to reach high boost pressure for lower rpm due
to less energy in the exhaust gas, and this was also supported by observations. According
to Westin (2005), scientific literature covering pressure ratios of higher than 3 (meaning
absolute pressure of more than 3 bar) can not be found for passenger car sized SI en-
gines[23]. The reason being these engines normally requires two-stage systems and are
mainly using diesel as fuel.

When comparing the performance of the Olshammar versus the baseline engine for this
thesis and the previous studies made by KTH and FEV, the results are quite different.
They are visualized in Table 5.2 and highlights how the benefits regarding performance
were smaller in this thesis in relation to the earlier studies. However, because of taking
knock into account, the more realistic boost pressure and that the operational points for
the Olshammar and the Baseline engine were the same when compared, the thesis workers
would like to argue that the validity of these results are higher than for the earlier studies.
This claim is further strengthened by the validation of the Baseline engine against another
engine carried out in Section 3.7.

Average Average Absolute RPM
Study BSFC reduction | BP increase | pressure [bar] | included Reference
FEV 7.8% 23.8% 3.5 2000-5000 | Table 2.2
KTH 4% 5% 3.5 2000-6500 | Section 2.1.4
This thesis 1.2% 0 1.17-1.96 1000-6000 | Figure 4.2

Table 5.2: Relative change in performance for Olshammar compared to baseline engine
for different studies
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6

Conclusion

With the use of Amesim, modeling of the Olshammar engine was successfully achieved.
Through a simulation-based approach, the Olshammar engine was optimized for 2000-
3000 rpm and validated against a real constructed four-stroke engine created by Noga.M
et al. [12]. Designing turbocharged engines requires tuning of parameters such as com-
pression ratio to prevent knock and ensuring a robust model. The results show that the
Olshammar engine reduce fuel consumption, where the main contributing factors has
proven to be the additional power gain of the expansion stroke in the exhaust cylinder,
and also the reduced pumping losses as a result of the sideport. The average BSFC re-
duction is 1.2 % over the entire operating range of 1000-6000 rpm, with the largest BSFC
reduction of approximately 4% obtained at 3000 rpm.

Chalmers explores alternatives to GT-Power for engine modeling since it’s a rather ex-
pensive program, and this study emphasizes the potential of Amesim as a possible re-
placement for GT-Power in the future. The key reasons are the short learning curve due
to well established demo-files, tutorials and a significant amount of documentation that
describes the different parts in detail. The use of the IFP-Engine library is rather simple
and is sufficient in most cases, but for a more detailed engine where higher accuracy of
the flow is required, the CFD1D library is recommended. The main downside of Amesim
in comparison to GT-power is the robustness of the system, where the CFDID library
showed to lack in robustness on occasion. In conclusion, Siemens Amesim would be a
good replacement for GT-Power for the projects in the ICE course at Chalmers if only the
IFP-Engine library was to be used. This would be beneficial for Chalmers economically,
while the students would still reach the learning objectives in the ICE course.

A future recommendation for the Olshammar engine would be to look into systems where
weight and space efficiency is not a primary concern, in comparison to for example au-
tomotive vehicles. This could include genset and marine applications. Further, it would
thus involve modeling larger Olshammar engines that operates under higher boost pres-
sure to a further extent show the potential of the concept compared to smaller engines,
similar to the one modeled in this study. It would also be reasonable to explore options
of alternative fuels where the exhaust gases contain more energy, as this could potentially
increase efficiency and overall performance of the engine.
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Appendix A. Engine Data Tables

A.1 Final models

Baseline

Wot

Rpm Torque [Nm] Power [kW] BSFC [g/kwh]  Boost [bar] Inj Duration [s]
1000 88.5 9.3 260.4 1.15 0.000936
2000 113.8 23.8 239.1 1.39 0.001106
3000 125.1 39.3 241.9 1.55 0.001234
4000 117.4 49.2 255.8 1.73 0.001229
5000 102.4 53.6 275.6 1.88 0.001207
6000 82.6 51.9 311.8 1.95 0.001042

Figure A.1: Final Baseline engine

Olshammar with sideport

Wot

Rpm Torque [Nm] Power [kW] BSFC [g/kwh]  Boost [bar] Inj Duration [s]
1000 89 9.3 262.7 1.17 0.000952
2000 115 24.1 235.2 1.36 0.001102
3000 125.3 39.4 232 1.51 0.001183
4000 117.3 491 246.4 1.64 0.001178
5000 102.6 53.7 272 1.81 0.001135
6000 82.2 51.6 320.5 1.96 0.001082

Figure A.2: Final Olshammar engine with sideport

Olshammar without sideport

Wot

Rpm Torque [Nm] Power [kW] BSFC [g/kwh] Boost [bar]
1000 88.6 9.3 2635 117
2000 114.9 241 236 1.38
3000 124.4 391 2331 1.49
4000 116.8 489 248.4 1.65
5000 103.2 54 2756 1.85
6000 81.2 54l 328.1 2

Figure A.3: Final Olshammar engine without sideport



A. Appendix A. Engine Data Tables

A.2 Timestep analysis

Olshammar sideport off

t=2sec

T/100 0.01 3000 112.2 353 2541
T/250 0.001 3000 122.3 384 236.3
T/500 0.001 3000 122.3 38.4 236.3
T/1000 0.01 3000 122.3 384 236.5
T/5000 0.01 3000 122.3 384 236.5
T/10000 0.01 3000 122.3 384 236.5
t=3.5sec

T/100 0.01 3000 112.2 35.2 254
T/100 0.001 3000 123.5 38.8 234.7
T/100 0.0001 3000 124.4 39.1 233.1
T/100 0.00001 3000 124.2 39 233.6
T/250 0.01 3000 112.2 353 2541
T/250 0.001 3000 123.5 38.8 234.6
T/250 0.0001 3000 124.2 39 233.6
T/250 0.00001 3000 124.2 39 233.6

Figure A.4: Timestep analysis



A. Appendix A. Engine Data Tables

A.3 Spark timing sweep

I



A. Appendix A. Engine Data Tables

Figure A.S: Spark ignition timing sweep for the Olshammar engine. Each table is for
one engine speed.
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A. Appendix A. Engine Data Tables

Figure A.6: Spark ignition timing sweep for the Baseline engine. Each table is for one
engine speed.
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A.4 Exhaust Cylinder Offset

Exhaust Offset

pm exh offset torgue bsfc

Figure A.7: Variation of exhaust cylinder offset for 2000-6000 rpm.
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A. Appendix A. Engine Data Tables

A.5 Bore and stroke variation

Olshammar
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Figure A.8: Bore and stroke variation.
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Appendix B. Exhaust Pulse Effects on
Compressor and Turbine Efficiency

Baseline: Pressure Into Turbine
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Figure B.1: Comparison of pressure into turbine.
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Figure B.2: Comparison of mass flow rate into turbine.
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B. Appendix B. Exhaust Pulse Effects on Compressor and Turbine Efficiency
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Figure B.3: Comparison of turbine efficiency.
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Figure B.4: Comparison of compressor efficiency
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