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ABSTRACT

In times of increasing requirements on CO»-emissions and therefore the
need to improve fuel efficiency, downsizing of combustion engines is an
effective approach for future concepts.

In order to predict and optimize the expected combustion behavior
concerning fuel consumption, performance, emissions etc., the simulation
plays a key role nowadays. Due to the fact that the number of engine
parameters is steadily rising, simulation methods which need less
computational time like zero-dimensional models are required, especially in
the early stages of the development process.

The objective of this thesis is to analyze, calibrate and develop quasi-
dimensional combustion models for S| engines within the 1D-simulation-tool
GT-Power. In the present work, a comparison was made between the
commercial tool from Gamma Technologies Inc. “SI Turbulent Flame
Combustion Model” and a combustion model created at BMW which was
subject of the dissertation of Nefischer (TU Graz, 2009). This model has
been enhanced and refined during this thesis.

The investigations on two turbocharged Sl engine concepts (one highly
turbocharged and one with variable valve timing) demonstrate different
aspects of both models and their ability to meet requirements like accuracy,
robustness, simulation time etc. The calculations are based on
measurements at engine test benches.
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(1) Introduction

1 Introduction

In the last century, the importance of combustion engines increased
enormously and nowadays a life without them seems almost impossible.
Despite a lot of upcoming new technologies, like hydrogen fuel cells and
electric concepts, the traditional combustion engines and their development
are still crucial for every car manufacturer. During the last decades, the
greenhouse effect has become a major topic and the requirements for
emissions rose steadily. In order to meet these requirements, car
manufacturers are forced to reduce the fuel consumption and emissions of
their cars. For this purpose, downsizing is an effective approach to improve
the fuel efficiency of engines and to lower emissions.

Since 1876, when Nikolaus August Otto has patented his engine on the basis
of the much weaker performing two-cycle gaseous-fuel engine of Lenoir
developed in 1860, the Sl engine has experienced about 130 years of
development.

Figure 1-1: Comparison of the first engine from Nikolaus Otto with a modern
TGDI engine from BMW

In order to predict and optimize the expected combustion behavior
concerning emissions, performance, fuel consumption etc., the simulation
nowadays plays a key role. Due to the fact that the number of engine
parameters is steadily rising, simulation methods which need less
computational time like zero-dimensional models are required, especially in
the early stages of the development process. The simulation-tool GT-Power
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from Gamma Technologies provides combustion models and sub-models,
which can achieve quite good results but are not explained thoroughly in the
documentation and therefore give the model a black-box-character. In order
to understand the physical processes and to make a better usage of the
software possible, a combustion model for GT-Power was created at BMW
(Nefischer, 2009). It is based on the “Entrainment model”, which was
developed by Blizard and Keck (1976).

One of these combustion models is supposed to be used not only to predict
the burn rates (rates of heat release) but also to simulate values like
maximum pressures (which are important for the design engineers), mean
effective pressures, torques and so on. It is also planned to integrate the
model into power train and driving simulations.

The objective of this diploma thesis is to analyze, calibrate and compare
combustion models for SI Engines within GT-Power: The Sl Turbulent Flame
Combustion Model “EngCylCombSITurb”, which is integrated in GT-Power,
and a User Model, created at BMW. These 2 models are applied to 2
different engine concepts: a Highly Turbocharged TGDI and a TGDI with
Variable Valve Timing (TVDI). Incoming measurements from the engine test
bench give the possibility to perform a “Three Pressure Analysis” (TPA) in
GT-Power, which uses these measurements to calculate the burn rate.
These results are taken as reference values and can be compared with the
two competing models.

S| Turbulent User Model
Flame Model : [l: Nefischer

Figure 1-2: Competing models
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2 Basics

This chapter is based on up-to-date literature regarding the main topics and
technologies of the two investigated Sl engines in this thesis.

2.1 Combustion Process of an SI Engine

In conventional Sl engines, the homogeneous fuel-air mixture is ignited
through a spark timing close to the top dead center. In the following premixed
combustion process, a flame front is expanding from the position of the spark
plug until it reaches the walls of the combustion chamber where extinction
occurs. The high turbulence in Sl engines is important for the high velocities
of flames, which make high engine speeds possible.

So, the combustion process of an Sl engine is strongly determined by the
expansion of turbulent flames which depends on the one hand on the laminar
flame speed and on the other hand on parameters of turbulence (e.g.
turbulent length scale etc). As Figure 2-1 shows, increasing turbulence
causes the warping of the laminar flame front which increases the reaction
zone and causes faster flame propagation.

turbulent flame front

laminar flame front
W,

laminar flame thickness

Figure 2-1: Laminar and turbulent flame propagation (Wimmer, 2004)

Whereas the ordinary combustion process is initiated through a spark from
the spark plug, engine knocking is caused by compressed ignition of fuel-air
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mixtures the flames front has not reached yet (tail gas). The sudden release
of high rates of chemical energy leads to a high increase of pressure and
temperature and to an expansion of high-frequency shock waves from 5-7
kHz with high amplitudes (Eichlseder, 2005).

The velocity of flame propagation determines not only the burnout, but has
also direct impact on knock occurrences in Sl engines. If the burnout of the
tail gas is fast enough, engine knocking can be avoided (RWTH Aachen,
2000).

2.2 Downsizing

Downsizing is a procedure where engines with smaller displacements can
achieve the same results concerning driving performance as engines with
large displacements. The main goal is the increase of fuel efficiency and a
decrease of CO,-emissions. Due to the reduction of displacement, the used
engines can be operated in areas with higher specific loads to reach the
same performance, which leads to lower throttle losses. Thus, a higher
degree of efficiency and a lower specific fuel consumption can be achieved
(Van Basshuysen & Schafer, Motorlexikon.de - Downsizing, 2009).

Hence, the goals for downsizing-concepts are:

e Decrease of fuel consumption and CO;-emissions

e Reduction of weight compared to an engine with the same power but
larger displacement

e Same power due to higher indicated mean effective pressures (IMEP)

e Compensation of the low torque (compared to engines with larger
displacement) due to turbocharging

In order to achieve these goals, key technologies are:

e Gasoline Direct Injection (GDI)
e Supercharching (especially with the exhaust-driven turbocharger)

e Variable Valve Timing
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Concepts for a variable compression ratio, which could bring further
improvements to these engines, are also possible, but are not ready for serial
production yet.

2.3 Technologies Used in the Investigated Engine Concepts

In order to further increase the performance and fuel efficiency, the 2
investigated engine concepts use technologies which will be described in this
chapter.

2.3.1 Gasoline Direct Injection

The original purpose of gasoline direct injection was an increase in
performance because of the cooling effect through evaporation in the
combustion chamber. This leads to a higher volumetric efficiency, reduces
the tendency of engine knocking at full load and permits a slightly higher
compression ratio (Eichlseder, 2005).

Basically, there are 2 concepts to perform gasoline direct injection:

e Homogeneous operation: At high loads, gasoline is injected early
during the intake stroke, the fuel-air mixture homogenizes and burns
premixed with a stoichiometric air-fuel-ratio.

e Stratified-charge operation: Due to a late injection in the
compression stroke at partial load, a stratification of the fuel-air-
mixture can be achieved. This leads in average to a lean fuel-air
mixture in the combustion chamber, but in the area of the spark plug
there is an ignitable mixture.
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homogeneous operation stratified-charge operation

Figure 2-2: Basic concepts of Gasoline Direct Injection

At engines which are only operated homogeneously, like the two investigated
engines in this thesis, the advantages because of the cooling effect, the shift
of the knocking limit and advantages regarding the filling of the cylinder can
be exploited totally. That way, the fuel efficiency increases in wide areas of
the engine performance map up to 10%. In stratified-charge operation with
variable high fuel-air mixtures, the engine can be run without a throttle which
reduces the high losses of gas exchange of homogeneously operated SI
engines. Because of higher air-fuel-ratios, the efficiency of the whole process
increases and leads to improvements of efficiency at partial load of 10-30%.

Therefore, the decisive strengths of the SI engine with direct injection are the
high potentials operating with fuel stratified injection. Additionally, this system
has a good transient- and full load behavior. Nowadays, the whole
exploitation of these potentials is limited by exhaust gas emissions. Due to
the fact that with fuel stratified injection the cylinder is filled mostly with lean
fuel-air mixture, there is a surplus of oxygen. This inhibits the possibilities of
reduction and thus the conventional exhaust gas treatment with the three-
way catalytic converter. In addition, the shorter time for fuel-mixture
generation and the accumulation of fuel at the cylinder walls with the wall-
guided method lead to much higher HC-emissions. According to the state in
the engine performance map, Sl engines with gasoline direct injection are
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operated with different methods. Figure 2-3 gives an example for possible
strategies (Eichlseder, 2005).
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Figure 2-3: Operating strategies in the engine performance map (Eichlseder, 2005)

2.3.2 Variable Valve Timing

Variable Valve Timing (VVT) is usually realized by the use of a Variable
Valve Train, called Valvetronic at BMW, which controls the valve lift and a
variable camshaft setting system, called VANOS (short form for “Variable
Nockenwellensteuerung”) at BMW, which controls the phase setting. There
are upcoming electro mechanic concepts which are not fully developed yet.

The in- and outflow of gases changes depending on the engine speed and
the throttle position. Variable Valve Timing permits the adjustment to different
engine speeds and cylinder charges. With the variable camshaft setting
system, the valve timing can be changed. At low engine speeds, the cylinder
is already filled with the fuel-air mixture at BDC and an earlier IVC (ideally
where the mass flow gets zero) avoids the backflow of gases in the intake
part, which increases the volumetric efficiency. At higher engine speeds,
there is less time to fill the cylinder and a later IVC permits the fuel-air
mixture to flow in even after BDC leading to higher engine power (Eichlseder,
2005). Due to optimized valve overlap at partial loads, the internal exhaust
gas recirculation (EGR) can be increased. High EGR-rates lead to a thermal
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de-throttling which increases fuel efficiency and reduces NOyx-emissions
(Backhaus, 2009).

Another goal is to reduce throttle losses which increases the fuel efficiency at
partial load. This can be realized with partial de-throttling over even full de-
throttling which supersedes the throttle. As Figure 2-4 shows, the TVDI (with
VVT) has lower gas-exchange losses (orange area) than the homogeneously
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Figure 2-4: Reduced gas-exchange work with Variable Valve Timing
(according to Kiefer et al., 2004)

Partial de-throttling can be realized by:

e Variable phase setting

e Exhaust gas recirculation

e Stratification operation at direct injection

e Supercharged engines with small displacements
e Variable compression ratio

e Cylinder cutoff

Full de-throttling can be realized by:

e Variable Valve Train

e Electro-mechanic valve train
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2.3.2.1 Scavenging

If the time slots for intake and exhaust valves can be adjusted independently,
due to variable valve timing, the intake valves at full load can be opened
when the exhaust valves are still open. With this overlap of valve opening-
periods and a positive pressure gradient between intake and exhaust
manifold (which is the case for turbocharged engines), fresh air flows into the
exhaust manifold and scavenges residual gases out of the cylinder. This
cools the combustion chamber and additionally drags hydrocarbons and
carbon monoxide out of the cylinders which react with this air and burn. Thus,
the exhaust gas temperature and volume increase, leading to a higher
exhaust gas flow and causing a higher pressure of the exhaust-driven
turbocharger. Scavenging leads to higher torques at low engine speeds.

2.3.2.2 Phasing

Phasing describes the different intake valve lifts of a cylinder. If one of the
intake valve lifts remains small, the biggest part of the fresh mixture flows
through the other valve and causes swirl. So, it can increase the turbulent
kinetic energy and make higher burn rates possible. This reduces the burn
duration and, if the crank angle of 50% burn point stays the same, the ignition
point can be set at higher crank angles. The higher turbulence increases
combustion stability, which helps to apply higher fractions of residual gases.
This increases the fuel efficiency because of partial de-throttling and makes
procedures like the warm-up of the catalyst easier (Klaus et al., 2005).

The problem when trying to model phasing is that a higher degree of phasing
causes of course a higher swirl, but measurements showed that it can also
reduce tumble. So, this process is nonlinear and needs a sophisticated
approach in order to model the real effects.

Figure 2-5 shows 3 different settings: the one in the middle with no phasing,
where both intake valves have the same lift, one with mild phasing and the
maximum phasing settings with the highest possible difference in valve lifts.
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Figure 2-5: Different degrees of phasing

Phasing is used in areas with low engine loads, where throttling is applied in
conventional Sl engines. At full load, other parameters like the flow rate
become more important and so the same valve lifts are applied. Figure 2-6
shows a characteristic diagram how phasing is used.
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Figure 2-6: Phasing depending on load
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2.3.3 Highly Turbocharged Engines

Highly turbocharged is not a well-defined term. For passenger car engines,
the term highly turbocharged is used approximately above 18 bar indicated
mean effective pressure. Modern Diesel engines reach 25 bar (Van
Basshuysen & Schafer, Motorlexikon.de - Hochaufladung, 2009). Highly
turbocharged engines are usually used in downsizing concepts to achieve
higher performance, higher torque already at low engine speeds and to
reduce fuel consumption and emissions.

For higher degrees of turbocharging, larger turbocharger(s)/turbocharger
concepts are necessary. Because of the increasing volumes and increasing
inertias, the response behavior gets worse (turbo lag) and so a compromise
between the advantages of turbocharging (e.g. higher torques), response
behavior and costs (overall more advanced and more expensive concepts,
e.g. additional variabilities) has to be made.

According to Backhaus (2009), double-stage turbocharging systems are the
best solution for engines with higher specific engine power. Based on cost-
benefit calculations, they see advantages compared to single-stage
turbochargers with the expensive variable turbine geometry.

2.3.4 Twin Scroll Turbocharger

Exhaust driven turbochargers with variable turbine geometry are standard in
modern diesel engines. With the higher exhaust gas temperatures of SI
engines, more expensive material choices or thermodynamically less efficient
solutions have to be pursued. So, other methods to improve the response
behavior of the turbine were investigated. The Twin Scroll turbocharger has a
double-flow construction of the turbine housing and exhaust manifold.

As Figure 2-7 shows, the pipes of cylinder 1 and 4 are separated from
cylinder 2 and 3 in two scrolls, until the entrance into the turbine. This
prevents disturbances of the impact energy of the adjoining flow in the
exhaust manifold and avoids the weakening of turbine propulsion (Haider,
2008). Thus, the advantages of the Twin Scroll turbocharger are a better
response behavior and a faster build-up of turbocharging pressure. Tests
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have shown that the build-up of turbocharging pressure can already start
slightly above idle speed which leads to a maximum torque at around 1500
rpm.

‘]‘ TWIN SCROLL

WHEEL T Ty= o,

' 4
TURBINE _ FcC I/”‘\,j Q
"

Fd /'
TURBINE _- b
HOUSING { ‘ \'l ‘,
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WHEEL

EXHAUST
MANIFOLD

Figure 2-7: Construction of a Twin Scroll turbocharger (www.skyroadster.com)
2.4 Pressure Trace Analysis

The pressure trace analysis in a cylinder is a very important tool in the
development of combustion engines. It is the most effective way to identify
the knocking limit. By a thermodynamic analysis other values like the burn
rate can be calculated.

Cylinder pressure is measured with piezo-sensors, which indicate a force
proportional to the pressure in the combustion chamber. The conditions of
the gases (pressure, temperature and internal energy) can be specified by
the thermal equation of state, the mass balance and the energy balance. Due
to the fact that the combustion process happens during the high-pressure-
phase, the combustion chamber for this phase can be seen as a closed
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system. This means that the flows of enthalpy across the system borders are
zero. The blowby losses and the change of enthalpy through evaporation
with gasoline direct injection are zero as well.

The internal energy depends on pressure, temperature and the composition
of gases (Formula 2-1). The term dQ,, is subtracted because of the chosen
orientation into the cylinder (Figure 4-1). The temperature of gases can be
determined through the actual volume of the combustion chamber, the total
gas quantity and the pressure measured in the cylinder (Merker, Schwarz,
Stiesch, & Otto, 2004).

d& — d_U — dQ_W + d_V [_ deB <_ der.,verd ‘AR )]
dt ~de  de Pacl Tae PP ar T

Formula 2-1: Equation for the burn rate

Figure 2-8 shows the burn rate (blue) and some characteristic values which
have been used in the simulation analysis (5.4.2.1).
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Figure 2-8: Characteristic values of the combustion process
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3 Investigated Engine Concepts

In order to evaluate the simulations models, data from real engines is
necessary. The engines described in chapter 3.2 and 3.3 have been modeled
in GT-Power and are evaluated at the engine test bench, equipped with an
indication system to track the required data. The cylinder pressures, which
are necessary for a Pressure Trace Analysis (2.4), are measured with high-
pressure piezo-sensors. Low-pressure piezo-sensors and thermocouples
measure pressures and temperatures just before intake valves and after the
exhaust valves, which helps to reduce the simulation model significantly to
the region between these measurements. Additionally, the engines are
equipped with many other measuring points for torque, power, exhaust gas
analysis, fuel consumption etc. A conditioning system guarantees a constant
environment (intake air, cooling water, fuel conditions etc.), which is
necessary for a comparability of measurements. Both engines are
turbocharged concept engines and use Gasoline Direct Injection with
homogenous operation throughout the entire engine performance map.

3.1 Base TGDI

In the first development steps, the Nefischer User Model has been evaluated
on the TGDI. In this thesis the transfer of the model to the engines described
in chapter 3.2 and 3.3 has been evaluated. Both engines are based on the
TGDI, one is highly turbocharged, the other one has been enhanced with
Variable Valve Timing (VVT).

TGDI

Highly Turbocharged

TVDI

WT

Figure 3-1: Engine concepts
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3.2 Highly Turbocharged TGDI

The Highly Turbocharged TGDI is equipped with a double-stage exhaust
driven turbocharger and VANOS for the intake and exhaust camshafts (Bi-
VANOS). It is highly turbocharged (2.3.3) in order to realize a very high
specific engine performance. Table 3-1 gives an overview of engine
specifications.

3.3 TVvDI

Specifications Engine 1

Operating process
Cylinders

Valves
Displacement
Bore

Stroke

Compression ratio

Gasoline 4-stroke
4

4

1600 cm3

77 mm

85.8 mm

9.2

Table 3-1: Engine specifications (Highly Turbocharged TGDI)

The second engine is a so called TVDI (Turbocharged Valvetronic Direct
Injection) with a Twin-Scroll turbocharger (2.3.4) and Variable Valve Timing

(2.3.2). Table 3-2 gives an overview of engine specifications.

Specifications Engine 2

Operating process
Cylinders

Valves
Displacement
Bore

Stroke

Compression ratio

Gasoline 4-stroke
6

4

2979 cm?

84 mm

89.6 mm

10.2

Table 3-2: Engine specifications (TVDI)




(4) Simulation of Combustion Processes

4 Simulation of Combustion Processes

This chapter shows a general classification of working process models and
gives an overview of established combustion models which are nowadays
used in simulation programs. It also describes how simulations are done with
the software GT-Power.

4.1 Classification of Models for the Working Process
In order to classify models to analyze and simulate the working process,
Wimmer (2004) has proposed the following classification:

e Zero-dimensional models

e Quasi-dimensional models

e One- and multidimensional models

4.1.1 Zero-Dimensional Models

Zero-dimensional models describe the time-dependence of variables but do
not consider spatial phenomena. They are often used to develop empirically
based models when fast and simple approaches are required.

p
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Figure 4-1: Cylinder model with 1 zone
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The combustion chamber can be considered as 1 homogeneous zone
(Figure 4-1) or can be divided into 2 or more zones. As Figure 4-2 illustrates,
models with 2 zones divide the combustion chamber mostly into burned and
unburned gases.

Burned gases
pcyh mB! Tﬂ' Vl

Unburned gases
pcyl' mm Tu- vU

Figure 4-2: Cylinder model with 2 zones (Lammle, 2006)

4.1.2 Quasi-Dimensional Models

Quasi-dimensional models are zero-dimensional calculations which consider
spatial phenomena and geometric data. Therefore, spatial variables are
implemented as a function of time.

4.1.3 One- and Multidimensional Models

One- and multidimensional models describe the dependence of variables
from one or more spatial coordinates respectively. Due to the increasing
computational power, 3 dimensional models become more and more
important. CFD (Computational Fluid Dynamics) use numerical methods
based on the Navier-Stokes equations to solve problems with fluids involved.
In the area of combustion engines, so called 3D-CRFD (Computational
Reactive Fluid Dynamics) are used.

Compared to zero-dimensional and quasi-dimensional approaches these
models are much more sophisticated and can simulate flows of gases and
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liquids, heat and mass transfer, moving bodies, multiphase physics, chemical
reactions, fluid-structure interaction and acoustics through computer
modeling (fluent.com, 2009). Hence, the disadvantages of this method are
the higher effort which is needed to design the models and the much higher
computational time compared to zero- or quasi-dimensional models.

M W
} 55 i, Velocity [m/s]
EM¥A 72 ol 25.00

! - 1
"' ' .y 18.75
! e
d
o ] 12,50
BEY 6.25

0.00

Figure 4-3: Example for a 3D-CFD model
4.2 Models for the Combustion Process

The combustion process describes the time dependent heat release in the
combustion chamber. In order to model this process, substitution combustion
processes like Vibe or phenomenological models (which precalculate the
combustion process based e.g. on the injection rates) are used. Since the
complexity of combustion procedures has increased (fuel stratified injection,
multiple injections), numerical methods to describe the heat release have
gained importance. The so called neural networks have to be trained with
measurement results and are then able to find an adequate function for
describing the heat release.

4.2.1 Vibe

Based on triangular burn rate functions Vibe (1970) has stated Formula 4-1
to describe the burned fuel fraction of the combustion process.

— m+1
Qu(@) _, _ -a(tmm)

0 with Qg < @ < @pp + @pp
B,ges

Formula 4-1: Burned fuel fraction according to Vibe
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The heat release due to the combustion of the fuel in the combustion
chamber can be calculated with the product of the fuel mass fraction in the
combustion chamber and the lower heating value as Formula 4-2 shows.

QB,ges =mp * Hu

Formula 4-2: Heat release

At the end of the combustion process, a certain percentage 7, 4.; Of the
energy provided from the fuel is meant to be realized. So 7, 4. is called the

degree of realization and can be calculated with Formula 4-3 (Merker,
Schwarz, Stiesch, & Otto, 2004).

_ Qp(9) | _

—a
Nu,ges = p=pgp — 1€
QB,ges

Formula 4-3: Degree of realization

In order to adjust the real burn rate graph to the Vibe-model, the 3
parameters start of combustion, end of combustion and the form factor m
have to be determined. This can be done manually with help of mathematical
procedures like the least square fit method. It is important that vital values
like the maximum pressure, the indicated mean effective pressure and the
temperature of exhaust gases of the Vibe-model have to correspond with the
real data. Figure 4-4 shows the Vibe functions with different values for the
form factors m.
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_______________________________________________________________________
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Figure 4-4: Vibe functions according to different form factors m
(Merker, Schwarz, Stiesch, & Otto, 2004)

4.2.2 Neural Networks

Because of the rising complexity of combustion processes (gasoline direct
injection, pre- and post injections, fuel stratified injection etc.), simple
substitution combustion processes like Vibe are not accurate enough
anymore in order to describe all detalils.

Artificial Neural Networks (ANNs) are inspired by the way how biological
nervous systems, such as the brain, process information. It is composed of a
large number of highly interconnected processing elements (neurons). An
ANN is configured for a specific application, such as pattern recognition
through a learning process (Stergiou & Siganos).

Also, combustion processes can be calculated with neural networks. For
instance, the Vibe-process can be combined with ANNs, which can be
trained on finding the right Vibe-parameters based on experimentally
determined combustion processes. One disadvantage of ANNs is that their
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results are just valid in areas which have been in the training process.
Extrapolation is not possible or will cause wrong results.

4.2.3 Entrainment Model

The Entrainment model was developed by Blizard and Keck (1976) and
improved by Tabaczinsky (1980). This model is often used to compute heat
release and flame propagation in Sl engines. The model is based on physical
dependencies and considers in-cylinder flows, the change of geometry, heat
transfers and chemical reactions in order to calculate the combustion
process. Figure 4-5 shows the basic principle of the entrainment model. The
flame is propagating spherically from the spark plug until it interacts with the
combustion chamber walls.

Detail X

Verbrannte

unverbranntes Endgas
Zone

Figure 4-5: Basics of the entrainment model (Pischinger et al. 2002)

The entrainment model uses two separated processes to model the
combustion. The first one describes the flame capturing (entraining) the
unburned air-fuel mixture according to Formula 4-4 where p, is the density of
the unburned zone, Ay the turbulent flame surface and S; the turbulent flame
speed.

dM,
dt

= py * Ay * St

Formula 4-4: Entrained mass

Damkohler (1940) stated that the wrinkling of the flame front leads to an
enlargement of the flame surface and thus calculates the turbulent flame
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speed as sum of the laminar flame speed and the turbulent intensity u’
according to Formula 4-5.

ST:SL +u,

Formula 4-5: Turbulent flame speed

The second process describes burn up process according to Formula 4-6.
The entrained (M,) but unburned (M, — M,) mass burns during the
characteristic burn time t, which is determined by the Taylor length scale 4,
the laminar flame speed and a constant C (Nefischer, 2009).

de (Me _Mb) . A
Fra - witht=C *5

Formula 4-6: Burn up process
4.3 Turbulence Model

For the used entrainment models, the modeling of turbulence is very
important, because it significantly affects the turbulent flame speed and thus
the whole combustion process.

The k-¢ turbulence model is frequently used in literature and was developed
by Borgnakke et al. (1980). They observed that the flow field is
inhomogeneous and anisotropic during the intake cycle but homogeneous

and isotropic during the compression phase next to the top dead center.

Based on these observations, they proposed the following two equations to
calculate the turbulent kinetic energy k and the turbulent rate of dissipation ¢
(Nefischer, 2009).

2 d
dk=1+akZ _c+F,
3 p

Formula 4-7: Turbulent kinetic energy
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4 dp g?
d£=§£?—62?+15;

Formula 4-8: Turbulent rate of dissipation

The coefficient a considers anisotropy, the terms F, and F, describe the
transport of turbulent values between the zones at models with more than

one zone.

For the use in Diesel engines with direct injection, Pivec (2001) used the
basic approach of Borgnakke et al. (1980) and extended it by a term for the
injected fuel mass m;, which is brought in with the flow velocity u;, and leads
to Formula 4-9 (Nefischer, 2009).

2 d m
dk =—(1+a)k—p—£+—kuk
3 p m

Formula 4-9: Turbulent kinetic energy according to Pivec (2001)
4.4 Investigated Entrainment Models

Both investigated models, the SI Turbulent Flame Combustion Model and the
Nefischer User Model, use the entrainment concept and will be described in
the following chapters. Due to the fact that the SI Turbulent Flame
Combustion Model is a proprietary model of Gamma Technologies, a lot of
information regarding the exact processes and formulas used are retained,
thus giving the model a black-box-character. The following information was
accessible in user manuals and the website (www.gtisoft.com).

4.4.1 Sl Turbulent Flame Combustion Model (GT-Power)

The Sl Turbulent Flame Combustion Model from GT-Power is an
Entrainment model (4.2.3) and based on the propagation of flames due to
turbulent cylinder flows. The template is called “EngCylCombSITurb”. It takes
the cylinder geometry, air motion, spark timing and fuel properties into
account. Via the submodel “EngCylFlame”, the location of the spark plug and
geometry data of the combustion chamber can be defined. Additionally, STL-
files (exported from CAD) can be included if the head and piston do not have
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simple dome and cup geometries. The computational time for the SI
Turbulent Flame Combustion Model is substantially higher than for non-
predictive models like the Vibe combustion model, which is also integrated in
GT-Power.

Based on predefined spark timing, spark size, spark position and parameters
for the laminar and turbulent flame speed, the model is used to predict in-
cylinder burn rates for spark-ignited engines. It is well suited for homogenous
air-fuel mixtures but may be used to impose non-homogeneous air-fuel
mixtures (with the attribute “Entraining Mixture Phi”) for direct injected
engines as well. The following equations describe the mass entrainment rate
into the flame front and the burn-up rate with the time constant ¢ (Gamma
Technologies Inc., 2006).

dM,
dt

= puAe (ST + SL)

Formula 4-10: Mass entrainment rate into the flame

Formula 4-10 states that the unburned fuel-air mixture is entrained into the
flame front through the flame at a rate proportional to the sum of the laminar
and turbulent flame speed. Formula 4-11 indicates that the burn-up rate is
proportional to the amount of unburned mixture behind the flame front divided
by the time constant t.

aM, (M, —M,) it A
dt - T m T_SL

Formula 4-11: Burn-up rate
4.4.1.1 Turbulence Model

The modeling of turbulence is done by the reference object “EngCylFlow”,
which is used to calculate the in-cylinder flow velocity and turbulent intensity.
As Figure 4-6 shows, it divides the cylinder into 4 regions.
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Figure 4-6: 4 regions of the cylinder

Taking into account the cylinder chamber geometry, the piston motion, flow
rate, swirl and tumble of the incoming and exiting gases through the valves,
the model calculates the mean radial velocity, axial velocity and swirl velocity
for each time step in each region. Then it solves the equations for turbulence
kinetic energy and turbulence dissipation rate and uses these results to
calculate instantaneous mean turbulence intensity and turbulence length
scale (Gamma Technologies Inc., 2006).

4.4.1.2 Flame Speed

The laminar flame speed is calculated as stated in the GT-Power User
Manual according to Formula 4-12. It considers the maximum laminar flame
speed for the used fuel, pressure, temperature and the influence of dilution.

T, \" k
S, = (Bu + By (& — én)?) <T “f) <ppf> (1 — 2.06 * DilutionPEM=077)
re re

Formula 4-12: Laminar flame speed

The turbulent flame speed was not stated explicitly by Gamma Technologies
but they referred to the work of Morel et al. (1988) and Wahiduzzaman et al.
(1993). Their assumption was that the unburned gas entrainment rate is
limited by the laminar flame speed when the flame kernel is small. With
growing size of the flame the turbulence induced component starts
dominating the rate of the flame propagation. Thus, the turbulent flame speed
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can be calculated according to Formula 4-13, considering the turbulence
intensity u', which is calculated from the object “EngCylFlow”, flame radius
Rf, turbulent length scale L, and 2 constants (C; depending on the fuel type

and C, regarding the flame kernel growth).

()

Sp=Cyxu *|1—
T S sz

1+Cy*x—~
kL2

Formula 4-13: Turbulent flame speed
4.4.1.3 Settings

Additionally, the model offers five different data tabs, which allow the
adjustment of several parameters as described in Table 4-1.

Data tab Purpose, Parameters

Defines the location, timing and size of the spark. Additionally,
there is a parameter “Entraining Mixture Phi”, which specifies the

Main equivalence ratio at the flame front as a function of the mass
fraction of burned fuel (only needed for stratified-charge
operation).

Defines the settings for the laminar flame speed considering
LamSpeed different parameters like the fuel type, a maximum speed, dilution
etc. Alternatively a user model can be implemented.

Defines the settings for the turbulent flame speed with factors for
TrbSpeed the flame speed, kernel growth rate and taylor length scale.
Alternatively a user model can be implemented.

The standard knock model from GT-Power can be used and
calculations for NO,, CO and HC can be added to the simulation.

Advanced

In order to improve the computation time, a simple burn curve
Startup (Vibe), which can be defined with this tab, can be imposed for the
initial cycles of the simulation.

Table 4-1: Parameters of the S| Turbulent Flame Combustion Model
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4.4.2 Nefischer User Model

This chapter describes the basic structure and formulas of the User Model,
which was developed by Nefischer (2009) and implemented as FORTRAN
Code. Basically, it is based on the entrainment model (4.2.3) and uses
approaches from Heywood (1988) for the laminar flame speed and Gilder
(1990) for the turbulent flame speed.

4.4.2.1 Turbulence Model

The turbulence model is based on the k-¢ turbulence model (chapter 4.3).
Based on the work of Pivec (2001), Schubert et al. (2005) proposed to
approximate the turbulent length scale by the cube root of the cylinder
volume and to drop the differential equation for the turbulent rate of
dissipation. According to this approach, the following formulas are used in the
model.

3
2 dp k2
dk = 5(1 + a)kj— Cdiss E

ly =¢ 3\/ Vayi

Formula 4-14: Turbulent kinetic energy and turbulent length scale
according to Schubert et al. (2005)

4.4.2.2 Flame Propagation

The spherical flame propagation is basically divided into 2 parts, one which
calculates the flame surface from the flame center going towards the cylinder
head and one towards the piston. The flame center position can be defined
with the excentricity exc and the vertical position vert according to Figure 4-7.

Figure 4-7: Excentricity exc and vertical position vert of the flame center
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4.4.2.3 Flame Speed

The calculation of the laminar flame is done according to Heywood (1988),
who stated the following Formula 4-15.

TZ l ¢ (pz l)ﬂ
S, =S5 o ) 1—-yxf)
L L0 (Tref> Dres y*f

Formula 4-15: Laminar flame speed

S0, @, B and y are constants considering different fuels, equivalence ratio
and burned gas diluents fraction.

Taking a look at the burning velocity for different fuel types, they all show a
peak slightly above the stoichiometric ratio. This fact is included in the
calculation of S;, with a maximum value B,, and a negative value By, which
is multiplied with the square of the deviation from the equivalence ratio ¢,, at
B,

Spo =By + Bq,’) (- ¢m)2

Formula 4-16: Laminar flame speed depending on equivalence ratio

The factor f in Formula 4-15 represents dilution and has been implemented
according to Formula 4-17 (identical to the SI Turbulent Flame Combustion
Model).

f = Dilutiondilutionexp *0.77

Formula 4-17: Dilution exponent in the User Model

Combining Formula 4-15 and Formula 4-16 leads to the same approach to
calculate the laminar flame speed as used for the SI Turbulent Flame
Combustion Model (Formula 4-12).

The turbulent flame speed is calculated according to Nefischer (2009), who
modified an approach by Gulder (1990) and stated Formula 4-18.
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Formula 4-18: Turbulent flame speed according to Nefischer (2009)

It considers the Reynolds- and Damkdhler-number (Re, Da) and the type of

flames, which can be represented in the Peters/Borghi-Diagram.

co
i

homogener Rihrreaktor

1000 1
- 0. -—
9 o -
- 0/
S :‘a
* ¢ / °
R ’ - @ @ o
(%)
@ gefaltete Flamme
100 1000 @ }
gewinkelte Flamme

.ITII(%_

Figure 4-8: Peters/Borghi-Diagram according to Messner (2007)

Depending on the the type of flames, a and b have the following relation

a>b

(Nefischer, 2009):
e Wrinkled flamelets (zone 1, e.g. Hy)
e Corrugated flamelets (zone 2) a~b
a<b

e Thick reaction zone (zone 3)
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The flames of gasoline are between zone 2 and 3. Investigations of Nefischer
(2009) showed that a relation of a: b = 1: 2 can be seen as reasonable for
gasoline and therefore can be used for the optimization process within this
work.

4.4.2.4 Initial Kernel Growth — Ignition Delay

For modeling ignition delay, there are basically 2 concepts. The first one is to
consider the initial kernel growth. It is assumed that the flame is propagating
laminar at the beginning and that the turbulence plays a key role as soon as
the flame exceeds a certain radius.

The following correlation stated by Lipatnikov and Chomiak (2002) defines
the relation of the adjusted (S7 ) to the original turbulent flame speed.

S T t l
L"‘:j1+—*<er—1) with 7=C*—
St t u

Formula 4-19: Initial kernel growth

Figure 4-9 shows the development of the adjusted turbulent flame speed,
which has a steep rise at the beginning and then slowly converges to 100%
of turbulent flame speed.
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Figure 4-9: Relation of adjusted and original turbulent flame speed
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Figure 4-10 illustrates that with an increase of parameter C and thus t the
combustion process starts at the same point, but the effects of turbulent
flame speed are delayed.
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Figure 4-10: Comparison of burn rates with different values for C

The second concept is based on the integration of the term 1/T (where t
represents the ignition delay time), until it reaches a certain threshold value
and arises from approaches to model knocking occurrences and auto-ignition
(HCCI). Then, the combustion starts with full turbulent flame speed.

Livengood and Wu (1955) stated Formula 4-20, where knocking occurs if the
integral reaches the threshold value 1.

1
[La=
T

Formula 4-20: Integration of an ignition delay time

The ignition delay time 7 is based on an approach according to Arrhenius
depending on pressure, temperature and a constant A (Formula 4-21).
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Ty
T=Axp?*eT

Formula 4-21: Arrhenius-approach for ignition delay time

This approach was extended by Jobst et al. (2005), as shown in Formula
4-22. ¢p, and ckx represent the concentration of oxygen and fuel in the

cylinder.

_T(l
;:TA:AArr*Cozx xcp? xptxeT

Formula 4-22: Extended approach for ignition delay time

Investigating the relation of ignition delay and total residuals at combustion
start showed a clear correlation between them. Figure 4-11 and Figure 4-12
show the correlation of the ignition delay for both engines (from ignition point
IP to 2% BFF and to 10% BFF) as a function of the total residuals.
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Figure 4-11: Correlation ignition delay and total residuals
(Highly Turbocharged TGDI)
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Figure 4-12: Correlation ignition delay and total residuals (TVDI)

Additionally, Chmela et al. (2006) proved that also the turbulence has an
influence on the ignition delay

Considering these different aspects, the following ignition delay model has
been implemented in the User Model:

1
B
T
T,

Ia
Axcpg? *p**eT
T = X

Formula 4-23: Implemented ignition delay model

cpe represents residual gases and k the turbulent kinetic energy in the
combustion chamber. Figure 4-13 shows the impact of the implemented
ignition delay model when the constant A increases. As soon as the
threshold value is passed, the combustion process starts with full turbulent
flame speed (i.e. without initial kernel growth).
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Figure 4-13: Comparison of burn rates with different values for A

4.4.2.5 Structure of the User Model in FORTRAN

The implementation of the User Model is basically done by the use of a
dynamic linked library file (dll), which is created by the FORTRAN compiler.
GT-Power calls the subroutine ENGCOMBUSER, if this option has been
chosen in the settings. In this subroutine, where the basic code is available
from Gamma Technologies and can be modified, a further call of the
entrainment model is placed, which itself is structured and divided in different

functions as Figure 4-14 shows.
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Figure 4-14: Basic structure of the User Model in FORTRAN
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45 Model Generation and Simulation with the Software GT-
Power

GT-POWER is the industry leading engine simulation (sometimes referred to
as cycle simulation) tool used by many engine manufacturers worldwide. The
software is used to perform a variety of both steady state and transient
analyses. Table 4-2 gives examples for main functions of GT-Power (Gamma
Technologies Inc., 2009).

Steady state studies Transient studies

e Torque, power, and volumetric Turbocharger response, turbo lag
efficiency curves for Sl and CI studies

engines .
9 o Control system analysis

e Engine downsizing studies « Air-fuel ratio response

e Variable Valve Train simulations « Intake and exhaust system drive-by

e Cylinder pressure analysis noise levels

e Injection rate shaping for minimum
NOX

e Intake and exhaust system acoustics

Table 4-2: Examples for GT-Power main functions

If pressure and temperature measurements from an engine test bench are
available, the models can be simplified significantly. The measuring points,
which are located just before and after the cylinder, represent the boundaries
of the simulation model and provide the possibility to perform a pressure
trace analysis, the so called “Three Pressure Analysis” in GT-Power (4.5.1).
It is not necessary to model the intake and exhaust system of an engine and
the focus can be put on the combustion process, which reduces computing
time. The second point, which also makes the simulation faster, is to reduce
the number of cylinders from 4 or rather 6 to 1. If the response behavior of
the turbocharger etc. is supposed to be modeled, these simplifications can
not be made. Figure 4-15 shows an exemplary 4-cylinder model with EGR
and a simulated muffler.
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Figure 4-15: 4-cylinder model with EGR in GT-Power

45.1 Three Pressure Analysis

GT-Power has an integrated tool to perform a pressure trace analysis (2.4),
which is called Three Pressure Analysis (TPA). In this technique, measured
instantaneous intake and exhaust pressures (if available from the engine test
bench) are used in conjunction with the measured cylinder pressure to
determine not only burn rates, but also to compute the exact contents of the
cylinder (air flow, residual content, fuel quantity) at the start of combustion
(Gamma Technologies Inc., 2009). The TPA has been used to calculate the
reference values for the comparison of the combustion models.

4.5.2 Wiring Harness

With the template “Wiring Harness”, GT-Suite can be coupled with the
software MATLAB SIMULINK or a user-developed subroutine that is
programmed using GT-SUITE’s user functions. It has been used to do
parameter optimization processes with the help of MATLAB (5.4.2.1) and
also to transfer data from GT-Power to the user model.
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As Figure 4-16 shows, the Wiring Harness module in this case has one input,
the least square error, which is sent to SIMULINK and three outputs, in this
case the three optimization parameters for the Sl Turbulent Flame
Combustion model, sent from SIMULINK.
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eng-rsetlegstsq-err cco-1 eng-wip-sjmulink cco-3 eng-rcr-pafameters
|| o |
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Figure 4-16: Wiring Harness module in GT-Power

4.5.3 Implementation of a User Model

In order to implement user models (e.g. the combustion user model from
Nefischer), GT-Suite provides the template “UserModel”. It is used to pass
data to a user subroutine, which is located in a dll-file in the corresponding
folder where the gtm-file is located, in the case of this thesis created by the

FORTRAN compiler. Figure 4-17 shows the combustion object
“EngCombUser”, which used the template “UserModel”.
x|
Template: IEngCyIinder
Obiject: leng-cyl
Comment:l
Attribute Unit Object Yalue

Wall Temperature Object

eng-rde-rpm-ctw

Flow Object

Heat Transfer Object

eng-ech

ign

Combustion Object

EngCombUser

Scavenging Object

ign

Fuel Evaporation Object

evap_test

Emissions Map Object

ign

External Cylinder Model

ign

Exhaust Energy Fraction Object

ign

Main  Models I

Cancel

Figure 4-17: Implementation of a user model




(4) Simulation of Combustion Processes

4.5.4 Computing Specific Burnt Fuel Fraction Values

GT-Power provides standard values like the crank angle at 50% burned fuel
fraction and the burn duration from 10-75%. In order to do more detailed
investigations, for instance to analyze the ignition phase and the late stage of
combustion, values for 5%, 10%, 75% and 90% burned fuel fraction have
been calculated.

Due to the fact that the exact values are not available, but only values next to
them, the interpolation block according to Figure 4-18 has been added.
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Figure 4-18: Interpolation with GT-Power

This block collects 4 values (2 for crank angle and 2 for burned fuel fraction)
just next to the desired value and does an interpolation according to Formula
4-24 (in this case for the crank angle at 5% BFF ¢;).

BFF, — BFF,,,
X
BFFyigp, — BFFiq,,

Pos = Pos,,, T (fﬂoshigh - fﬂoslow)

Formula 4-24: Interpolation for the calculation of the crank angle at
5% burned fuel fraction
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5 Simulation Analysis

This chapter describes the procedure of comparing the different combustion
models. The basic approach of the comparison was to take the results from
the Three Pressure Analysis (4.5.1), which consider measurements from the
engine test bench in their calculation, as a reference and to compare them
with the SI Turbulent Flame Speed Model from GT-Power and the Nefischer
User Model, which have been adjusted first.

5.1 Reference Model

Basically, the TPA has been used as reference model but some adjustments
had to be done in order to receive decent results. First results showed a very
good match of measured and calculated pressure for most points in the
engine performance map (e.g. Figure 5-1).

- Cylinder Pressure (2000 rpm, We_Mot=0.2 kJ/I)

— TPA

== Measured

Pressure [bar]

0
-180  -120 -60 0 60 120 180 240
Crank Angle [deg]

Figure 5-1: Comparison of measured pressure and calculated pressure (TPA)

5.1.1 End of Calculation Override

In order to help avoiding problems caused by noise in the pressure signal,
the TPA provides an option called “End of Calculation Override”. It allows
defining a certain Crank Angle, where the high-pressure part of the
calculations automatically will stop.
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After investigating the burn rate function for all points in the engine
performance map for the 2 investigated engines, a value of 60°CA seemed to
be reasonable and properly working.

5.1.2 Combustion Efficiency Control

As Figure 5-2 shows, jitters in the pressure signal and thus the calculated
burn rate of the TPA result in lower combustion efficiencies of around 85-
90% (blue curve). This distorts the further analysis and needs to be corrected
in order to get a reasonable comparison with the other combustion models.
Only with the End of Calculation Override option, this could not be totally
corrected.

The settings of the TPA provide an option called “Apply fuel LHV (lower
heating value) multiplier”. This option corrects the fuel energy in order to
compensate for other inaccuracies in the process (measurement errors etc.).
Thus, a good pressure match may be achieved even with major input errors
in the calculation (Gamma Technologies Inc., 2009).

According to Formula 5-1, this option corrects Hy in order to realize a target
burned fuel fraction of 100% unless other values have been defined (if
measurements of unburned fuel in the exhaust gases are available).

_ f Qz(9)

Y omp * Hy

Formula 5-1: Degree of realization

Figure 5-2 shows how this option corrects the burn rate up to nearly 100%,
which is vital for the further evaluation and the comparability with the 2
models.
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Figure 5-2: Application of the LHV multiplier

In order to consider these corrections in the fuel energy also for the 2
investigated combustion models, the lower heating values for the SI
Turbulent Flame combustion model and the User Model have been adjusted
according to Formula 5-2.

LHV,.,, = LHV, igina * Fraction of Fuel burned * LHV Multiplier

Formula 5-2: Adjustment of LHV

By using the End of Calculation Override combined with this option, the TPA
showed a proper behavior throughout the entire engine performance map
and can be seen as a reliable reference. Figure 5-3 illustrates the behavior of
burn rates and burned fuel fraction using once the LHV multiplier only
(yellow) and combined with the End of Calculation Override at 60° CA (red).
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Figure 5-3: Application of the LHV multiplier combined with
End of Calculation Override
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5.2 Adjustment of the SI Turbulent Flame Combustion Model

The SI Turbulent Flame Combustion Model from GT-Power has several
parameters, which need to be adjusted in order to get decent results. Three
parameters have been selected (see 5.2.1) and after a manual pre-
adjustment the further optimization has been done with the help of MATLAB
(5.4.2.1).

5.2.1 Optimized Parameters

The SI Turbulent Flame Combustion Model from GT-Power has a lot of
different parameters. Some of them are redundant and it would exceed the
timeframe to adjust all of them. Former investigations from Busch (2007) and
Madel (2008) brought up information about the importance of parameters and
provided suggestions for starting values of the optimization process.

So, the focus has been on the following three parameters:

e Turbulent Flame Speed Multiplier (TFM): is used to scale the
calculated turbulent flame speed or the name of a dependency
reference object. It influences the overall duration of combustion. The
larger the number, the higher the speed of combustion (default value =
1.0).

e Dilution Exponent Multiplier (DEM): is used to scale the effect of
dilution (residuals and EGR) on the laminar flame speed or the name
of a dependency reference object. Increasing this value will reduce the
effect of dilution on the laminar flame speed and increase the burn
rate (default value = 1.0).

e Flame Kernel Growth Multiplier (CK): is used to scale the calculated
value of the growth rate of the flame kernel or the name of a
dependency reference object. This variable influences the ignition
delay. The larger the number, the shorter the delay, advancing the
transition from laminar combustion to turbulent combustion (default
value = 1.0) (Gamma Technologies Inc., 2006).
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5.3 Adjustment of the Nefischer User Model

The Nefischer User Model also has a lot of parameters. The most important
one, which has to be adjusted before a further optimization, is the turbulent
kinetic energy (TKE). If TKE has been matched with CFD-data, an
optimization process for the other parameters including the ignition delay can
be started.

5.3.1 Turbulent Kinetic Energy

The turbulent kinetic energy is a very important parameter in the User Model
and needs to be adjusted before further optimizations with MATLAB can be
done. It is calculated within the turbulence sub-model (see 4.4.2.1). The
change of turbulence can be described with Formula 5-3 (Nefischer, 2009).

Change of turbulence = Production + Dif fusion — Dissipation

Formula 5-3: Change of turbulence

TKE values for several points in the engine performance map were available
from CFD calculations (e.g. Figure 5-4 shows the TKE progress for 5500 rpm
for the Highly Turbocharged TGDI).

TKE at 5500 rpm (CFD Data)
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Figure 5-4: TKE progress at 5500rpm (CFD Data)
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5.3.1.1 TKE at IVC

Nefischer (2009) proposed to define an initial value of TKE at IVC. According
to Grill et al. (2006) and Nefischer (2009), this value only depends on the
mean velocity of the piston, which can be calculated from the engine speed
n. So, an extrapolation for all the other points can be done with Formula 5-4.

kIVC =Cx*xn*

Formula 5-4: Turbulent kinetic energy at IVC

All geometrical dependencies are represented by the constant €. Empirical
studies from Linse et al. (2009) showed that a good approximation can be
done with x = 2.4, studies from Messner (2007) determined x = 3.4 as best
value.

In order to get a good match for the progress of the TKE curve, the
parameters in Table 5-1 need to be adjusted in the model.

Parameter Purpose

c_diss Dissipation

anisotropy_const Anisotropy

TKE_AT_IVC Turbulent Kinetic Energy at IVC

Table 5-1: Parameters for the TKE model

For both engines, the TKE parameters have been matched with the available
CFD-data. Figure 5-5 shows that the beginning of the curve and peak values
were matched quite well but the strong decline caused deviations after 0°
CA.
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Figure 5-5: TKE at 2000 and 3000 rpm (TVDI)

An analysis of the entire engine performance map showed problems at points
with very late ignition points (after approximately 5° CA). Figure 5-6 shows an
example for high deviations of the User Model burn rate from the TPA.
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Figure 5-6: Problems at cases with late ignition point

This led to the consideration that there might be too little turbulent kinetic
energy, which is caused by the already mentioned strong decline after 0°CA.
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In order to increase TKE, the following three approaches have been
considered:

e Increase of TKE at IVC
¢ Increase of Anisotropy

e Decrease of Dissipation

The first approach to vary TKE at IVC showed an interesting result (Figure
5-7). Even 4 times higher or lower values did not noticeably affect the
progress of TKE after 0°CA.

TKE

7 m— TKE_AT_IVC

—— TKE_AT_IVC
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TKE_AT_IVC

X 1/2
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TKE [m?/s?]

-120 -90 -60 -30 0 30 60
Angle [deg]

Figure 5-7: TKE progress for different TKE at IVC values
So, the next step was to change the parameters Anisotropy and Dissipation.

Figure 5-8 analyses the effects of these two parameters. The first row shows
a much higher TKE peak with an Anisotropy value 3 times higher than
before, which did not change the burn rate in this point at all (the green and
blue dotted curve are overlapping, the red dotted curve shows the burn rate
of the TPA, which is the target curve). At first glance, this was surprising but
the zoom at the right side clearly shows that this high value for Anisotropy
causes a higher peak but also an even stronger decline at the end. So, the
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new TKE curve crossed the old one at about 10°CA and is higher before and
lower after this point. This leads to the consideration that only the TKE values
during the ignition phase are vital for the further progress of the combustion.

The second row shows the higher peak TKE value for a 50% lower
Dissipation value and a quite good match of the burn rate with the modified
TKE progress. The zoom makes clear that lower Dissipation leads to a flatter
progress at the end of the curve. The TKE values with the new setup are
higher than the old ones until 30°CA and are significantly higher during the
ignition phase.
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Figure 5-8: TKE and burn rates for different values of Anisotropy and Dissipation

These results led to the conclusion that TKE is very important for the further
development of the combustion, especially during the ignition phase.
According to these findings, a new approach for modeling TKE has been
implemented (see chapter 5.3.1.3).

5.3.1.2 720° TKE approach

Theoretically, the most desirable approach would be to model TKE over the
whole combustion cycle. Thus, the effects of e.g. the exhaust stroke
(scavenging etc.) or the fuel injection could be modeled too.
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Basically, the User Model has the following parameters in order to adjust the
TKE progress to the CFD-data:

e Anisotropy constant
e Dissipation constant
¢ Intake constant

e Exhaust constant

e Squish constant

e Injection constant

Figure 5-9 shows the modeled TKE-progress (for 5000 and 6000 rpm) in
comparison with the CFD data. After an optimization over the whole cycle,
especially the TKE values in the area of the combustion process were not
good. As already expected, because of the investigation shown in Figure 5-7,
the TKE progress during the exhaust cycle or generally far before the
combustion has almost no effect.

TKE
600 CFD
(5500 rpm)
5 == = {Jser Model
00 720 (5000 rpm)
| ]ser Model

720 (6000 rpm)

300

TKE [m?/s2]

200

100

-180 CMP 0 POW 180 EXH 360 INT 540
BDC TDCF BDC TDC BDC
Angle [deg]

Figure 5-9: 720° TKE approach
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These findings confirmed the idea to bring in a new, much more practicable
TKE approach, which shifts the TKE start value closer to areas where ignition
happens.

5.3.1.3 New TKE approach

The considerations in the previous chapters made clear that the progress of
TKE before about -50°CA has no big effect on the combustion process and
the approach to adjust TKE at IVC (at -120°CA) does not seem to be
relevant.

So, the new procedure is based on the goal to get a good match of the TKE
curve to the CFD data throughout the regions where ignition and combustion
happens. Grill (2006) also proposed to solve the differential equation for
turbulent energy starting approximately at the peak of the tumble decay and
recommended values between -40 and -20° CA.

In order to ensure that the TKE progress is adjusted from the ignition point
on, the new Crank Angle for the TKE start value was set before the earliest
ignition point. The closer this ignition point to the peak of the TKE curve, the
better the match of the TKE function to CFD data. If the start value is set
earlier, the factor Anisotropy has to be increased in order to reach the
appropriate peak values and this causes a strong decline at the end and thus
much too low TKE-values at higher crank angles. The appropriate start
values are calculated using a parabolic function fitted to CFD-data based on
Formula 5-4.

Settings TVDI

In order to get a good match for the CFD data available for 2000, 3000 and
5800 rpm, Formula 5-4 has been extended with a constant C;. As start value
at -40°CA, the TKE Peak Values seemed to be reasonable and the parabolic
function has been calculated according to Formula 5-5.

k_s0oca = C1 ¥ + C3

Formula 5-5: TKE at -40°CA
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Using the parameters C;, C, and C3 in Table 5-2 fitted the parabolic TKE-
function to the CFD data shown in Figure 5-10.
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Figure 5-10: Parabolic function for TKE peak values (TVDI)

After defining the start value, the parameters Anisotropy and Dissipation
were adjusted and showed the best behavior with the parameters in Table
5-2.

TKE Parameters

C: 8.2E-12
C, 3.7

Cs 44
Anisotropy 1
Dissipation 0.8

Table 5-2: TKE parameters (TVDI)

This led to the new TKE settings which are shown in comparison to the old
ones (Figure 5-11). Especially the Zoom on -40 to 20°CA (second row in
Figure 5-11) shows the much better matching with the new configuration for
2000 and 3000rpm.
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Figure 5-11: Comparison old and new TKE settings (TVDI)

Settings Highly Turbocharged TGDI

For the Highly Turbocharged TGDI, CFD data were only available for 5500
rpm. The parameter C, = 2.4 has been taken from the investigations of Linse
et al. (2009) and parameter C; has been estimated using the same relation
as the TKE peak values from the TVDI and the Highly Turbocharged TGDI.

Parameters
C: 2.51E-7
C, 24
Cs 15
Anisotropy 1
Dissipation 0.8

Table 5-3: TKE parameters (Highly Turbocharged TGDI)
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Applying the value from Table 5-3, the following parabolic function for the
TKE peak values used for -40° CA can be found (Figure 5-12).
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Figure 5-12: Parabolic function for TKE peak values (Highly Turbocharged TGDI)

With the values from Table 5-3, the TKE function from CFD-data for 5500
rpm is well located between the simulated TKE functions for 5000 and 6000
rpm, which seems to be the best possible solution. Again the comparison
with the old settings shows the improvements especially after 0°CA (Figure
5-13).
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Figure 5-13: Comparison old and new TKE settings (Highly Turbocharged TGDI)
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5.3.2 Ignition Delay

The adjustment of the ignition delay has been done with separate Excel
sheets. A characteristic number of points have been chosen for each engine
in order to match the ignition delay to the behavior of the TPA.

Figure 5-14 shows the burn rate of the TPA in blue and the ignition integral in
pink (on the secondary axis), which is supposed to hit the threshold of 1
when the TPA starts to burn.
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Figure 5-14: Adjustment of the ignition delay

The optimization process done with Excel, with the goal to get a match for all
characteristic points, resulted in the following parameters according to
Formula 4-23 shown in Table 5-4.

Parameter Highly Turbocharged TGDI TVDI
A 2*10"-6 2*10"-5
Ta 3800 K 3800 K
X 0.3 0.3

y 4 3

z 1.5 1.5

Table 5-4: Used parameters for ignition delay
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Figure 5-15 shows
delay model for the

the improvements by the implementation of the ignition
Highly Turbocharged TGDI.
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Figure 5-15: Improvements at 5% BFF because of the application of the
ignition delay model (Highly Turbocharged TGDI)

5.3.3 Optimized Parameters

After the adjustment of TKE and ignition delay, the following 6 parameters
shown and explained in Table 5-5 were optimized.

Parameter

Purpose

a,b

Have an impact on the turbulent flame speed (Formula 4-18)
and can be compared to the TFM of the SI Turbulent Flame
Combustion Model.

Has an impact on the initial kernel growth rate (Formula 4-19)
and can be compared to the CK value of the SI Turbulent
Flame Combustion Model.

cburn

Influences the characteristic burn duration and is realized as
pre-factor for the time constant z in Formula 4-11.

exc

Specifies the excentricity exc of the flame center according to
Figure 4-7. It influences the wall interactions and therefore the
maximum burn rate.

dilution_exp

Has the same function as the Dilution Exponent Multiplier of
the Sl Turbulent Flame Combustion Model and is used to
scale the effect of dilution (residuals and EGR) on the laminar
flame speed.

Table 5-5:

Optimization parameters of the Nefischer User Model
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5.4 Comparison of the Models

In order to perform a fair comparison of the two models, a structured
procedure needs to be applied to optimize both of them. After this process,
some characteristic values will be illustrated and compared.

5.4.1 Basic Approach

Generally, the goal was to match the burn rates of the 2 models to the burn
rates of the TPA. Basically, the best procedure for an optimization process on
the burn rates would be to minimize the total square error of all points in the
engine performance map.

Due to the chosen MATLAB optimization (5.4.2.2), which accesses (full-
cylce-) dat-files created by GT-Power, a separated optimization only for the
high-pressure process could not be realized. So, the optimization process
was very time consuming and a compromise had to be found. Thus, the final
optimization has been done with MATLAB on 6 well-distributed points in the
engine performance map. In case of a desired robust model, good results for
these 6 points lead to good results throughout the engine performance map.

To find reasonable start values for the optimizer, a manual parameter pre-
adjustment has been done first (details in 5.4.2). After the optimization
process with MATLAB, all points in the engine performance map have been
calculated with the discovered parameters.

5.4.2 Optimization Methods

The used optimization methods surely have an effect on the quality of the
results. As already mentioned, a manual pre-adjustment based on
preliminary simulations, which was necessary to get reasonable start values,
has been done before the linear optimization with MATLAB. Chapter 5.4.2.3
shortly discusses other optimization possibilities which could bring further
improvements.
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5.4.2.1 Manual Parameter Pre-adjustment

The manual parameter pre-adjustment was based on simulation trials and
the observation of their effects on the pre-calculated results. Because of
available pre-studies for the SI Turbulent Flame Combustion Model, this
method already achieved good results. In case of the Nefischer User Model,
the parameters interacted much more with each other and so the manual
adjustment was done more roughly just to get reasonable start values for the
MATLAB optimization.

5.4.2.2 Linear Optimization with MATLAB

In order to find the best combination for the used parameters, a linear
optimization with MATLAB has been integrated in the optimization process.
The interconnection of MATLAB and GT-Power has been accomplished with
MATLAB SIMULINK according to Figure 5-16.

— MATLAB .'l
— SIMULINK ——*

MATLAB Parameters Parameters GT-PUWEI"

[ Total Square Error

Figure 5-16: Interconnection of MATLAB and GT-Power

With help of the Wiring Harness template from GT-Power (4.5.2) and the
SIMULINK block for GT-SUITE, the communication between MATLAB and
GT-Power can be established. Thus, the MATLAB optimizer can set values
for the parameters and retrieve the square errors calculated in GT-Power,
which are supposed to be minimized.

As already mentioned, MATLAB can only access dat-files and not the Case
Setup of GT-Power. Therefore, 6 single points (i.e. 6 single-case dat-files),
which include an engine speed as well as a load spread, have been chosen
in order to cover most regions of the engine performance map.
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Figure 5-17 and Figure 5-18 show all the calculated cases in the engine
performance maps, including the respective 6 points chosen for the MATLAB

optimization process.
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Figure 5-17: Points for MATLAB optimization (Highly Turbocharged TGDI)
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Figure 5-18: Points for MATLAB optimization (TVDI)

In order to show the lower level of mean effective pressures of the TVDI
compared with the Highly Turbocharged TGDI, the same y-axis has been
used for both figures.
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For the optimization process, the linear MATLAB optimizer (fminsearch),
which uses the Simplex-Method, has been used. The basic idea of this
algorithm is to gradually find a solution with a higher objective function value.
This is realized by “walking” along the edges of a polytope (whose dimension
depends on the number of parameters), always taking the neighbor with the
higher value (Figure 5-19). The algorithm terminates when a local maximum
(or respectively minimum) is reached.

Optimal
solution

Starting
vertex J

Figure 5-19: Principle of the Simplex-Algorithm (Wikipedia, 2010)

So, the optimizer improves the solution until the algorithm finds a minimum of
total square errors of the 6 burn rates. It needs to be mentioned that this
might be a local minimum and the global minimum can only be achieved with
a different algorithm or different start values. The following chapter discusses
methods to improve this situation.

5.4.2.3 Further Possibilities for the Optimization Process

For a further improvement of the optimization process, there are 2
possibilities to be mentioned. The first one, as already mentioned, is the
separation of the engine process calculations and the high-pressure process
calculations. If the gas-exchange processes are calculated once until IVC
and the optimization later is done just for the high-pressure process until
EVO, a lot of computational time can be saved. Thus, more points or even all
points in the engine performance map can be taken for the optimization
process, which would improve the overall results.
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The second possibility is to improve the optimization method used for the 6
points. As a lot of different parameters are used for the optimization, which
additionally interact with each other, a linear optimizer will find a local
minimum but probably not the best possible solution.

Genetic algorithms, for instance, could bring further improvements. Inspired
by evolutionary biology, they try to find the best possible solution using
techniques like selection, crossover and mutation. Starting with randomly
created conditions, the best results are combined and randomly mutated to
the “next generation” similar to the principle “survival of the fittest”.

Using genetic algorithms could avoid obtaining poor performing local
minimums because of bad starting values for the optimization.

5.4.3 Result Plots

In order to present the results, 3 different plots have been used and are
explained in the following chapters. The plots have been created with GT-
Post, a postprocessor program for GT-Power, which provides a graphical
view of data with additional functions to treat and compare the calculated
results, and Microsoft Excel.

5.4.3.1 Variation of Engine Speed and Load

The combination of plots with varying engine speed (at constant load) and
varying load (at constant engine speed) prove the ability of the models to
adapt to an engine speed spread as well as a load spread. For the result
plots, 4 points with constant engine speed and load have been chosen.

5.4.3.2 Map-Plots

Map plots are a very demonstrative way to show the analyzed values over
the entire engine performance map (x = engine speed, y = load, z = analyzed
value). In this thesis, deviation plots from the TPA measured in percent or in
degree CA are used. Grey areas in this plot indicate deviations higher than
10°CA or 25% respectively.
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Figure 5-20: Map-Plot of 5% BFF (Deviations from TPA)

Generally, it is possible to get a good overview of the entire engine
performance map, but only with a combined look at the burn rates it is
possible to do a detailed evaluation.

It has to be mentioned that in some special cases the map plot can be
misleading. As Figure 5-20 shows, there are very high deviations from the
TPA at 4500 rpm and 0.1 kJ/I. A further look at the burn rate showed the
following result (Figure 5-21). The burn rates of the simulation almost
perfectly matches the burn rate of the TPA, but due to jitters in the TPA burn
rate caused by jitters in the measured pressure signal, the reference 5%
Burned Fuel Fraction was detected much too early.
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Figure 5-21: Example for a burn rate causing problems
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Therefore, it is always important to take a further look at the burn rates in
areas with high deviations.

5.4.3.3 Correlation of Measuring Points

Correlation or co-relation indicates the strength and direction of a linear
relationship between 2 random variables and is often measured as a
correlation coefficient p. In general statistical usage, several coefficients,
adapted to the nature of data, are measuring the degree of departure of 2
random variables from independence (Wikipedia, the free encyclopedia,
2009).

The best known coefficient, which is also integrated in Microsoft Excel and
has been used for the result plots, is the Pearson correlation coefficient. It is
defined according to Formula 5-6.

E((X —px) X (Y —py))
oy X Oy

Pxy =

Formula 5-6: Pearson correlation coefficient

A correlation coefficient of +1 indicates an increasing linear relationship, -1 a
decreasing linear relationship. A coefficient of O points out that the variables
are independent and so the closer this number is to either -1 or 1, the closer
is the correlation between these variables.

The correlation coefficients in the result plots are calculated considering all
points in the engine performance map and compare the values from the TPA
with the respective values from the 2 models. In case of the combustion
models, a linear relationship and thus a value of +1 are desired.
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6 Simulation Results

In chapter 6, the results of the preliminary survey, which has been done on
the Base TGDI and the results of the Highly Turbocharged TGDI as well as
the TVDI are presented. Additionally, they are compared to each other and
discussed.

6.1 Preliminary Survey: Base TGDI

A preliminary survey done on the TGDI, following the same scheme for the
simulation analysis (with an optimization on the burn rates of the 6 points
shown in Figure 6-1), showed a 22% lower total least square error for the
Nefischer User Model.
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Figure 6-1: Comparison of Optimization Progresses (Base TGDI)

Also the variation of engine speed and load pointed out a slightly better
behavior of the Nefischer User Model.
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Figure 6-2: Variation of engine speed (TPA in black, Nefischer User Model in green
and Sl Turbulent Flame Combustion Model in red, Base TGDI)

The variation of engine speed (Figure 6-2) was done at We_Mot = 0.8 kJ/|
and the variation of load (Figure 6-3) was taken at 4000 rpm.
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Figure 6-3: Variation of load (TPA in black, Nefischer User Model in green and
S| Turbulent Flame Combustion Model in red, Base TGDI)

The 50% Burn Point results of the Nefischer User Model showed very little
deviations, whereas the SI Turbulent Flame Combustion Model had serious
problems at high engine speed and low load (Figure 6-4). For the maximum
cylinder pressure, the Nefischer User Model showed deviations up to 10 %
(area of green color), whereas the Sl Turbulent Flame Combustion Model
showed deviations of 20% at high engine speed and low load.
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Figure 6-4: 50% BFF and maximum cylinder pressure, deviations from TPA
(Base TGDI)

6.2 Highly Turbocharged TGDI

Both combustion models lead to acceptable results for the Highly
Turbocharged TGDI. First, the progresses of the 2 optimizations are
compared, and then burn rates, cylinder pressures and indicated mean
effective pressures are evaluated.

6.2.1 Optimization Progress

Due to available pre-studies for the behavior of parameters for the SI
Turbulent Flame Combustion Model, the pre-adjusted model already showed
acceptable results and the further MATLAB optimization only brought
improvements of 12% (Figure 6-5).
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Figure 6-5: Optimization progress of the Sl Turbulent Flame Combustion Model
(Highly Turbocharged TGDI)

Table 6-1 shows the values of the 3 parameters of the pre-adjustment and
the slightly changed parameters as result of the MATLAB optimization.

Parameter Manual pre-adjustment MATLAB optimized
TFM 0.72 0.77
DEM 1.00 1.07
CK 2.00 2.07

Table 6-1: Optimized parameters of the Sl Turbulent Flame Combustion Model
(Highly turbocharged TGDI)

The optimization process for the Nefischer User Model decreased the total of
square errors by 24%. Obviously, the optimization algorithm achieved this
result after around 40 optimization steps and could not improve the situation
further (Figure 6-6).
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Figure 6-6: Optimization progress of the Nefischer User Model

(Highly Turbocharged TGDI)

Table 6-2 shows the values of the 6 parameters after the pre-adjustment and
the MATLAB optimization.

Parameter Manual pre-adjustment MATLAB optimized
a=Db/2 1.00 0.96

c 9.47E-4 9.86E-4
cburn 7.10 8.61

exc 8.40E-3 8.93E-3
dilution_exp 1.00 0.89

Table 6-2: Optimized parameters of the Nefischer User Model

(Highly Turbocharged TGDI)

Figure 6-7 compares the total square errors of both models. The Nefischer
User Model reached a 17% lower value than the Sl Turbulent Flame

Combustion Model.
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Figure 6-7: Comparison of total square errors of both models
(Highly Turbocharged TGDI)

6.2.2 Burn Rates

Figure 6-8 shows the variation of engine speed (at a constant load of 1.70
kJ/l) and a variation of load (at a constant engine speed of 3000 rpm). The
Nefischer User Model shows a better match of burn rates, the burn rates of
the SI Turbulent Flame Combustion Model have a lower peak but a longer
late stage of combustion.
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Figure 6-8: Variation of engine speed and load for the burn rate

(Highly Turbocharged TGDI)
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Figure 6-9 indicates problems of the SI Turbulent Flame Model at high
engine speeds and low loads. The ignition delay of the Nefischer User Model
works properly except for a few points with low engine speed and low load.
The map plots show the deviation of the respective model from the TPA in
°CA.
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Figure 6-9: 5% BFF, absolute deviations from TPA (Highly Turbocharged TGDI)

The areas with too low ignition delay of course have an effect on the crank
angle of 50% burn point. Also, the Nefischer User Model has problems at
high engine speeds and low load (Figure 6-10).
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Figure 6-10: 50% BFF, absolute deviations from TPA (Highly Turbocharged TGDI)

Overall, both models deliver acceptable results regarding the burn rates.
Figure 6-11 shows the correlation coefficients from 5%, 10%, 50% and 75%
BFF of both models with the TPA, which are all higher than 90%. The
performance of both models is nearly equal.
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Figure 6-11: Correlation coefficients for both models (Highly Turbocharged TGDI)

6.2.3 Cylinder Pressures, IMEP

Figure 6-12 shows the variation of engine speed and load using the same 8
points as in the plot of burn rates (Figure 6-8). Both models can achieve very
good results, whereas the Nefischer User Model is even more accurate.
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Figure 6-12: Variation of engine speed and load for the cylinder pressure
(Highly Turbocharged TGDI)
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For the maximum cylinder pressure, the SI Turbulent Flame Combustion
model delivers deviations up to 33% and the Nefischer User Model up to
18% (Figure 6-13).
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Figure 6-13: Maximum cylinder pressure, absolute deviations from TPA
(Highly Turbocharged TGDI)

Finally, both models showed very good results for the Indicated Mean
Effective Pressure with decent matches in wide areas of the engine
performance map (Figure 6-14).
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Figure 6-14: IMEP, absolute deviations from TPA (Highly Turbocharged TGDI)

The Sl Turbulent Flame Combustion model shows deviations up to 15.5%
and the Nefischer User Model up to 7.4%.
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6.3 TVDI

Compared to the Highly Turbocharged TGDI, the TVDI caused much more
problems for both combustion models. Chapters 6.3.1, 6.3.2 and 6.3.3 show
the results and chapter 6.4 discusses the differences in quality of results from
the 2 engine concepts.

6.3.1 Optimization Progress

The MATLAB optimization for the Sl Turbulent Flame Combustion Model of
the TVDI started with almost similar pre-adjusted parameters as for the
Highly Turbocharged TGDI (DE = 1.50 instead of 1.0). This time, the total of
square errors decreased by 25% and the results did not further improve after
about 70 optimizing steps (Figure 6-15).

0.050 ——— — - : : - : — 0.20

0045 +—t—t— b Lo

0.040 - + 0.16

0.035 - + 0.14

0.030 - + 012

1250 rpm, 0.90 kJ/I

= 2000 rpm, 0.50 kJ/I
0.025 - 0.10

—— 2000 rpm, 1.20 kJ/I

= 3500 rpm, 0.90 kJ/I
0.020 + 0.08

w5000 rpm, 0.50 kJ/I

Square Errors Case 1-6
Total of Square Errors

== 5000 rpm, 1.20 kJ/|

0.015 + 0.06

——Total

LA L Ll

0.010 J V \/\/\/’J\ \J \ i T T T r 004
0.005 \j T + /\W/\’/\/\.\/\J/\J\_f’\/mf\/m 0.02

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Optimization Steps

Figure 6-15: Optimization progress of the Sl Turbulent Flame Combustion Model
(TVDI)

Table 6-3 shows the values of the 3 parameters of the pre-adjustment and
the changed parameters as result of the MATLAB optimization. The optimizer
delivered an even higher value for CK, but 10.00 is the highest applicable
value and therefore used in the model.
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Parameter Manual pre-adjustment MATLAB optimized
TFM 0.72 0.71
DEM 1.50 1.16
CK 2.00 10.00

Table 6-3: Optimized parameters of the Sl Turbulent Flame Combustion Model
(TVDI)

The Nefischer User Model also showed a massive decrease of the total
square error by about 50%, but started with a relatively high total square
error from the pre-adjustment (Figure 6-16).
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Figure 6-16: Optimization progress of the Nefischer User Model (TVDI)

Table 6-4 shows the values of the 6 parameters after the pre-adjustment and
the MATLAB optimization.
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Parameter Manually optimized MATLAB optimized
a="b/2 0.90 0.91

o 1.00E-3 1.03E-3
cburn 7.00 10.40

exc 8.40E-3 5.69E-3
dilution_exp 1.10 1.38

Table 6-4: Optimized parameters of the Nefischer User Model (TVDI)

A further comparison of the progress of total square errors of both models
points out the higher value of the Nefischer User Model at the beginning but
also the higher improvements at the end of the optimization process. After
100 optimization steps the Nefischer User Model reached a 16% lower value
of total square errors (Figure 6-17).
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Figure 6-17: Comparison of total square errors of both models (TVDI)
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6.3.2 Burn Rates

The variation of engine speed and load (Figure 6-19) this time shows the
weaker performance of both models in comparison with the Highly
Turbocharged TGDI. Whereas the SI Turbulent Flame Combustion Model
seems to have additional problems with a too high ignition delay, both
models are not able to model the change of turbulence due to phasing.
Figure 6-18 shows the applied phasing levels in the engine performance map
(blue = no phasing, red = maximum phasing).
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Figure 6-18: Applied phasing levels
The first 3 points in the variation of load plot (right column Figure 6-19) are

intentionally taken at lower loads to visualize the deviations caused by
phasing.




(6) Simulation Results

Burn Rate [1/CA]

Burn Rate [1/CA]

Burn Rate [1/CA]

Burn Rate [1/CA]

n=1000 rpm, We_Mot=1.00 kJ/I

n=3000 rpm, We_Mot=0.10 kJ/1

0.10 0.10
0.08 A — 0.08
[ =
<4
0.06 = 0.06 T
0.04 \ = 0.04
0.02 = 00
0.00 0.00 ‘
-30 -15 0 15 30 45 60 -30 -15 0 15 30 45 60
Cylinder 1 Crank Angle [deg]| Cylinder 1 Crank Angle [deg]
o n=2500 rpm, We_Mot=1.00 kJ/I 0 n=3000 rpm, We_Mot=0.20 kJ/I
0.08 — 0.08
<
<
0.06 = 0.06
Z
]
0.04 Z 004
\
0.02 \ 0.02 / \ \
0.00 0,00 S
-30 -15 0 15 30 45 60 -30 -15 0 15 30 45 60
Cylinder 1 Crank Angle [deg] Cylinder 1 Crank Angle [deg]
— TPA
—— SI-Turb
~— User Model
o n=4000 rpm, We_Mot=1.00 kJ/l 0 n=3000 rpm, We_Mot=0.40 kJ/1
0.08 — 0.08
=
53
0.06 = 0.06
b]
0.04 \ = 004
0.02 \ = 0m / \
0.00 L = ma 0.00
-30 -15 0 15 30 45 60 -30 -15 0 15 30 45 60
Cylinder 1 Crank Angle [deg] Cylinder 1 Crank Angle [deg]
o n=5000 rpm, We_Mot=1.00 kJ/I 0 n=3000 rpm, We_Mot=1.40 kJ/I
0.08 — 0.08
S
0.06 A = 0.06 A\
Z
]
0.04 / t = 0.04
0.02 \& = 00
0.00 Aot 0.00
-30 -15 0 15 30 45 60 -30 -15 0 15 30 45 60

Cvlinder 1 Crank Ancle [deg]

Cvlinder 1 Crank Angle [deg]

Figure 6-19: Variation of engine speed and load for the burn rate (TVDI)
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Whereas the Nefischer User Model matches the burn rate at 0.10 and 0.40
kJ/I quite well, it seems to have too low turbulence at 0.20 kJ/I. This is exactly
the area where the highest phasing levels are applied. In chapter 6.4 this will
be discussed further and possible solutions will be pointed out.

As the variation of load already indicated, the problems caused by phasing
are obvious in the engine performance map at 5% BFF (Figure 6-20). Even
though the ignition delay model was adjusted as properly as for the Highly
Turbocharged TGDI, the lack of turbulence causes high deviations. Also, the
S| Turbulent Flame Combustion Model delivers much too high CA values for

5% BFF in these areas.
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Figure 6-20: 5% BFF, deviations and absolute deviations from TPA (TVDI)

The entire engine performance map is affected in a way because the model
has been also adjusted on some points with too low turbulence. This
deteriorates the results in other areas where the 5% BFF is too early. So, it is
important to have reasonable values for turbulence before the combustion

models are adjusted.
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Of course the deviations at 5% BFF also affect the 50% burn point, where
both models deliver high deviations from the TPA (Figure 6-21).
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Figure 6-21: 50% BFF, absolute deviations from TPA (TVDI)

Thus, also the correlation coefficients are much lower than for the Highly
Turbocharged TGDI, whereas the Nefischer User Model can achieve better
results.
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Figure 6-22: Correlation coefficients for both models (TVDI)




(6) Simulation Results

6.3.3 Cylinder Pressures, IMEP

Figure 6-23 indicates the variation of engine speed and load, again using the
same 8 points as in the plot of burn rates (Figure 6-19). As expected, a

similar behavior of the deviations as for the burn rates can be observed.
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Figure 6-23: Variation of engine speed and load for the cylinder pressure (TVDI)
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The map plots for the maximum cylinder pressure point out deviations up to

53% for the SI

Turbulent Flame Combustion Model

and 34% for the

Nefischer User Model (Figure 6-24).
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Figure 6-24: Maximum cylinder pressure, absolute deviations from TPA (TVDI)

Despite the bad results for burn rates and maximum cylinder pressure, the
map plots for the Indicated Mean Effective Pressure are relatively good with
deviations up to 21% for the Sl Turbulent Flame Combustion Model and 11%

for the Nefischer User Model (Figure 6-25).
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Figure 6-25: IMEP, absolute deviations from TPA (TVDI)

6.4 Discussion

Basically, the results in the preliminary survey at the Base TGDI and the
results of the Highly Turbocharged TGDI are much better than of the TVDI.
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This is probably caused by the inability of both models to model the effects of
phasing of the Variable Valve Timing (VVT).

Due to the fact that phasing effects the turbulence in the cylinder, the
adjustments need to be done in the turbulence models of the SI Turbulent
Flame Combustion Model and the Nefischer User Model. As the
“EngCylFlow” object offers no options to model phasing, the only possibility
would be to substitute this object by another User Model created for the
turbulence. The turbulence model of the Nefischer User Model can easily be
extended.

As internal investigations at BMW showed, the effects of phasing are strongly
non-linear and this makes the modeling difficult. It was shown that phasing
increases the swirl level but partly also lowers the tumble level. Finally, little
phasing had lower TKE in total than no phasing and a medium phasing
variant resulted in the highest TKE values. A further increase of the phasing
level again decreased the turbulence in the cylinder.

From a scientific point of view, a model, which is able to exactly describe the
effects of phasing considering different parameters like valve lifts,
geometrical dependencies etc., seems to be difficult. But due to the fact that
phasing basically is applied to increase the turbulence level in the cylinder, a
practical approach can be proposed.

Basically, the TKE start value, the Anisotropy and Dissipation constant have
an influence on the progress of turbulence in the Nefischer User Model (see
chapter 5.3.1.3). The most reasonable way to consider phasing seems to be
to increase the TKE start value. The idea is to apply a pre-factor to the TKE
start value depending on the phasing level (which for instance can be related
to the difference of valve lifts). The adjustment of this pre-factor requires 3D-
CFD calculations, which are able to compute the effects of different phasing
levels. So, the change of this pre-factor needs to be determined for the
respective engine, which uses Variable Valve Timing, and can then easily be
implemented in the turbulence model.
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7 Summary and Future Prospects

This thesis showed a comparison of 2 combustion models, the commercial Sl
Turbulent Flame Combustion Model from Gamma Technologies and a User
Model created by Nefischer (2009) at BMW, which has been enhanced
during this thesis.

The comparison of the 2 combustion models showed different aspects, which
need to be evaluated. Regarding the general performance, both showed a
partly good behavior but also some weaknesses. Overall, the results of the
Nefischer User Model are slightly more accurate. For the optimization, it was
easier to find appropriate starting values for the SI Turbulent Flame
Combustion Model using the default-settings. Two big advantages of the
Nefischer User Model are the known source code and thus understanding
the processes behind the model as well as the approximately 50% lower
calculation time, which is important especially for optimization processes.

Due to the fact that the SI Turbulent Flame Combustion Model is proprietary
software from Gamma Technologies, it is perfectly integrated in GT-Power
and easy to use. Nevertheless, the user is depending on this black-box-
solution.

The worse results of both models on the TVDI seemed to be caused by the
inability of modeling the change of turbulence and burn rates in the cylinder
due to the phasing of the Variable Valve Timing. Extending the Nefischer
User Model with a practical approach to increase TKE depending on the
phasing level seems to be feasible (if the required CFD calculations are
available) to further improve the results.

Considering 5 different aspects of both models, the radar chart in Figure 7-1
shows a comparison using a value of 100% for the better one, except for the
robustness, where a value of 75% has been chosen for both models. This is
because the Sl Turbulent Flame Combustion Model already achieved roughly
acceptable results with default-settings but also showed higher deviations
after the optimization process. For the Nefischer User Model no default-
settings are available. If once reasonable starting values have been found
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and the optimization has been done, it delivers acceptable results throughout
the entire engine performance map.

Accuracy
100

Robustness ¢ . Transparency

.1 Nefischer User Model

M S| Turbulent Flame
Model

Usability Calculation Time

Figure 7-1: Radar chart comparing the 2 combustion models

So, each model has its strengths and weaknesses. Overall, the SI Turbulent
Flame Model seems to be a more pragmatic approach, whereas the
Nefischer User Model is better for a scientific approach, providing
transparency and the instant possibility to modify and improve the model.
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9.1 List of Abbreviations

ANN
CA
Cl
BDC
BFF
Br
CK
CFD
CRFD
DE
DEM
EGR
EVO
HCCI
IMEP

IVC
LHV
Si
TDC
TGDI
TKE
TVDI
TPA
TFM
Verd.
VT

Artificial Neural Network

Crank Angle

Compression Ignition

Bottom Dead Center

Burned Fuel Fraction

Combustion chamber (Brennraum)
Flame Kernel Growth Multiplier
Computational Fluid Dynamics
Computational Reactive Fluid Dynamics
Dilution Exponent

Dilution Exponent Multiplier

Exhaust Gas Recirculation

Exhaust Valve Opening

Homogeneous Charge Compression Ignition
Indicated Mean Effective Pressure
Ignition Point

Intake Valve Closing

Lower Heating Value

Spark Ignition

Top Dead Center

Turbocharged Gasoline Direct Injection
Turbulent Kinetic Energy

Turbocharged Valvetronic Direct Injection
Three Pressure Analysis

Turbulent Flame Speed Multiplier
Evaporation (Verdampfung)

Variable Valve Timing
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9.2 List of Formula Symbols

a Anisotropie

a Pressure — exponent

A, Surface Area at the Edge of the Flame Front [m?]
A Turbulent Flame Surface [m?]
By Laminar Flame Speed [?]

E Expected Value Operator

f Dilution

h Specific Enthalpy [k]—g]

k Turbulent Kinetic Energy [r:—:]
H, Lower Heating Value [k]—g]

L, Turbulent Lenght Scale [m]

m Mass [kg]

m Vibe Form Factor

m Mass Flow

n Engine Speed [rpm]

M, Burned mass [kg]

M, Entrained Mass of the Unburned Mixture [kg]
p Pressure [%]

Qg Heat Release [k]]

Qw Heat Flow []]

R¢ Flame Radius [m]

Y Laminar Flame Speed [?]

St Turbulent Flame Speed [?]
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We Mot ...

Greek

PBp
PBDp

Pu

Pxy

Time [s]
Temperature K]
Activation Temperature K]

Turbulent Intensity [?]

Internal Energy []]

Volume [m3]

Mean Ef fective Pressure [kT]] =10 [bar]

Constant

Flame Thickness [m]
Turbulent Rate of Dissipation [T—:]

Degree of Realization

Taylor Length Scale [m]
Expected Value

Standard Deviation

Crank Angle [°CA]

Start of Combustion [°CA]
Duration of Combustion [°CA]

Equivalence Ratio
Density [%]
Unburned Density [%]

Pearson Correlation Coefficient

Time Constant [s]
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