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ABSTRACT

In recent years, the exploration of new combustion technologies has accelerated due to ne
stringent emissions regulations and fuel economy requirements. Virtual engineering tools,
that enable the screening of Awaditional hardware and engine calibratet the early stage

of engine development, have become imperative to meet new emission regulations. In the
current engine development process benchmarking and historical test data, are used to car
out simple 1D engine system calculations and define akerall engine concept design.
Later, to provide a definitive design ready for prototyping, more complex Computational
Fluid Dynamics (CFD) calculations are coupled t® EBngine system codes to optimise
initial concept geometries and hidgvel calibratons. However, to provide meaningful
results, 1D engine system codes often use empirical based combustion models that require
an initial input, called engine burn rate. Realistic engine burn rate responses, for the entire
engine map and for different desigoncepts, are also required to provide 3D CFD codes
with correct boundary conditions during the design optimisation phase. Thus, the engine
burn rate of new combustion technologies, for which little experimental data is available,
need to be initially aamed. To improve the predictive capabilities virtesdgine
developmenprocesses t he i1 ndustryods at {Denensional §QD)s hi f
combustion models capable of providing engine burn rate predictions. However, within the
Q-D modelling franework, turbulence models, adding extra tigput variables, are
required to capture the effect of different combustion chamber geometries on the engine
combustion rate. Rigorous validation of-0Q turbulence models for different engine
concepts and engimeaps is heeded to enableBQrombustion models to predict the engine
burn rate. Therefore, an alternative methodology characterised by limited dependency or
previous test data is required to enhance the exploration of novel combustion strategies an
geomettic architectures.

In this thesis, an alternative engine development process that uses a combinatieD of a Q
combustion Stochastic Reactor Model (SRM), -® Engine system model and non
combusting, 0c ad idmopdsddDrhecS&RM code captuiesothe combustion
chemistry in a computationally efficient manner but does not capture in isolation geometric
variables such as port and piston geometry. To account for that, the approach uses limite:
non-combusting CFDbaseline calculations to characterise the engirgylinder flow of

each screened engine concepts. A phylsased scaling factor response was developed and



used to provide the SRM with the correct turbulence input, known as scalar mixing time
( ddm). Theresponse was assessed against four different engine variants over a variety o
engine operating conditionghe same response was used to predict the effect of different
bore to stroke ratios (B/S) on the engine combustion rate and knock tolerance. Non
combusting CFD and-D engine system simulations have been carried out to invedtigate
effect of different engine variants and operating conditions omtbglinderturbulence. It

was shown thatdrm of different operating conditions can be scaled te ititake flow
velocity predicted by -D engine system analysihis allows to predict the engine ROHR

at the explored engine variants and operating conditions within the experimental standarc
deviation. The presented methodology showed augmented prediejpabilities and has
potential to move the engine development towards a less hardware dependent approach f

the exploration of new engine concepts.
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1 INTRODUCTION

1.1 THE INTERNAL COMBUSTION ENGINE

The Internal Combustion Engine (ICE) is defined as a machine where the combustion of &
fuel mixed with air releases thermal energiich is thentransformed ito useful work.

ICEs rely on thermodynamic, chemical processes and mechanics pertoigleliver their

work and are one of the most used and efficient source of power for transportation either
commercial or privat¢l, 2]. The fundamentgbhenomenomf any ICE is the combustion
processoccurring between the fuel and the that releasethermal energy. Thus, the main
objective of ICEs is to repeatedly and efficiently exptbé&energy releaskfrom the fuel
oxidation[1-3]. Different ICE configuratiols wereproposed over the yeafBhe most used

ICE variantis characteriselly a slidercrank mechanism that transforms the cyclic motion

of a piston into a rotating motion of a crankshaft. The major ICE components are summarisec
in Figurel [3]. Dueto the movement of the pistotie volume of the combustion chamber
varies from a minimum, when the piston is located at top dead centre (fBRChaximum,

when the piston is located at bottom dead centre (BIDM®) distance traviegld by the piston
between BDC and TDC is referred to as the engine stfdle¥e are two main commercially
available ICE types: spark ignition (Sl) engines, where a spark is required to ignite the fuel
and compression ignition (Cl) engines, whaspontaeous ignition is caused by the change

of the incylinder state during compressi¢h, 2]. The research reported in this thesis

focussedn the petrol fuelled Sl engines.
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W\ () (]
o o
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Figure 1: Major components of an Internal Combustiorgire as reported irf3]



1.1.1 The Spark Ignited Combustion Engine

Sl engines are simple, light weigldtand cheap to produd&, 2]. They are very resilient
machines and their application can vary from camd motorcycles to chainsaws and
gardening tools. The main disadvantage of S| engomspared to other ICEE the lower
thermalefficiency.However,SlI engines are attractive thanks to their peteareight ratio,
competitive manufacturing cost and very low combumsgimissions. In homogeneouport
injected naturally aspirate8ll engine a charge of prenixed air and fuelis drawn in the
cylinder through the intake valve during the intake stroke. The term homogeesémgso

the intake charge mixtutbat, beforehe combustion process occurssligracterised by the
same proportion of air and fuel. The term paojécted indicates that the fuel is injected in
the intake port rather than directly into the combustion chamber through -prieggure
injector. Lastly the term naturally aspirated is used when the engine draws the fresh intake
charge into the cylinder at atmospheric pressure. When a compressor is used to increase tl
intake charge density, the engine will be referred to as supercharged, if the comigress
driven by the engine crankshaft. Instead, the engine will be referred to as turbocliarged,
the compressor is driven by the energy recuperated from the engine exhaust. Regardless tl
engine configurationthe compression of the intake chargeamsderedconcludedonce

the charge is introduced in the cylinder and the intake valve is closgbengines e final
compression temperature remains below the-mtition thresholdzalug so that an ignition
spark is required to start the combustigmocess[4]. Combustion characteristics and
resulting engine performance are primarily determined by the flame veldg¢ityrhe
stability of the ombustionprocesss dependent on the ignition system ability to ignite the
mixture at a predetermined timespg@rk timing) during transient operating condition.
Unreliable ignition and uneven mixture formation across different cylinders may cause
significant variation in the resulting combustif) 4]. Initial thermal reactions, occurring
dueto the external emgy of the ignition sparkinitiate the kernel development process
which leads to the flame developmgd{. The energy released during combustion is
commonly known aRate of Heat Release (RoHRhe RoHRof Sl engines mainly depesd

on the combustion regime, the ignitibming and the combustion speed. Combustion speed
is determined by diffusion processes in the flame front together with tbglimaler
turbulencd1, 4-6]. In Sl engines, turbulence level and flame velocity camfheenced by
different factors includinghe combustion chamber shape, inlet manifoltesign and

mixture formation. Low fuel consumption and high efficiency are generally promoted by



fast combustion. Moreover, the heat release location in respect tistire osition is also

key for the engine performance. For instance, if most of the heat is released too tharly
engine cyclewall heat losses and mechanical losses may increase. On the other hand, if the
heatis releasd too latein the engine cyclghe energy is inefficiently transformed into work

[4]. Thus, the engine RoHBndits response to different engine characteristiesds to be

known at the early stage of engine developnterd)low to design new engines.

1.2 THE EARLY STAGE OF ENGINE DEVELO PMENT PROCESS

In this paragraph an overview of the early concepts screening phase of a new engine
development iproposed The whole engine development process is not relevant for the
scope of the thesis and thus will not be covered. Further detalissdngic can be found in

[3]. An overall simplified flowchart of the early stage of engine development is Srigwre

2. Firstly, the initial engine concept is defined using experience guidedindsfuture
applicationgseeParagrapii.2.1). The concept desigs laterreviewedscreeninglifferent

engine geometries and attributes to definditfei r s desitnyse®achgraph.2.2).

Initial engine concept definition

Basic concept selection

!

Thermodynamic calculation

!

Mechanical calculation

v

Initial concept design

Initial engine concept review

a

v v

Thermodynamic layout Mechanical analysis
\ |
Decision based on targets: h/\—.
+ Emissions .
. Performance Concept design update
*  Durability

r
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Figure 2: Theearly concepts screening phase of engine development.



1.2.1 Initial engine concept definition

This phase can be split intbe following overallsteps: concept selection, thermodynamic

and mechanical calculatisfB].

Concept selection

In this phase of the engine development the engine future applications need to be fully
understood before the engine development can bBgiformance targets, including rated
powerandpeak torquere key characteristics to be considered during this phase. Moreover,
expected engine life, fuel consumption, cost and weigtdramng otheattributes that need

to be accounted in this initial phase of the developint

Thermodynamic calculation

Depenling on the data gathered in the previous pliEseombustion systengonfiguration

is selecte@ g.diesel or gasolinengine’Engine @rformance targets are used to carry initial
analysis to define the requireshginedisplacementThe engine displacemedepends on

the air flow required to achieve complete combustion and thus, depends on the fuel
consumption targst Therefore,an initial analysis on the fuel efficiency and the engine
volumetric efficiency is required. Moreover, comparison between sdisgilacement,
coupled with intake air chargers, and larger displacement is necessary. Details on the engin
displacement calculation can be foundlifB]. In this phase of development, the number of
cylinders and the bore to stroke ratio must also bermdeted.The overallfuturelayout and

the engingoerformance are equally importaarid need to be considerddring this phase

of developmentFor instance, any given displacement, may meet the fuel consumption target
but not mechanical restrictions impddey the application (e.g. motorcycles).

Mechanical calculation

This phase of the engine development focusses on the overall engine layout, including
cylinders configuration and dimension of the engine compartn{@uwgt, complexity, engine
speed range and serviceability requirements must be considdnealise the initial engine
concept desigiThe engine displacement and overall configuragign cylinderdayoutand

bore to stroke rat need to be fixed to provide a basis for the next steps of the development



[3]. Moreover,these geometrical features of the future engine need to be definitive to begin
the tooling procurement. Changes in the engine displkaceamd in the bore to stroke ratios
are still possible in the next development phaseRgpee?) but would be not feasible later

in the developmenrocess
1.2.2 Initial engine concept review

In thisparagraptthe second phase of the engine developingfigure2 will be introduced.

It is important tohighlight that the initial engine development phase, in which the first
design concept is defined, takes arounaetks[3]. Once citical engine dimensions are
determined, theeview of the concept castart. Discussions with experts in the field and

Ho a g 6 93] suggeskthatisstage of development shoulike between 2 and 3 months

Thermodynamic layout

This phase of the engine development aims to design the intake and exhaust systen
optimising the enige combustion chamber and air handling before the hardware is available.
Valve dimensions antiming are also defined at this stageDlengine system tools.g.
WAVE or GTPowerare used taarry engine cycle simulatia@ CFD flow calculations,
focussingon specific attributes g. spray patternsnayalsobe used to aid the design of the
new enging[3]. This thesisfocusses on improving this part of the engine development
processFurther details on the virtual engineering tools used during this phaseyivie

development can be foundRaragrapi.3.

Mechanical analysis

In parallel with the previous phase structural tools are used to carry analysis aimed to
highlight potential challenges in the future hardware manufacturing process. The main
objective of structural analysis in the early concept development is to recucedtall
development time andost[3]. This part of the engine developmesihot covered in this

thesis.
1.2.3 The Current Virtual Engine Development Process

In this paragraphthe engineering tools availablend currently usedluring engine

developmenwill be introducedThe main goal of modellinthe physics occurring within



ICEswhile the hardware is not yet availaleo predict theiffuture performance aiding the
early concept design proceksater inthe development processpdelling tools can alsoeb
usedto reduce testing efforts during the engine calibrafidrerefore virtual engineering
tools have become an imperativer an efficientengine developmerirocess There are
different numerical approaches commercially available that allomddel the physics
occurring in ICEs. However, depending on the chosen approach the accuracy of the result
and the required computational time will v4@}. Computational methods, that model all
the physicaB-D scales occurring in ICEs without asymplification areknown as Direct
Numerical Simulation (DNS)DNS can rarely be useduring engine developmedue to

the prohibitive computational timd-or instancewith current numerical capabilities,
single, fullscale simulation of just a combimg} spray with a DNS approach can take up to
weeks on a supercompufér 3, 7] Thus, assumptions, simplifying the physics occurring in
ICEs, are necessary to shorten deenputational timeo avalue that can be considered
practicalduring engine develapent Simplified numerical approaches such as Large Eddy
Simulations (LES)can be used to reduce computational runtimddowever, he
computational time related to LES and RANS is still considered unfeagiltihe concept
stage of engine development ($&agrapt2.1.2for further details)Faster analysis can be
achieved using the Reynoldweraged NavielStokes (RANS)framework. However,
RANS introduces modellingimplificationsthatresult in increased dependereyf mo d e |
performanceon initial tuningthat, at the concept stage of developmeannot be carried
outdue to the limiteegxperimental data availalg, 2, 7]. RANS CFD analysis can be used
laterin the development process, once the first concept design is determined, to optimise
specific engine attributes (e.g. spray pattef8k)Therefore 1-D engine system codé¢s.g.
WAVE or GT-Power)characterised byghort runtimes (e.gnginecycles/min[9]) are used

to define the overall concepharacteristic®f new combustion systengkiring the initial
concept design review phase of engine developriwever, to provide useful results, 1

D codes require an itnal engine rate of heat release (RoHRput that can be either
empirically derived or assumed from historical test data.a given engine concept the
overall performance is influenced by tReHRthat is function of differenéngineoperating
conditionsand calibrations.Therefore, to predict engine performance usiAD &ngine
tools, the engine RoHR and the effect of differengineattributes on this characteristic

needs to be known in advanced.



During the engine concept review the same engine RoHR
| Initial engine concept | is assgmed and used to carry 1-D engine system
I analysis out.

!
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}

| 1-D Engine System Analysis |<—| Reviewed concept |

Fy

| Empirical Combustion Model |

| BCs for 3D CFD |—>| 3D CFD optimisation I——{ Optimised concept

Figure 3: Gap in the RoHR predictive capabilities in the current virtual engine development process

Empirical based combustion modelgthin 1-D engine system codewe an often used
solution to provide the initial RoOHR., 7, 9] Over the years the effect of flifent engine
attributes on the RoHRas investigatednd correlatiog based on historical experimental
data, have been buikigure3 shows a higHevel schematic of a virtual engine development
based on -D engine system that uses empirical based combustion models to predict the
engine RoHRProcesses similar tbigure 3 can provideuseful insights on the effect of
known attributes and overall engine concepts orRibldR However these processdail

to predict the burnip characteristic of novel engine design due to the initially assumed
burning rate characteristithe assumed RoHR cherreviewedaccordingly to the screened
conceptonly if the effect ofthe new desigon theburning characteristic slreadyknown

Ree@nt emissions regulationeave pushed the exploration ofew complex engine
characteristicspovel overall design,and alternative fuelsTherefore, theRoHR of new
products, for which little or no historical experimental data is available, need&howe

New, fast,and more efficient virtuadevelopment processespable of predicting the initial
RoOHR, are required to aid the development of new engines concepts and ensure the
customers and new market requirements are successfullyf heephysicsnfluencingthe
engineRoHR needo be captured and modelled to predictlibening characteristics oew
combustion systems and decrease the development process dependency on historic test de
Combustion mode]sto be suitable in the early developmeatdge, should discriminate
between different hardware desjgperating conditiong/ithout the need of tuning at each
explore scenariogurthermoredue to the shortening of the time to bring product to market,

running times comparable te[l engine systa codes are requirdde. minutes per engine
cycle$9]).



1.3 AVAILABLE SOLUTIONS TO IMPROVE THE VIRTUAL
ENGINE DEVELOPMENT

1.3.1 Virtual Engine Development Processes based on CFD Combustion

Models
Concept Engine
Design Inputs Manifold / valve events /
* Bore turbo development (1D)
- CA50 & CA1090 Targets
. gg;?ﬁ;e::?e’:_i:m  FL Power / torque curves
properties < FL/PLBSFC

* Friction Maps
» Fuel Injection

system

+ Intake / Exhaust
manifolds

+ Port geometries Cylinder combustion and

* Port flow flow performance Port Geometry Optimisation
coefficients assessment (CFD) Targets

- Stroke :I'a:geti del + Engine tumble ratio

* Turbocharger i eEEY « Manufacturability

« Valve lift profiles * RoHR

« Valve size » Combustion efficiency

Figure 4: Generic ideal engindevelopment process

Figure 4 shows an example of an ideal engine development process for S| engines.
Benchmarking and experienbased guidelines on theft-hand side box are used to select
initial overall combustion system geometries. The initial proposed engine design is explored
targeting the main engine performance paramdtatsr, \alve events, ports geometries, in
cylinder flows, andntakechargng systems are virtually assessed and optimised within the
1-D engine system modelling framework. The changeylmder air motion resulting from
different engine design (e.mtake porty andoperating conditions then analysed through

DNS Computatioal Fluid Dynamics (CFD) calculations and the initially assumed engine
concept is updated accordingly. Moreover, for each of the explored engine configurations,
DNS combustion calculations are carried out to predict the effect of each explored concepit
on the engine burn rat&herefore, lhe approach shown Figure4 is effectively an example

of a fully predictive development proces®Different simulationframeworks exchange
outputs to automatically converge to an optimal solution that meets the desired targets
However simulation run times and associated costs nthke approach inFigure 4
unsuitable[7]. A simplification of the DNS simulation framework, widely known as
ReynoldsAveragedNavierStokes (RANS) CFD, have been developed to reduce

combustion simulation times but at cost of accufdcySimulation results within this
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framework rely on multiple usetefined variables which need validation to extended
operating conditions to be considered predictive. Different studies have tried to enhance
RANS simulations predictive capabilities by intigating inputvariables sensitivity10,

11]. Run times and required resources are still unacceptable for virtual hardware screening
and calibration at a powertrain system level. Tlatishe time thislocumentvas written,a

virtual engine developmentqeess comparable figure4 ¢ o u | be nodsidered feasible

for the scope of this study
1.3.2 Virtual Engine Development Processes based on Combustion Models

Q-D combustion sutinodels, within the -D engine modelling framework, are often adopted
to carry out combustioanalyseswvhile meeting restrictive development times. Simplified
combustion models, adding a level of complexity compared to the em@ppabaches,
weredemonstrated to accurately predict the engine RARR.7]. Within these combustion
modelsthe physics influencing the engine RoHRpatially capturedto avoidthe need of
predetermined combustion rgtE2]. Most of the currently avaitde Q-D SI combustion
models divide the wtylinder massnto a burned and unburned zone depending on the flame
front propagatior{12]. In the complete absence of turbulence, the flame front speed, and
thus, the engine burn rate, would only be dictated by the fuel laminar flame[Sp&¢d
However the speed at which the flame front propagates mainly depends orcifimder
turbulerce. Thereforecombustiorpredictions with these modetsly on an initial turbulence
characteristic input that can be either experimentally extracted or derived by dxtra O
turbulence modelddowever due to the complex thraBmensional nature of tnylinder

flow, most of the available-D turbulence models still fail in correctly predicting the effect

of different geometrical effects on theaglinder turbulence processgseParagrapl2.5).
1.3.3 Virtual Engine Development Processd based on @D and CFD models

Simplified @D combustion models offeuntimes that are suitable for the virtual screening
of engineconceptsHowever, hese combustion modelequireextra GD turbulence models
to correctly predict the engine RoHR. An alternative solution, replacibgt@bulence
models withturbulence data derived from CFD analysis apglied toa StochastidReactor
combustion Model (SRM)was explorethy Pasternak ifiL8, 19] StochastidReactorModel

is a Q-D combustionmodel that use probability density functios (PDFs), applied to
turbulent flows to capture the flow inhomogeneifig8-25]. PDFs areused in the SRM to

account for theéurbulencechemistry interactions and allows the combustion processes to be
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predicted[19, 23] (seeParagrapi.4 for further details) The methodology proposed by
Pasternak used an SRM combustion model to capture the combustion chemistry in &
computationally efficient manner and CFD analysis to predict the effect of geometric
variables on the heylinder turbulence. Howevedue to the highamputational time and

cost associatedith multiple CFD runs, one for each explorecknario this approach is
effectively impractical for virtual engine developmenésRltsin [19] suggested thatf, the

effect of any given engine geometry on theytinder turbulence was characterised through
CFD analysissimple turbulence responses, comparable to turbulence models, could be usec

to predict the change the turbulence characteristics to engine operating points.

1.4 THE WORK DONE

Figure5 shows thenethodology developed to predict the RoHR of Sl engines abtieept

stagedevelopment. The process is splithree different simulation levels as follows

1 Single norcombusting CFD analysis, one for any explored hardware, to characterise
geometricakffect on the incylinder turbulence.

1 A 1-D engine system mod#iat accountfor the enginair handling.

1 A QuasiDimensional (@D) model, specifically, @ SRM modelthat predictghe
key engine performance parameters and the engine RBRRSRM combustion
model was selected among others due to its capability to account foraylender
inhomogeneities and the use of chemical kinetics library. Howerer, other
combustion model with similar capabilities could @plementedin this

methodology.

A new turbulence responseas developetb predict the ircylinder turbulence changes to
different engine operating conditions and highel engine calibrationésee definition in
Paragraphl.4.1). The incylinder turbulence characteristics ev ol ut i on ( s e ¢
Paragraphl.4.]) against the crank angle are assumed to be onigtitun of the engine
geometry. Different operating conditions and kigiel calibrations affect the magnitude of
these characteristics. The change in the turbulence magnitude to these engine attributes
consistent across different engine concepts aaskismed to bieinction of the intake charge

flow speed.
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The following stepsdescribehow different numerical models and the new turbulence
response exchange inputs between each other allowing to predict the engine RoHR fo

different engine concepts

1. Initial concepdesign is selected and input for numerical models are gathered.

2. The incylinder turbulence o given concepis derived from a single necombusting
CFD analysisat a given operating condition

3. Q-D combustion analysis is carried out using @D derived ircylinder turbulence
input. This provides boundary conditiofCs)for the XD engine system analysis.

4. 1-D system analysis carried outat a new givemperating conditionThe CFD derived
in-cylinderturbulence is scaleaiccordingly to the change in theDlintake charge flow
speed.

5. Combustion analysis is carried out using the scaleglinder turbulence inpwgnd BCs
for the 2D model are reviewedntil convergence is reachesteps 4 and 5 arepeated
for any exploredperating condition and higlevel calibration.

6. If different engine conceptare explored, a new nenombusting CFD analysis is

necessary for each explored solutéord steps from 3 to 5 arepeated

Initial Concept Engine Design Engine system analysis

e (WAVE/GT power)
0 e . . Targets
Con]pressmn _ratlo . Power / torque curves
Engine material properties .  BSFC
Friction Maps Turbulence Response

Input function of:
Operating condition
High-level calibration

Fuel Injection system
Intake / Exhaust manifolds

Port geometries Combustion analysis

Port flow coefficients Targets

Stroke *  Knock Index -

Turbocharger * Burn angles concept_ engine performance
Valve lift profiles and design

Valve size B

Turbo matching
Knock tolerance
BSFC

Different engine design
Single CFD Calculation

Figure5: Schematic of progsed virtual engine development process

1.4.1 Terminology

The terms engine operating conditions, engine -teghl calibrations and turbulence
characteristics will be used throughout this the&iglefinition of each of these terms is

reported below.

Engine operating conditions
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This term refers to any point ilné¢ engine operating map defined by engine speed, load.
Experimental data used for this thesis is all characterised by lambda=1.

Engine high-level calibration

Different engine attributes can be varied to achieve desired performance and consumptiot
targets at any given engine operating condition. The optimisation of these attrilzatéslis
engine calibrationEngine calibrations carried out once thest prototypeis available and
operating conditions have been characterigdd This researchdcuseson the RoHR
prediction at theconceptstage of development when the hardware is not yet available
Therefore,completeengine calibration cannot be carriedt.odowever, some attributes,

defined hleeelascdhilghati ono ar:e explored.

1 Valvestiming

1 Spark timing

1 EGR ratios

1 Fuel injectiontiming.

In-cylinder turbulence characteristics

In this thesis the following terms are refette as turbulence characteristics

1 Turbulence intensity

1 In-cylinder tumble

1 Turbulent kinetic energy

1 Turbulent dissipation rate

Explanation of each of these terms can be found in Chapters 4 lan@l&ptel6 the mean

incylinder flow velocitye icsharlaocot ereifsetrirced.
1.4.2 Aim & Objectives

The aim of this thesis is to develop and implement a practical pribhe¢psedicsthe engine
RoOHR at theconcept €arly) stage oflevelopment. During thighasea methodologythat is
fast and requires minimuexpermentaldata is requiredThe objectives of this thesis are

listed below:
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1. Identify potential simulation tools for the engine RoHR prediction and select those
compatible with data and timeframe available duringdbeceptstage of Sl engine
development.

2. ldentify physics(i.e. flame development and turbulentdgdt needs to be modelled to
predict he engine RoHR.

3. Define modelling methodology that usasailable keyinputs and assumption§.e.
turbulence modelling}o predict the RoHRduring theconceptstage of Sl engine
development.

4. Verify validity of assumption§.e. turbulencemodelling)through CFD analysis

5. Implement procesand validate predictive capabilitiesagainst experimental data for

differentengineoperating conditiong;alibrationsand concepts

Engine burn angles the industrial ungused to analyse engine consban ratesithin the
automotive industry Therefore, the two following metrics wengsed to assess the
methodology predictive capabilitidé available,experimentaéngine RoHR traces can also

be used.

1 Predicted burn angles, compareciperimental (averaged) values, are expected to
fall within the experimental standard deviation.

1 Burn angle prediction confidence intervali#f °CA from experimental (averaged)
is expected. This interval was defined following industrial guidelines and

comesponds to a standard criterion used to assess new modelling frameworks.
1.4.3 Research Questions

Simplified combustion models, that partially capture some of the physics influencing the
engine RoHR are commercially available. However, the accuracy ofékalts depends on

an initial turbulence input. Results[ib9] showed that, simple turbulence responses can be
developed to manipulate an initial CFD derived turbulence characteristic. Such approach
would benefit of the CFD capability to account for thergetrical effects on the4aylinder
turbulenceFigure5 shows that a single nesombusting CFD analysis is used to characterise
the incylinder turbuénce characteristics of a given engine geometry. This assumes that the
turbulent characteristics curves against the crank angle are only function of the engine
design.The effect of different engine variants on thecylinder turbulence was analysed to

arswer the following question:
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A Can {cyirger tunbulence characteristics be considetsalind only to the given

engine overall design?

The effect of different engine operating conditions and degkl calibrationson the in

cylinder turbulencevas anfysedfollowing research questidrelow:

What are the turbulence characteristics necessary to be numerically resolved to correctly

predict the engine ROHR at different engi
1.4.4 Thesis Contributions

In this thesis anew methodologybased on three differemhodelling frameworkswvas
developedto predict the RoHR of different gasoline engifidne processusesa new
turbulence response that allows to providalistic ROHR predictions for different engine
variantsthroughoutthe engine maprhis response scaldélse key turbulence inpubf the

SRM combustion model tihe intake charge velogitTo t he aut hor stiis bes
scaling factor is new arfthsneverbeenproposed beforé’hemain findings of this research

can @ summariseds follows

1. Theoverall shapeof the ircylinder turbulence characteristicegainst the crank
angle, is bound only to the given engine geomeit@hanges in theturbulence
characteristics® s hagarhbe neglgcted whert predidtirey ¢
the engine RoHR using an SRM combustion model in response to cttaeggme

calibration.

The noncombusting CFD ircylinder turbulence analysis confirmed that, the main
tur bul ence gshapaagarsttthe eidasgieifocasgiven engine desiga,g.the
Turbulent Kinetic Energyk), can be considered constant for different engine operating
points.Engine geometries are the main factors that influence tbglimder air motiorand,
consequentially, the shapé g or any other considered characteristic, against the crank
angle Thus, the turbulence characteristic needed for the SRM combustion model can be
characterised by limited nescombustion CFD calculations for any given engine hardware.
Details of the CFanalysis can be found @hapter6.

2. Different engine high e v e | calibrations affect the
magnitude but not the spaagainst the crank angléhe change in theutbulence
charact er i s tiniresmiise tm ahgnyds tengidepperating conditions

andcalibrations can be scaleash the intakechargevelocity.
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A newturbulence responskased on the changestive intake port flow velocityo engine
operating pointpredicted by the -D engine system code (WAVEyas developedThe
response was uséd scaleCFD derivedin-cylinder turbulenceharacteristis of any given
engine geometrgnd providehe SRM combstion modelvith thenecessarinput topredict
the engine RoHRat different engine operating conditioasd calibrationsDetails of the
developed turbulence factor can be foun@apters.

3. The methodology developed can be extended to abyc@mbustion model with
characteristics similar to the code chosen for this research.

The developed methodology uses CFD calculatiorapture the effect of any given engine
geometry on the heylinder turbulence characteristics. Later, CFD derived turbulence
characteristisarescaled on the intake charge speelbcity to provide the @D combustion

model with the necessary input gmédict the effect of any engine operating point at a given
engine designCurrently, all commercially availableQ-D combustion models require a
turbulence inpuso thatthe methodology developed in this thesis almobe used with any
chosen @D model.lt is expected that, the initial turbulence multiplier, defined in the initial
calibration phase (se€hapter5), will change with the chosen-Q comhustion model.
However, since the physics governing the turbulemcaptured, once the-Q combustion

model is correctly calibrated on a baseline engine, the methodology developed in this

research can be applied.
1.4.5 Thesisfocusand limitations

This thesis focusses orthe engine RoHRprediction at the conceptstage of engine
developmen{(see Paragraph.2). Enginecharacteristicgypically investgatedduring this

stageare

Ports and manifolds designs
Charge induction strategy (NA vs Turbo)
Fuel injection strategy

Intake/Exhaust valveverallstrategy

= =2 =42 A4 -

Chargedilution

The effect ofthe abovecharacteristicon engine RoHR and knodk predicted vith the
developed methodologiHowever, the effect of engine characterisggplored later in the
developments process (e.g. during engine calibration) nudybe captured with this
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methodology For instance,rggineturbocharging and valve strategasresult in thdiblow
throughd phenomenoifi2, 26]thataffectsthe portion of the intake charge that is trapped in
the cylinder This is likely toinfluencethe turbulence characteristics ¢ u r vagainsth a p
the crankangle Further work is required to assess the methodology predictive capabilities
outside the scope of applications for which it was designed ¢oncept stage of
developmentProcesses such &7, 28]can be used for this purpose.

The transient effaécof reallife engine operating conditions is not accounted in this
methodology.This limitation could beovercomeby discretising transient conditions and
providing theSRM with AFR and residual swings that areepresentativeof transient

conditions At the time this document was written this solution had not been assessed.

The computational time associated with CFD analgais also beconsidered a limiting
factorwhenruntimes areompared with current empirical base engine development process.
CFD representativeun timesfor different applicationsindicating the burden dhe CFD

analysisare available in Paragraghl.2

1.5 FUTURE WORK

The methodology developed for this thesis is basednemweaurbulence response factor that
scalesCFD derivedturbulence characteristics, of any given engine concept, to the intake
charge flowvelocity, predicted by a-D engine system code. Thus, changes in the flow
speed, which is the physigoverning the turbulencareused to reproduce the-aylinder
turbulenceof anyengine operating point/alidation over a wide range of conventionatian
unconventional engine concepts and Higlel engine calibrations is required to consider
the developed methodology a practical solution for new engines development. However,
norttraditional combustion conceptattributes and combustion strategig$.e. water
injection and lean combustionyere not investigated due to limited experimental data
available.Thevisionis that the solution developed in this thesis will aid the development of
the next generation of gasoline ICEs which, unless of a majordiaghcal breakthrough,

are set to be part of our lives at least until 2[Z280) 30] Therefore, amteresting expansion

of this research would be the exploration of alternative fuels. Detailed chemical kinetics
library, available within the chosen SRM, can be used to explore the engine RoHR from

different combustion regimes. Depending on the SRM cahjyato cope with new fuel
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mixtures, the developed turbulence response is expected to perform well since the governin

turbulencephysicsare captured

1.6 THESIS STRUCTURE

Figure 6 shows the overall outline of this thesis highlighting the paliowed during the

research
Chapter 1 Chapter 3,4 &5
Q)
Problem: Hypothesis: 1
The engine RoHR needs to be predicted to __|.|3-D turbulence characteristics’ overall i
improve current gasoline engine virtual evolution over the engine is only bound to
development process. the given engine geometry concept.
' ¢ )
Question: Question: L |&
Can the engine RoHR of a gasoline engine What turbulence characteristics must be 2
be predicted during the early concepts numerically resolved to correctly predict the =
screening phase of development? engine RoHR in a SRM framework? =}
, ' o
Available solutions: Work done to verify hypothesis: N =
1-D / 3-D non-combusting CFD analysis of 5
different high-level engine calibrations and _g
attributes on the engine turbulence fields. o
! 4
Solution: s
Y - Limited 3-D CFD calculations to S
F_'roblem: . characterise turbulence characteristics’ )
3-D CF_D calculatlgn are c_omp_utatlonal H— evolution of any engine concept. i
expensive for multiple calibrations » Scaling factor response to provide the

SRM with the correct turbulence input
for different engine operating points.

Chapter 2

Figure 6: Overall thesis outline
The initial chapterof this thesisntroduces the gaip the knowledge covered by this research
(i.e. the engine RoHR prediction in the concept stage of developriéeisis objectives,
scope of applications and research questionslace presentedh this chapterA critical
overview of different modelling approaches for the engine RoHR prediction is presented in
the following chapter (Chapter 2). Physical procesgeserning the SI RoHR and
fundamental assumptiordeveloped forthis research aralso presentechere Chapter 3
presentdhe experimental data used in thisreseatdd. and CFD model so
are briefly introduced in Chapter 4. Detailed revig\the SRM models is also available in
this chapterThe methodology chapter (Chapter 5) presented the modelling workflow and
the turbulence scaling factor developed in this resedttfapter 6 presents the nron
combusting CFD analysis carried out to wetiie hypothesis of this workhe methodology
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validated on different engine maps. Combustion prediction comparison with experimental
data is shown in Chapter 6
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2 LITERATURE REVIEW

2.1 THE PROBLEM

During the early stage of engine development diffelmgine attributes are virtually
screened to investigate their effect on the future engine performance. Due to the limited
available time, preletermined RoHR and empirical based combustion models, couitie

1-D engine system cod€¥/AVE or GT-Power) araised to predict the engine burning rate
responséo different engine configurations. However, the following problamsmbedded

in this approach

1. 1-D engine simulations are carried out to investigate the effect of different design
configuration on the 8HR. However, 1D codes, to provide useful analysis require
an initial RoHR thais derivedfrom previously desiged engines Therefore, the
engine RoHR is not predicted andDlanalysis results depend on the initial
assumption.

2. Empirical based combustion models have been developed to accommodate the
change in the physics influencing the engine burning ratécapcedict the change
in the RoHR to known attributes and configuratidiewever, this approach fails to
predict realistic resp@es when engine design attributes, outside the validated range
are screened herefore, an alternative modelling framework which can predict the
engine RoHR for different engine configurations and attribistaseded to improve

the virtual engine developent process
2.1.1 The Current Rate of Heat Releasenodelling approach

In thisparagrapha review of the approaaurrentlyused to model the engine RoHR during
the early stage of engine development will be reviewstial questions regarding the
accuracy bthis methodologywill alsobe raisedTo this day, the industrial standard for
virtual engine development is carried out with#Dlengine system codé€s.g. WAVE or
GT-Power)and empirical based-D combustion model¢seeParagrapht.2.3. Figure7
shows a schematilowchart of a virtual engine development process based @ 0
combustion models. An initial engine burning characteristic needs to be astateegdthe

effect of differentoperating points on the engine burning rate shape is accommaodatgd
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physical data from a previous engine and a suitable empirical correl&tos, overall
engine performance predictions depend on the initial engine burning rate assumption. Within
0-D combustion modelshe physics affecting the engine burning characteristic are not
modelled[1]. The Wiebe equatiomeported below(see Equationl) is the most known
example of an empirical S| engine combustion mgte?]. Wiebe parameters including the
Start of Combustion (SoC) and the burn duration (G8QJ need to be known in advance
for different hardwarei. port, combustion chamber aimgjector geometry and engine
characteristicsTherefore Wiebe constantmustbe tuned accordingly to achieve accurate
combustion predictions. This simplified approach provides good RoHR predictions in
situation in which new combustion systems have simol@racteristics to existing ones and
thus predefined combustion rates can be similarly derived in relation to different engine

characteristics.
w— p A@DPOH—

Equationl: Wiebe function

Where w — is the masdéraction burn at crank angke «o is the crank angle at the start of
combustion o=y is the combustion duratioand a and m are user input constant§he
accuracy of the results ohaenginedevelopment procedsased on an empirical based
combustion modellepends on the initial assumption regarding the engine burning rate and
on the validity of the chosen empirical correlatibonthe past years this approach provided
good results since most of the engine were derived &rperimental dat on existing
concepts for which prexisting 6D combustion models were calibrafdd. Recent studies,
have used alternative-D combustion model$31], including neural network§32], to
develop reatime system engine system contrdheseapproachesan provide RoHR
prediction within an acceptable ertbanks to the initial model calibration on benchmarked
test dataHowever this kind of experimental data is not available during the early concept
screening phase of engine development. Thus, quesataised to the accuracy of virtual
engine development processes based dh €ombustion models can be raised and

summarised as follows:

1. How can the initial engine burning rate of new engine conceptiebeed with
enoughaccuracy’
2. How canthe engine buring rate response to new engine calibratite prediced

outsidethed® empi ri cal combustion model 6s v
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Figure7 shows an overall flowrart of an engine development process based on an empirical

combustion modehighlighting the problems discussed above.

| Assumed Burning Rate | Questions

How do you assume the initial burning rate for a new engine concept?

Y * How do you predict the change in burning rate if the operating points is outside
| Operating Points | the validation range of the empirical correlation?

l

[ Empirical correlation |—{ Reviewed Burning Rate |—+{1-D Engine System Analysis —  Engine Performance

........................
............................
oo
.ee

0.9
0.8
0.7
0.6
0.5

0.3 Assumed Burning Rate

Engine Burning Rate

- - - - Burning Rate Key Point 1
--------- Burning Rate Key Point 2

Crank Angle [CEATDC(f)]

Figure 7: Schematic of the virtuampirical based&ngine development process

2.1.2 Alternative Solutions to Model the Engine Rate of Heat Release

In this paragraphdifferent commercially available modellingpproachedor the engine

RoHRwill be presentedFirstly, CFDcombustion models, capable of predicting the engine
RoHR with limited assumptianbut at cost of computational cost will be discussed. Later
the QuasDimensional modelling framework for the engine RoHR prediction will be

introduced.

Combustion models, modelling the physics influencing the engine burnin@rateeded
to improve tke virtual engine development proce3éus, considering the limited time

available during the engine development the following question raises

fiCan the RoHR of a gasoline engine be predicted during the early concepts screening

phase?o0

As explainedin Paragraphl.3, the state of the art for combustion modelling, excluding

empirical basednodels,can be divided intowo overallmodelling frameworks
1 Threei dimensional Computational Fluid Dynami@&FD) models
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1 Zeroi Dimensional / Quagi Dimensional physical)¢D /Q-D) models

CFD models framework

CFD modelsgdescribethe threedimensional fluid dynamics of the considered engine. The
intake manifolds, the combustion chamber, fuel injection system and exhaust mayaifolds
beincludedin a single CFD moddl7, 33]. The geometry effects on thegylinder charge
motion and on combustion processes are considered. Thus, can this framework be use

duringthe concept stage ehgine development?

The physics governing combustion processes are fully resolved wightirect Numerical
Simulation (DNS)Therefore, he engine RoHR can be predicteith DNS CFD. However
DNS CFD analysis, appligd industriatrelevant applicationgemain unfeasible due to the
required computational resources and tifde 12]. For instane, a single fulscale
simulation of a combusting spray with a DNS approach can take up to vweekent DNS
analysis simulated a hydrogair combustion case and required 40 million CPU h{8#k
Even with the most powerful machiiteis easy to see iy DNS will not be an option for
regular engineering problemBhysical modelghat simplifycombustion processes occurring
in the Sl engines have been developed to reduce the required computational resources. Th
led to the formulation of Large Eddy Sitations (LES)[35] and Reynolds Averaged
NavierStokes (RANS) equatior{6]. LES CFD computational requiremenf&65] are still
unacceptable for largeolume industrial applicatiorsuch as new engine developmétin
timesfor diesel spray simulationgpatedin [37]suggest that diesel reactive cases can take
up to 150hrs andnonreactive cases up teOhrs.Shor t er run ti mes,
accuracy, can be achieved using the simplified RANS CFD apprf@thsuggests that
reactive diesedpraycasesantake around.8hrwhereas nomeactivespray casesantake up

to 2hrs.Different studies suggestetthat once the first engine concept design is defined,
RANS CFD analysiscould be useduring enginalevelopmento predict the engine RoHR

at different operating point§he combustion processes occurring in a Port Fuelled Injection
(PFI) SI engine operating in a pneixed charge combustion mode and later upgraded to
Direct Injection (DI) were predicted [88, 39] Resultsvereachievedhanks to aextensive
model calibratiorthat usedmotored and fuelling datavhich are not available durirtge
concept phasef development A methodology tofurther reduce RANS computational
requirementsachieving computationdgime as short as 5hrs per engine cyalas showed

in [40]. However, atensive experimental data was necessary to calibrate the moiddl] In
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an automated tuning procedure for diesel engines simulations was developed. The
methodology showed good combustipredictions at limited operating pasrfor a given
engine overall structurélowever evenif the limited validity of the developed autaning
approach was ignored, the required computational, tmeeessaryo model one single
engine cyclewas around.2 hours on an industrial standard clustD RoHR predictions
atmultiple operating points for eadf the enginalesign screened during the concept stage

of development remain unpractical. Thisdise to the limitedime available to define the

first engine concepi3], limited experimental data available to tune CFD models and the
lack of consensus on how modelling coefficients should bEL8e#1] CFD analysis can

be used later in the development process, orecedhcept design is defing®] 38, 39, 41]

QuastDimensional models framework

Discussion with industrial organisations afna a g 6 s[3] suggesk thatheinitial engine
design needs to be available betweeéhweeks from the project kick off to allowfigrent
parts to be ordered or manufacturEdus,computational times, comparable witfblengine
system codese. range of minutes per engine cydka keyrequirement that needs to be
metto solve the problem introducedRaragrapt2.1 Therefore, to achieve the geat for

this thesis (sed”aragraphl.2.3, a combustion model, that can predict the engine RoHR
within minutes and using limited experimental datalifiérent operating points and engine

configurationsis required.

ZeroDimensiond (0-D) / QuasiDimensional (@D) combustion models are
computationally lighterthan CFD models and offer a practical and already available
solution. Differen0-D / Q-D combustion models, accounting for the closed part of the cycle
and offering reasonableomputational timegi.e. range of minutes per engine cycie®
available in the literaturgl2]. The a mbiODiQ-Xoy nianmet hies fidue t
of simplified engine geometrical features that some of these moddsgthem Quasi
DimensionalQ-D). In the literature there are different examples 4 Qombustion models
characterised by different assumptions and overall numerical formulatibs.D models,

to predict the engine burning rate require to model the physics governing the rigllowi

characteristics:

1 In-cylinder turbulence (including the effect of different geometries)

1 Laminar and turbulent flame speeds
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Tablel shows that, within the @ combustion models, there are two overall main modelling
approaches. The main differences between the two approaches are the governing equatior
The first groupn Table 1, | abel |l ed as b bsesrthmendrgyraadmmass n
conservation only dependant on time for an open thermodynamic system to predict the
engine burning rate. The second modelling framework is known as Stochastic Reactor Mode
(SRM) which uses the Probability Density Function (PDF) approach applied to turbulent
flows to give a statistical description of the state of the fluid at each poiheiflow field

[25]. A review of the available thermodynamic basedQ@nodelswill be presented in
Paragraplt2.3. SRM approach will be introduced Paragrapl2.4 and further described in
Paragrapld.3.
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Tablel:Overview of the available solutions to model the engine RoHR

CFD

Thermodynamic
Models

Stochastic Reactor
Models

Governing Equations

3-D mass and energy
conservation for an ope
thermodynamic systen

1-D mass and energy
conservation for an
open thermodynamic

system

Probability Density

Function (PDF) to

solve NavierStokes
equation

Turbulence
Characteristic

Turbulence sulmodels
(RANS) otherwise
calculated

Experimentally derived
/ turbulencesubmodel

Experimentally derived
/ turbulence sumodel

Geometrical features

CAD geometry

Simplified CAD
geometry

Simplified CAD
geometry

Laminar Flame

Modelled / chemical
kinetics

Modelled / reduced
chemical kinetics

Tabulated chemical
kinetics

Turbulent Flame

Modelled (RANS &LES)
Calculated (DNS)

Modelled

Modelled

Outcome

Burning Rate, Knock,
Emissions

Burning Rate, Knock,
Emissions

Burning Rate, Knock,
Emissions

Computational times

Hours per cycle

Minutes per engine
cycle

Minutes per engine
cycle

2.2

INTRODUCTION TO THE FLAME FRONT PROPAGATION IN
S| ENGINES

The physics of the flame formation and propagation need to be consideréaly

understand how different-Q combustion models worklhus, an overview of the flame

front propagation occurring in SI engines will be presented.

Combustion processes in ICEsndae split into two main categories depending on the

chemical mechanisms occurring during the combustion:-igaibon and flame front

propagation. Diesel engis@re characterised by atignition chemical mechanisms that
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initiate the combustion processes at the desired time. Liquid fuel is injected into the cylinder
and entrains the hot compressed air. Thus, the occurring combustion processes in dies
engines carbe described as ngremixed combustio2]. In this thesis, combustion
processes occurring in Sl engines are considered. Among different available S| engine
variants, the fuel can be either be injected via port or it can be directly injected in the cylinder
[2]. In PFI engines the fuel enters metchamber already mixed with the fresh intake air
charge. Depending on the injection timing DI engines can result in complete or partially
mixed charge. In this thesis, PFI and DI Sl engines, only resulting in a fully mixture of the
air and fuel before # combustion will be discussed. The combustion processes occurring
in these engines are described as turbulent premixed combj@$tion

2.2.1 Laminar Flame Speed

Premixed flow, by definition, must complete the mixing between air and fuel before the
combustioroccurs. In S| engirsthe combustion process is initiated by an external energy,
provided by the spark plug, that incresdee local temperature above the ignition threshold
[42]. Beyond this temperature value, combustion chemical reactions start atalddtine

that propagates throughout the fresh mixture charge. Pe{df investigated the structure

of a stationary, laminar, stochiometric methameflame, comparable to a gasoliae
mixture. Peters showed that the flame propagates into thle fnéxture with a laminar
burning velocityS. This velocity is a thermechemical property of any specific oxidant
oxidiser mixture. Moreover, Peters suggested that laminar flame could be split into three

different regions as follow$43, 44](seeFigure8)

1 The chemically inert preheat zone.
The inner layer reaction zone in which fuel is formed and intermediate species are
formed (e.g. HandCQ).

1 The idation zone.
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Figure8: lllustration of the inner structure of a flanfimnt in a stationary, laminar and stochiometric methaiemixture
accordingly to[43]

Referring to Figure 8 the preheat zone, where chemical reactidies not occur, is
characterised by the unburnt temperatute,The temperature in this zone increases due to
diffusion and convection until it reaches the chemical reactions activation threshold T
When P value is reached the methaaie mixture is effetively in the inner zone, where
main chemical reactions occur. Intermediated specie®nHCQ, are formed and later
oxidised in the oxidation zone. The rate at which these processes occur is dictated by th
laminar flame speed . At this point the cooepts of flame thickness arite thickness of

the inner layer can be defined as follow:

1 Laminar flame thickness, ———— where gis the specific heat capacity value

at constant pressure aads the thermal conductivity.

1 Inner layer thickiessa defined by the chemical time scale of the fuel consumption

rate)] .j —is a scale specific of the fuel and decreases with temperature and
pressurg44].

In a 3D space, the flame is subjected to strain which results in a curvature. Thus, the laminal

burning velocity changes when a comple® Jield is consideredSinceall combustion
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analysis carried out in this research was within in-B Qombustion modethe laminar
flame curvature due to-B strain stresses will be ignored. In this thesis, the laminar flame
propagation will be characterised by a laminar sg@edrmal to the 1D flame front, as
initially proposed by peterg43]. A thoroughly review ofthe laminar flame front

propagation, including the flame curvature occurring irRkafield is available irf44].
2.2.2 Turbulent Flame Speed

Sl engines are characterised by turbulergyiiinder flows which effectively accelerate the
flame velocity. In thig?aragraphan overview of the turbulent flame speed will be presented
with the only intent to give the reader a grasp of the processes occurring during the turbulen

premixed combustion. A complete review is availablgl#j.

The turbulent flame speed, parallel to the laminar flame speed, can be defined as a thin
reaction sheet. Locally, each point of the reaction sheet propagates into the fresh mixture
with a velocity corresponding to the laminar flame velocity. In Sl engines, the reaction sheet
is notuniformed but it is rather wrinkled due to the entraining turbulent fresh ciézye
However the wrinkling of the flame only occurs if certain conditions are met. The concepts

of the Kolmogorov scale and molecular viscosity need to be firstly intrddagéollows:

1 Kolmogorov scaleit is the smallest scale considered in a turbulent flow below which
the molecular viscosity is not considered. It is defined asrdtie between the
kinematic viscosityz and the energy dissipation ralé,

o Kinematic vigosity,3 : defined as the ratio b
(ratio of shearing stress and shear) of a fluid and its density.

1 Molecular viscosity:viscosity is a measure a ftls resistance to deformation.

Molecular viscosity is solely caused by interfiation in the fluid due to the random

motions of individual molecules not moving together in coherent groups.

The wrinkling of the flame front happens when the Kolmogorov scale, is larger than the
laminar flame thicknes$,[42, 44] Moreover, until tle flame radius is smaller the integral
length scale, the biggest eddy size containing energy in the turbulent flow, the impact of the
turbulence on the sheet is negligible. One could argue that, during engine combustion, thi:
portion of the flame developmewhich is not affected by the-eylinder turbulence is so
short, that it can often be ignored. At high engine speed, the laminar flame speed is highe

compared to lower engine speed, due to the increassdimaler temperature and pressure.
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Thus, theitne for which the flame radius is not affected by the turbulence eddies would be
shorter. However, once the flame radius is larger than the integral turbulent length scale, the
flame front start wrinkling with a magnitude that is proportional to this ratégngth scale

and the smallest of the scalp®]. Both these lengths scales reduce their value with
increasing engine speed. The speed at which the mean flame front propagates into the fres
mixture charge is known as turbulent flame sp8ed his chaacteristiancreases with the
engine speed since the effect of the turbulent eddies becomes more significant. Peter
proposed a diagram showing the relation between the turbulent eddies and the flame eddie
to describe all the different turbulent premigntbustion regimes that might ocddis].
However in-cylinder turbulence data highlighted that the wrinkled flame regime, is the case
for most Sl engine§42, 44, 46] Moreover, turbulent flame speed suodels available
within the QD combustiormodels all consider a wrinkled flame front. For this reason, all

other turbulent premixed combustion regimes, as proposed by peters, are not des&ibed he

2.3 THE THERMODYNAMIC QUASI-DIMENSIONAL (Q-D)
COMBUSTION MODELS

In Paragrapl2.1.1it was shown that different combustion model approaches, ranging from
complex multidimensional models ( CFD) to simgjeastdimensional are available to
simulate the eambustion processes occurring in Sl engines. The choice of the approach
depends on the application of each st{idy Simple approaches are preferable to perform
combustion analysis over a wide range of conditions, thanks to the short computational
times.Complex modelling frameworks, such as CFD, are instead used for detailed studies
over limited conditiong[12]. Physical quantities such as-aylinder state and engine
geometry are not expresseceimpirical basedombustion mode)snaking the engine burn

rate prediction challenging for new engine concepierefore, ie physics influencing the
engine burn rate needs to be modelled to predict the effect of a wide range of engine concep
on the burn rate. More complex Qu&smensional (D) combustion mdels have briefly
presented as a practical solution to improve current virtual engine development process. Ar
initial distinction between €0 models using thermodynamic equations anrd @odels

using the PDF approach wafered inParagrapl2.1.2 In thisParagrapla review of the
general physical sutmodels used in all thermodynamic-I) combustion models is
presented. A review of the SRMQ models will beofferedin Paragrapli2.4.
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In the thermodynamic @ combustion models the governing equations are based on the
energy and mass conservation dependent only on the time. The term Quasi Dimensional (C
D) derives from the inclusion of simple features to includeeth ge omet r yds
combustion[12]. SI @D combustion models are often referred as multizonal due to the
presence of a layer, representing the flame front of Sl engines. This layer separates the buri
and the unburnt zone inside the cylinder and d¢oissidered as a thermodynamic boundary
between two open systems. Different studies have used this approach to investigate the effe
of different engine design on the RoHR and to predict engine emidgié#9]. More
complex multizones models have alsedn developed to improveeir capability to capture
theeffect of differentgeometryon the engine ROHES0-53]. However, heextra modelling
effort related to the addition of extra z
similar to sinpler models. Moreover, numerical uncertainties, stemming from the heat
release calculations in the zones close to the engine wallsrandthe flame velocity
calculation for different burned zones have rather increased the dependency of thes
approachesrothe usetinput variables. A general overview of how thermodyna@ib

modelsbased are used for different engine applications is availafl@]in

The objective of the review was to understand kioevQ D modelling framework could be

used during the elgr stage of engine development. Regardless the number of zones
implemented in a €D combustion model, or the difference in the numerical formulations,
the fundamental physics governing the mass and energy conservation need to be modelle
to calculate thentcylinder state evolution during the engine cyél®reover,sub-models,
accounting for different physical processes occurring in theylinder are necessatp

predict the engine RoHR he followings submodels are used in all commercially available

Q-D combustion models:

71 In-cylinder volume calculatiorthe inrcylinder volume as function of crank angle is
required to calculate the state of the gas mixture during the power cycle (closed part
of the cycle). Main engine geometry: bore, stroke, connecting rod length and
compression ratio are requirfd.

1 Chemical reactions calculatiorgasmixture composition and chemical properties as
a function of temperature are required to calculate the overall chemical reactions
necessary to predict the engine emissions. Tabulated data, that allows to define

simplified chemical kineticarewidely available[54-56]. To improve the accuracy
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of the results, detailed chemical kinetics can also be implemented but at cost of the
overall computational requirements.
Heat transfer calculationthis submodelis used to calculatdne amount of heat that
Is transferred through the walls. The most commonly known models, representing
the industrial d87amda rAdB&ardédd sWoschni 0:
Mass buring rate calculation:this model is necessary to dictate the velocity at
which the mass is transferred between the burnt and the unburnt zones. Within the
S| engine the mass burning rate is mainly dependent on the flame propagation and
thus the turbulent flame velocitySr. Often, these sulmodels are referred as
turbulent flame sped submodels. An overall review of thesabmodelds available
in Paragrapf2.3.1
In-cylinder turbulence calculatiormass burning rate and heggnsfer calculations
all required incylinder turbulence datdf an optical engine is availabléhis data
could be experimentally derivg89, 60] If new engine concepts are explored, the
necessary turbulence characterisbaldbe defined from extra @ turbulence sub
models or norcombusting CFD calculations. An overview of the most knowd Q
turbulence model is available Raragrapl2.5. A broader review is also available in
[61].
Initial Spark Kernel: Within the QD modelling framework the spark kernel
formation and growth areften not modeled. Instead, the start of combustion is
initialised ata given chosepoint after the experimental spark timindnigis due to
the very complex nature of ignition procesSdsese processeepend, among other
factors, on local mixture characteristicoand the spark plug and the-gglinder
flow structureq12, 42] Thus, QD kernel models may provide realistic results for
some engine operating conditions but not for all. Moreover, the highly turbulent
nature of Sl engine intake flows makes the inii@inel formation relatively short
and thus insignificant during the product development phase, when just overall
engine performance and burn rate are targ&ieaplified spark kernel models, that
related the kernel to a certain mass are avaikaiddisted below.

o0 Wu [62] assumed the initial ignition kernel to be equal to two percent of the

total in-cylinder mass.

o Verhelst[63] instead, assumed the initial flame radius equal to 1mm.
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0 Another assumption, and perhaps the most realistic, is availaj8d]irin
this work the initial kernel radius is defined on the gap distance between the

spark plug electrode
2.3.1 MassBurning Rate SubModels

In the previoudParagrapla list, of the submodel available in all thermodynarriased @
D combustion mode)swas offered To predict the RoHRof SI enginesthe turbulent
premixed flame propagation needs to dadculated Thus,to fully understand the @
combusti on modalow@iewfof thaneassolurking rate smodels is

required.

The fundamental physical factors that affect the mass burning rate in a Sl engine combustiol

processes are:

1 Mean flame front area within the combustion chamber
1 Bulk in-cylinder turbulent motion and its effect on the flame propagation

1 Unburnt mixture gas state that determine the value of the laminar flame speed

If physicatbased relations are used to descrileeathove phenomena then the mass burning
rate can be predicted?2]. Therefore the flame area and the rate at which it propagates
through the combustion chamber are fundameraisimeterso correctly predict the engine
RoHR. As previously explained iRaagraph2.2 petrol fuelled engines are characterised by
turbulent intake flowthat entrains the flame front and wrinkles the laminar flad&j§46].
Figure9 provides a schematic of the wrinkled flame front accordingly to PRtéfsThe
premixed turbulent flame front can be described as a thin wrinkled reaction layer
characterised by a mean flame thickness. Referrikigtare 9 the mean flame front region

is obtained by averaging the turbulent scalar fluctuation in the variable G, with G
representing the actual flame frdd®, 46] Entraining turbulence eddies are causing the
wrinkling of the flame front.
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laminar
flame thickness

Figure 9: Wrinkled turbulent flame structure as proposedié]

Q-D combustion models, to correctly predict the engine RoHR, require modelling the flame
initiation and propagatiolherefore, alues for the laminar flame and turbulent speeds are
necesary. The simplest mass burning rate for a geneifit @mbustion models can be

summarised as shovquation2 [42]:
— 0"y

Equation2: General formulation for the mass burning rate within SI engines as provid@@jy

Wheremy is the mass of charge buyit is the mean flame argpy is the density of the
unburnt mixtureandSis the flame velocity (laminar or turbuleny)ithin the QD engine
modelling framework the Sl engine flame surface is often assunsgihéwicallygrow whit

the centre located at the spark plug location. ifih&l flame speed initially corresponds to
the laminar burningelocity (). However, as the kernel grows, the flame becomes turbulent
[12, 42] The initialisation of the flame kernel development is problematic due to the multiple
physical factor affectinghe phenomenon. Thuas explained in the previolaragraph
within the QD modelling framework often the spark kernel formation and growth are not
modelled. Instead, the start of combustion is initialised at some point after the experimental
spark timirg. Within thermodynamic based-Q models the flame front corresponds to a
boundarylayer for an open thermodynamic systéhatexchange heat and mass with the
surroundings (unburnt mixture). Initially, the flame spsegfjuako the laminar flame speed

of the mixture However, the effect of entraining turbulent eddies gradually becomes more
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significant increasing the burning speddhus, models for the turbulent flame speed are
necessary to correctigredictthe S| engine buing rates. Two different turbent flame
models, characterised by a fundamental difference in the flame definition, are implemented

in the commercially available-Q models:

I Turbulent Entrainment model

I Flame Sheet motle

More turbulent flame speed models are available irittiature. However, these models
are fundamentally derived from the two approaches listed above. Consequentially, due tc
the broad similarities across different models only the two approaches listed above will be

covered in this thesis.

TurbulentEntrainmentModel

This modelling framework was initially developed Byizard [65] which postulated an
entrainment process of the fresh charge mixture into the flame front. The general mass bur

rate as described lBquation2 is modified as shown iEquation3 andEquation4.
— "0

Equation3: Entrainment mass burning rate as proposed by Bli&sq.
Whereme is the entrained charge mass is the density of the unburnt mixtuyré is the
mean flame area (assumed spheriealdl “Y is the velocity at which the fresh charge is

entraining the flame.

”

0°"Y

Equation4: Entrainment model mass burning rate as proposed by Blig&id

Where(§ is defined as the burning time constang is the mass of charge burm;is the
mean flame area (assumed spherical) &nd the laminar flame speed. The burning time
constant is defined iEquation5 wherec is a tuning panaeter,leis the entrained eddies

length scale.
-|- J—

Equation5: Burning time constant for the entrainment model mass burning rate as proposed by. Blizard
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The entrainment model combustion processes can be splivatdifferent stages. Firstly,

the unburnt mass charge entrains with a rate definEduation3. The entraining speeés,

is dictated by the turbulent eddidsater, the entrained unburnt charge, burns with a
characteristic timezp. This times is a function of the turbulent entraining eddies and the
laminar burning rat§l2, 42] Thus, engine combustion rates are affectethbyentraining
speed and the burning tingenstant defineth Equationd. Different model calibrations are
required when simulating different combusticegimeg42]. Moreover, it is important to

point out that flame models based on the entrainment equations as stggpare not
considered phenomenological modelfiese models amather numerical expression of
observed engine burn rat¢s2]. Expermental flame studies have yet to confirm the
entraining phenomena described in this model. Experimental images show continuous flame
front characterised by spots of unburnt gases that burn inji2d42, 66, 67]However,

the entrainmenimodel was extesively used to simulated different engine application. A
review of recent developments, tailoring
available in[12]. Equation3andEquation4 show that theno d e | 6 s dependanithe c y
laminar flame speed and the flow turbulence eddibsrefore, orrectvalues for the two
characteristics are critical. Laminar flame speed values can be derived either by empirical
correlation based on the fluid physiég!, 55] as proposed if68], or detailed chemical
kinetics is necessary. However, due to the turbulent nature of Sl intake charge flows, the
amount of time for which the flame is considered laminar is practically insignificant
compared tahe overall combustion duration. Thus, thelulent entraining eddies is the
process that most affects the engine burning rate within this mbueiefore, turbulence
submodels that provide the flame model with the necessary input are required if
experimental ircylinder turbulence characteristiase not available. A review of turbulence

in-cylinder turbulence models is offeredParagrapl2.5.

Flame Sheetlodel

The flame propagating in tuskent flows, typical of SI engines is a thin wrinkled surface
[42, 66, 67]as shown inFigure 9. An alternative approach, compared to the previously
presented model is to consider the surface area of the wrinkled reaction sheeff[d2le,
Thus, he flame area associated to turbulence combustion reghnissncreased compared
to the flame aredy, occurring in a laminar burning process. fidferg theresulting burning

rate is dependent on the ratio between the wrinkled flame area and the |§iAdr,The
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mass burning rate in a flame sheet model can therefore be expressed as &unatonc
[42] in which the ratidA/A) is equal to the ratio betweéme turbulent flame speed and the

laminar flame speedS/A).
— "0 " —0%Y

Equation6: Mass burning rate in a flame sheet model as propos@®2in

Where} yis the unburnt gas densjtg. is the laminar flamespeed, Ais the surface of the
laminar flame area (spherically assumedyl A; is the surface of the turbulent flame area
The turbulent flame speed and, thus, the turbulent burning rate can be calculated once th
increase in the flame area is establishmlvever physical causes that govern the wrinkling

of the flame are still not fully understo@®B]. Variation of local tenperature and turbulence
entraining are among the main phenomena that effect the change in the kinetic reaction rat
and thus in the burning speed. At high engine speeds, turbulence eddies entraining the flame
can deform the flame front to a degree atclhmultiple flame spots in the unburnt mixture
start formingHowever,it is accepted that, for traditional engine operating points, the flame
front behavesimilarly to a singleflame front, wrinkled by the entraining turbulent flow

[69]. Following thisassumption, a modelling framework, known as fractal flame model has
been developef 2, 42] This approach states that the flame front can be characterised by a
fractal geometry and the wrinkling of the flame is assumed to be within the turbulent length

salesLmaxLwmin interval defined inEquation?:

Equation7:Fractal definition of the wrinkled surface area as provided7i]

WhereLmax= corresponds to turbulent length scale which is the biggest scale corresponding
to an energy in the foylinder turbulence fieldmin= cor r esponds to t he
which is the smallest turbulent scal= fractal dimension depending on the ratio between
the turbulence intensity, @Gand the laminar flame speédi,as proposed ifv0]. Information

of the incylinder turbulence flow and laminar flame speed are requoeelvaluate the

magnitude of the wrinkling scales and the fractal dimensionclusions regarding the need
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of turbulence mode)sthat provide the correct characteristioput to predict the engine
RoHR,can be drawnsimilarly to the previously presentetbdel

2.4 STOCHASTIC REACTOR MODEL S

Another modelling approach falling within the @ combustion modelling frameworks is

the Stochastic Reactor Model (SRM). Compared to the previously presemendgels,

the SRM framework uses the Probability Density Fiamc (PDF) approach applied to
turbulent flows as described [B5, 71-73]. Within the SRM iacylinder mass is treated as a
series of particles each with a uniform compositibhese particles describe physical
guantities of ircylinder mass thanks to a P@istribution.Therefore,pr t i cl es & c o
i n terms of chemical species, temperatur ¢
the calculationDetail explanation of the SRM governing equations is availabhapter

4.

Different studies presentdlle underlying assumptisrof the SRM andfocussedon the
model®capabilitiesto predict burning rates dlirect injected diesel engingx3-25]. SRMs

were also used to carry pollutants formations analysis of homogeneously charged diesel
engines, duel injection engines and natural gas fuelled engines where présémep
Engine knock prediction and the effect of the engine turbulent modntpe autagnition

event were investigated [ii8]. Due to more restrictive engine emissions, recent studies have
instead investigatedthe SBRM capabi |l i ti es t perfoonmhchanedeore di
their emissions[79]. Detailed pretabulated chmical kinetics table together witha
turbulence modsi tailored for diesel engine simulatiowere developed in[80, 81]
Moreover, thanks to the renewed interest in petrol fuelled engines the SRM was also used ti
predict the RoHR for S| engin¢k8, 19,23, 82]

SRMs showed to be capable of carrying combustion analysis for a wide range of engine
applications. Moreover, in contrast to the othedd@odels, the irtylinder inhomogeneities

are accounted in the SRM thanks to the statistical nature of goyequationsHowever

the SRM combustion models, similarly to all the otheD@odels, require the following

submodels to carry the combustion analysis out:

1 In-cylinder volume calculation Same as all other-Q models.
1 Chemical reactions calculatiomtue to the PDF based governing equation, the SRM

needs to account for the chemical reactions occurring during the combustion. Thus,
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pretabulated detailed chemical kinetics data to predict the laminar flame speed value
of different fuels and to evaluate ethengine emission$d3, 84] have been
implemented. The engine knock can be also be evaluated as sh&2h in

1 Heat transfer calculatioh Same as all other-Q models.

1 Flame propagation modelFlame propagation model based[88] is used in the
SRM. Similarly, to the previously models an analysis of this model will be presented
in the nextParagraph
Initial Spark Kerneli not considered within the SRM framework.
In-cylinder turbulence calculationi the incylinder turbulence characteristic is
needed to set the frequency at which the PDF particles mix between each other anc
thus to set the how the PDF changes throughout the simulation. Moreover, the same
charactestic is used in the turbulent flame speed calculatieD.tQrbulence models
have been applied to the SRM similarly to the othé @odels. An overview of the

most known @D turbulence model is available Raragrapl®.
2.4.1 Flame Propagation Model

In parallel to the other @ combustion models, the SRM requires a-sudalel to calculate

the turbulent flame speed and thus the mass burning rate. In tunméenked flames, the
mixing of reactants with product at the flame surface is required to sustain the combustion.
In a total absent of turbulence, this process, would occur with a rate dictated by the laminal
flame speed. Within the SRM the-aylinder damain is split into particles each with a
characteristic composition. Thus, the mixing rate between these particles, can be associate
to the mixing of reactants and product occurring during combufi5] The simplest
turbulent flame speed model the#n be used in an SRM requires a user input value for

to derive the desired turbulent speed. Typical examples of this group of turbulence models
are found irff6] (seeEquation8) and[86] (seeEquatior9). Similarly, to previously presented
models, these two formulations depend on the laminar figpeed value and a turbulence
characteristic. A more detailed turbulent flame propagation model, including the scalar
dissipation rate occurring during turbulent premixed combustion was develd@&(l ifhe

model was later simplified and applied to a SRM[23]. Regardless the increased
complexity of the flame modein-cylinder turbulence characteristics remained the crucial

i nput gover ni ng Furthes detaisofl thd rdoslel deeloped if23] is

available in[88].
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Equation8: Turbulent flame speed according[&]}

— p ™ @— T® —
Equation9: Turbulent flame speed according[&6]

2.5 IN-CYLINDER TURBULENCE MODELS

PreviousParagrapt showed simarities across different @ combustion models. It was
shown that, regardless the chosen approach the modelling of the flame, laminar and turbuler
is required to predict the RoHR of Sl engines. The laminar flame speed can be either be
derived by empirial correlatiorbased approachd43, 15, 16, 42, 68, 69r through
detailed chemical kinetics librari¢s0, 51, 83, 84]Empirical based approaches offer fast
response, but the accuracy of their results depends on the range of engine operatin
conditionsat which they have been validated. Laminar flame speed calculations based on
chemical kinetics library, if correctly validated, should offer realistic responses for a wide
range of operating conditions and fuels. It is important to point out here thaatatame

speed calculation based on chemical kinetics library can also provide value for alternative
fuels where an empirical based laminar flame model has not been validated yet. Irrespectivi
of the chosen approach to determine the laminar flame spaathulent flame speed model

is required to predict the effect of the engineeytinder turbulence on the laminar flame
speed. At a high level all the available turbulent flame speed models simply multiply the
laminar flame speed accordingly to a turlmagle input. Thus, the physics governing the in
cylinder turbulence needs to be modelled to predict the RoHR in Sl engines withisbthe Q
framework. Therefore, if any-@ combustion model is used to predict the SI engines ROHR

during the early concepts scnagag phase the following question need to be answered:

fiCan the engine Heylinder turbulence characteristics be predicted during the early

concepts screening phase?o0

In the nextParagraplavailable QD turbulence models will be reviewed focussing onrthei
capability to predict the effect of different engine structures on toglinder turbulence

without the need of model calibration at each explored engine concept
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2.5.1 Q-D Turbulence Models

According to the literature presented in previBasagrapb, the physical processes that need

to be modelled in any -® combustion model, to predict the RoHR of S| engines can be
summarised as shown kigure 10. The flame initialisation and growth are necessary to
evaluate the engine RoHR. Laminar flame speed values can be determined from empirica
correlation or from detailed chemical kinetiddoreover the incylinder turbulence is a
necessary characteristic that needs to be modelled to correctly predict the turbulent flame
speed and thus the engine burning r@ee previoudaragraph). The early concepts
screening phaserevent to use empirical deed incylinder turbulence characteristics
obtained through optical access engines. Thus, two different approaches, similarly to the
laminar flame speed calculation, are availablentmelthe turbulent flame speed:and

CFD turbulence modeFigure 10 highlights the existencef a tradeoff choice between
accuracy and computational time needs is required at this pdintufbulence models are

an attactive solution for engine development due to the limited required computational time.
CFD calculations instead require higher computational resourcesddass dependent on

userinput variables.
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Problem:
What physical processes are necessary to modelled to predict the mass burning rate in a Sl engine?

I

Flame initialisation and development

| e i |

Chemical kinetics Empirical correlation
Computational expensive + Fastresults
Realistic values * Need extensive validation

—>| Laminar flame speed |<—

3-D CFD turbulence models 0-D turbulence models
Computational expensive + Fastresults
Promise of realistic values *+ Need extensive validation

—>| Turbulent flame speed |<—

v

Sl engine mass burning rate

Figure 10: Schematic of nessary physical processes to be modelled in #i2 f@amework to predict the engine burning
rate

Currently, there are different availableDOmodels that promise to predict theaylinder
turbulence characteristids:UmodelsandK-k modelsare amonghe most known modelk-
Umodelsuse 0D equations for the turbulent kinetic enekggnd turbulence dissipatiob,
derived from 3D equations to predict the engineaylinder turbulence field. These models
were initially proposed by Morel if89, 90]ard later tailored by others to different specific
conditions. Overalk-Umodels used the energy cascade model presented by Morel for which
the turbulent kinetic energy, is converted into heat by the flow viscous st[83s88] A
general review of theasick-Umodel formulation is available {61]. Recent improvements
have introduced contribution to the turbulence from ordered strudtarédmblehave been
introduced iN91]. A different approach describing the energy cascade from the mean flow
kinetic energy, K, into turbulent kinetic enerdgy through turbulent dissipation is known as
K-k model [92, 93] Within this approach, the integral length scale is related to the
instantaneous cylinder volume and piston position through mathematical equ&itre

the integral length scale is calculated, the value for the turbulence dissipation is then derivec

from it. Different improvements of the initially developedkkmodels are available in the
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literature accordingly the application for which they wesed. In[94, 95]a tumble model
including the geometry of the intake manifold, valves and port inclination is introduced.
General issue with this approach is thecyfinder turbulence characteristics prediction
during the compression stroke which wasnegtresentative of experimental turbulence data
from optical access engirmd CFDcalculations. Moreover, limited conclusion regarding
the model 6s capability of predicting the
drawn. A parametric invegiation was carried out without comparing the predicted results
with experimental test data. [96] the two approached¢-k and k-Uare merged in a
framework which showed good accuracy in the turbulence and tumble ratio prediction.
However the model pooperformance to predict intake backflows lead to poor predictions

in describing some operating conditions. Regardless the recent general improvements of th
predictive capabilities of)-D turbulence models at different engine operating points, these
appro&hes still fail to reproduce geometrical features of the engine. Different model tunable
constants, that accommodate the effect of different geometrical features on the engine in
cylinder turbulence are generally implemented. In his recent work Bb%za6] used &K-

k based model to predict the-aylinder turbulence of six different engine variants including
different bore to stoke ratios, compression ratio, vahagng and intake manifold design. A
model calibration procedure based on CFD calculatwas carried out. The turbulence
model was later tested using the calibrated setting for all the available engine variants.
However the 5 calibrated tuning constants had to be adjusted to achieve good results. Thus
an alternative approach to predict theylinder turbulence at different operating points and

for different engine concepts is necessary to predict the engine RoHR uBimyd@els

2.5.2 Q-D/ CFD Based Approach

Complex CFD calculations, can capture the effect of different engine geometry arkthe b
in-cylinder turbulence characteristi@7]. However the required computational time is
prohibitive during engine development Thus, there is the need of a hybrid approach capabile
of benefiting of both, the CFD capability of predicting the geometrical effect on the in
cylinder turbulence and the fast cakltibns ofQ-D models[98]. Pasternakl9] presented

a new engine development process based on a SRM combustion model and CFD derive
turbulence characteristic. The necessary turbulence input was characterised from multiple
noncombusting CFD calculations toree different engine speeds and later used to predict
the engine RoHR. The-oylinder turbulence characteristics were timmeeraged during the
closed part of the cycle resulting constant turbulence values for different speed. The
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engine incylinder turbulence was assumed to be only dependant on the engine speed
ignoring the effect of different loads and engine calibration on taylinder turbulence.
This simplification allowed to develop a correlation, based on the observed operating points,
to extract the turbulence number at a different engine spg@H Consequentiallya
developmenprocess, using a combination of CFD derived turbulence characteristics and
simple correlations, similar to the one proposeld 8, could provide the correct tamlence

input to QD combustion models.

It is known that during the closed part of the cycle engine geometries are the main factors
that influence the wtylinder air motioifil, 99]. Moreover, within Sl engines, the effect
different operating conditions dhe incylinder can be modelled considering the changes in
the intake charge velocif{3-15, 59, 60] Results suggested that the enginavation of a

given engine geometry during the closed part can be characterised with CFD calculations
Furthermoreexperimental flow results together with theDQurbulence models numerical
formulation showed that the characterised engine air motion response to operating point:

could be scaled to the intake charge speed.
The final research question that needed tarisavered can thus be split as follows:

1 Can the incylinder turbulence characteristics be considered bound only to the given
engine overall design?

1 What are the turbulence characteristics necessary to be numerically resolved to
correctly predict theengine RoHR within a @ combustion model framework at

different engine operating conditions?

The work carried out for this thesis was based on an SRM. This model was embedded witt
a precompilated detailed kinetic energy library for the laminar flamedpEee model was
therefore believed to be capable to provide more realistic ROHR and knock predictions
compared to a model based on an empirical based laminar flame table. Moreover, the
literature review showed that this SRM model offered realistic RoHigtions over a

wide range on engine applications. In this thesis, during the closed part of the cycle, the
overall tur bul shapeagaingt trank amgletwasrassanied to Isedound only
to the given engine geometry. For a given engine detsignnteraction of the intake charge

with the walls, over the closed part of the cycle, would not change for different engine
operating points and calibrations. Thus, limited4ombusting CFD can characterise the

in-cylinder characteristics of any givengine geometryChanges in the intake flow velocity
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to operating conditions are known to affect the overathiimder turbulence magnitud&3-

15] with a rate that is dependent on the intake charge flow speed. The turbulence field,
characterised by argle CFD calculation, could therefore be scaled accordingly to changes
in the intake flow speed to engine operating conditions, without the need of eRtra 0
turbulence models. Following these hypotheses, a turbulence scaling factor correlating the
changein the intake port velocity, predicted by theDlengine system modetp the

turbulence input required by the chosen SR&$ developed.

2.6 CONCLUSIONS

A literature review, focussing on how the RoHR of SI can be predicted during the early stage

of engine @évelopment was presented.

Firstly, the major issue embedded withe currentvirtual development process were
discussed. It was shown thatirrent processassel-D enginemodelsto analyse the effect

of different design configurations and operataagnditionson the engine RoHR. However,

to provide meaningful results]-D codes requirea pre-determined engine RoHR
characteristi¢dhat is basé on preexisting combustion systems. kmver, empirical based
combustion models are used to accommodate the changes in the engine RoHR to operatir
points Therefore, ID engine analysis resaltdepend on the initiaengine burn rate
assumption and on the validity of the chosen empirical letiva. Consequentially,
alternative modelling approaches to predict the engine RoHR, capturing more of the physics
influencing the engine burning rate without the need of empirical correlations, were
reviewed.It was shown that, overall, there @& main modellingcategories: CFD models

and QD codesDue to the limited available time during engine development and the current
computational resources, complex CFD calculations were shown to not be suitable for
engine developmeniherefore, a thorough reasv of QD combustion models, offering
computational times compatible with engine development was carried out. It was shown
that, regardless the chosen model, theyimder turbulence characteristic needs to be
captured to correctly predict the engine RaHConsequentiallya review of different
modelling approaches for the-aylinder turbulence wasffered In Paragrapi®.5 it was

shown that similarly to combustion modelsnodelling framework for the incylinder
turbulence can be split into two main categories: CFD aitir@odels.Q-D models were
shown to not be suitable for the screening of different deignto the c#bration effort,

necessary for each explored conc&D turbulence models instead showed to correctly
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