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Abstract

Abstract

The Internal Combustion Engine (ICE)dee ofthe technologicatolutionsthat has changed the
world and the way of lifelt is considered both as one of the greater sources of benefits and one of
the main reasonf®r atmospheric pollutionThe European Regulation 2019/631 sets new EU-fleet
wide CQ emission targets for the years 2025 and 2030, both for newly registesedgascars and
vans. These targetsdefined as percentage reducsoinom the 2021CO, emission level are
respectivelyl5%by 2025 and 37.5%y 2030for the first categorywhile for the second onef 15%
by 2025 and 31%by 203Q The specific emission targets are based on the EUWiielet targets,
consideringhe average test mass of a manufacturer's newly registered vehistagrconcerning
thepollutant emissios the vehicle manufacturers have to comply wiith EU Regulatin 2018/985%
named Eurdd, which imposes stringent limitationsn carbon monoxide, unburned hydrocarbon,
nitrogen oxidesand particulate matter3.herefore, the engine desigreeds to becontinuously
improved and new components have been introduced, sushamrdsensors anddditionalsul
systems. The pollantformationfrom the combustion dependsot only on the engine structure but
also on the engine management system that islynasponsible for the engirhaviour Because
of the introduction of new componenisany of which are electronic deviceselevantincrease of
the degrees of freedom available during the engine operatises resulting in anore complex and
less intuitiveengineoptimizationand managemenhNowadays, the engine control system rwge
collection of tuning tablesncluding the oneselated to new electronic componer@enerally, his
control structure is definelly trial-and-error approachegluring thecalibration procesghe main
targets such as fuel consumption, engine emission, performances of the vehicle, andas® on,
transformedn control references to be followed by some engine and vehicle variables that can be
measured. Thesé¢argets are reachedthrough proper closelbop control strategies receiving
measurements by sensors and actuators well known that ewadays the IE is the most
widespreadhermal machine in the world, playing a key role in several application fields: passenger
cars, motorcycles and motorbikes,-rm@ad commercial transport, boats and ships;radfi for
industrial use, and power generation. In particular, the automotiva securrently experiencing a
significant evolution,developingalternative powertraingvith the aim toachieve clean mobility.
However,sinceprobablythe ICE will represent the powertrain solution for the majority of vehicles
worldwide during the nextetadessided byhybridizationand electriftation an optimizedengine
will be fundamental to guarantee low fuel consumptod CQ emissionsand neaizero pollutant
emissionslnnovative combustion moddsgether withsynthetic fuelsturbocharging, and advanced

aftertreatment systemswill contributeto achieing these challenging target In this context
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investigaing and compang experimentallydifferent technologiewill imply huge costs and times
Hencemodeling techniques arsimulation codes wilbefundamental irstudyinganddesigrnng new
vehicle concepts Indeed, avirtual engine gives the opportunity tdast test differenttechnical
solutionsand their effect®n performances and emissions. During thefagidecades, a significant
research effort in the field &D/1D/3D (zercdimensional onedimensional threedimensional)
engine modeling has been carried.dutis progress has allowed a furttegffusion of simulation
tools for the engine design process.

In thelight of the aboveconsiderationsthe topic of tle research activitypresented in this PD.
thesis is thenumerical investigadn, through a hierarchical simulatidavel approachof innovative
Sl enginespossiblysuitable for hybrid powertrairendfeatured by aeduced C@impact.For this
purposefirstly a conventionahaturally aspirated smafpark Ignition (Slenginehas beemnalysed
assesing the modelpredictivity of engineperformance combustionand pollutantemissionsin a
second stageseveralengine architecturesorking in ultralean conditios have beemumerically
investigated, with particular emphasis anburned hydrocarbon emissi@stimation Then, an
innovative 4-cylinder Sl engine, equipped with an active frieamber(PC) ignition systemand
operatingwith an ultraleanmixture, has beerstudied Finally, thislast engine has been virtually
embedded into aybrid electric vehicleHEV), belonging tathe C segmentp estimateCO, and
pollutant emissionslong theworldwide harmonized light vehicles test cycl®I(TC) and Real

Driving Emission (RDEompliantcyclesand to verify theeU regulationfulfilment.

The abovedescribedengineanalysediave beertarried outin a OD/ALD modeling environment
schematizing thevhole enginesystemthrough a network of 1D pipes af® cylinders. To describe
the incylinder phenomena ihouse developed quadimensional modelfiave been employed
Concerning thedescription of thecombustion phenomenan the conventional enginethe well-
assessedractal combustion modeldeveloped at the University of Naples FedericohHs been
adoptedRegardinghe prechamber engine,r'ew andnnovativeproceduréhas beenlevelopegdnot
being availablevell-assessed specific modeighe current literaturdn thefirst stage, lte reliability
of thephenomenologicahodelwascheckedhrougha comparisorwith 3D calculations outcomes.
Subsequentlythe model has beetested andassessethrough comparisons witkiarious sets of
experimental dataOnceverified its accuracythe modelhas been employed agredictivetool to
evaluatecomplete performance mapsgerthewholeengine domain

For this purposdirstly, theoptimal setting ofnain engine control parametdras beemdentified
by coupling the 1D model to an external optimiZédren, theoptimization resulthave beempplied
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to define a number of heuristic rules implemented within several PID
(proportional/integridderivative)controllers in the 1D modeBoth optimizd andrule-based (RB)
calibration strateigswereconceivedo maximize theengine efficiency. Due to the faster execution,
the RB control strateghias beeremployedto evaluateengine map®f performance and control
parameters

Finally, theengine mapsave beemmbedded in a vehicle simulatiaith the aim ofquantifying
CO, and pollutant emissionsver WLTC and RDE cycls. A novel Energy Management Strategy
(EMS) for the HEV, namedEfficient Thermal ElectricSkipping Strategy ETESS, has been
developedThe ETESS was conceivéal minimize thefuel consumptioralong a prescribedriving
mission The ETESShas beertompared to the weknown Pontryagin minimum principle (PMP
and Equivalent Consumption Minimization Strategy (ECMf8)ing fuel consumption values close
to those reference contrdrategiesbutproviding a significant advantage in tt@mputationaéffort.

The outcomes achieveduring this research activity shad that the investigatednnovative4-
cylinderPCengingembedded in & segmenHEV gavea CQ emission oB5 g/kmalong the WLTC
The value idelow the target imposed by the European Union for 2021 of 95 g/km but above the one
for 2025, equal to about 81 g/k@oncerning theollutant emission outcomewjthout considering
the potential abatemerdf an Exhaust AftefTreatment System (EATS)Yhe simulationshave
highlighted thathe nitrogen oxide$¢NOx) kilometric productionwas0.02 g/km hencewithin the
Euro 6d limitof 0.06 g/km Regardingheunburned hydrocarbons (uHEissionstheyresultedof
0.87g/km, and hencevell abovethe Euro 6dimit of 0.10 g/km. Thishasevidencedhe need for an
oxidizing EATS for regulation compliance. Anywayigtechnology at the current staiéart is very
robust, lowcost and reliable, not representing a substantial challenge for a reathirie
application.The innovative enginkere studiegcoupled to powertraihybridization, showed hence
the caphility for the compliancef the current EU regulatiorwhile furtheradvancs are required

for the fulfilment of regulation to come in the medium term.



Introduction

1. Introductio n

Nowadays, lte internal combustion engine is the most common thermal machine in the world,
counting every yeaabout230 million new engines built, considering all the application fields
namelypassenger cars, motorcycles and motorbikespad commercial transpotipats and ships,
off-road for industrial use, and power generation. TRE has its roots aénd of the nineteenth
century being almost immediatelgpplied in the transport sector, reachtoday abou®0 million
passenger cars produced every y€heforecastonfuture trends in the automotive industry predict
a growth of world production tabout150 million cars per year in 2030, most of whiabqut80%)
still powered by an IE. Figure 1-1 and Figure 1-2(a) represent gossible futurecontextfor the
passenger cgrowertrains.
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Currently, because of thehallengingand increasinglevelopment of alternative powertrains,
especiallyin the automotive fieldnamelyelectric motors with batteries or fuel cells, th&s can be
sometimes considered as @rercometechnology boundto disappeam the last fewyears.But, as
all the other prime moverthe ICErepresents a technology undentinuous evolutiorexperiencing
significant improvements and innovations, supported by the intense research activities in this field.
Importanteffortshave beemade to achievenhancemenis performance, fuel consumpti¢iigure
1-2(b)), and pollutant emissionsln thistrack a constraintto consider ighe compliance withhe
stringentimits imposed by themission legislationsxecutedn several countriedLTP wordwide,
current Euro 6d in Europe, Tier 3iine US, etc.),andwith the introduction of th&kDE procedure,
as an additionalassessmertb get thevehicle homologatiorj3],[4]. With the aim to controthe
emissions in the road sector, a new emission limi€fd, was recently sdty 205 in the EU, fixing
a target of 80 g/km as an average for all new passengeBeaause of théntroduction of this
limitation combined with the ones related to the pollutant emiss&hm®ynin Figure 1-3, the
research processes are drawn towards innovatiean,and more complex solutions improve the
fuel economy of the vehicle fleets. Hewver, the debate about how to reach these ambitious targets
is still open[3],[5].

H
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'00- | 05- | '00- N ., , . . .
~ I I I D
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Figure1-3 COz and pollutant emissions limits roadmap
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As saidtheextremely low CQtargetalsoplaysa key rolein guiding theadvanceof several new
technologies, including vehictdectrification Hence several technologies are currergiyployedo
achieve the requirelCE performances

As anexample, thaiseof a Miller / Atkinson cycle[6],[7],[8] is quite common on new engines
allowing to reduce the effective engine compression ratiging a shorter compression stroke,
followed by a longer expansion stroke, resulting in higher thermodynamic efficiEnapher a
reduction of NQ and knock propensitgre achieved due to lower charge temperatures reached within
the cylinder Concerning theeffective compression rati@duction, it can be obtaines wellby a
late intake valve closure (LIVC) or an early intake eatdosure (EIVC]8],[9]. Moreover,another

technique nowadays consideres state of the art, is thejustment of intake valve lifts and timings
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realized bythe introduction of variable valve actuation (VVA)] and variable valve timing (VVT)
[11]. This technologyot onlyallowsto improve volumetric efficiency but also to man#gginternal
EGR Concerning the charge igion, animprovement can beeachedhroughnew ignition systems
such as t he AI2phalavimgan ehhascedombustjoestart evenin presence dean

or diluted mixturesSince the knock phenomenonoise major critical issue of the turbocharged Sl
engine it can be mitigated by the adoption of gasoline direct injeciidater Injection (WI)[13],
cooledexhaust gas recirculatioEGR) [14],[15], variable compression rafi®b], and Miller cycle
[8], as well Most often theturbocharging iswidely adopted to dowsize the enginekeeping,or
increasing performances, while reducing emissions and fuel consunggjoificant developments
are continuously achieved in the field ethaustaftertreatment systemd&ATS), one of the best
measureto guarantee a notable reduction of pollutant emissions in the exhaust gapemdde
clean mobility.RegardingS| enginesresearctefforts are focused on the improvement of the next
generation ofhethreeway and oxidation catalysts.

All theabovementioned technologiese applied t&I ICEs working instoichiometriccondition,
which, on one siddeatureCO, emissions values higher than legislation lintist, on the other side,
presentpollutant emissios below thdimits thanks tahe abovementioned EATSFor this reason,
in the very recent yearan innovative solutiohas ariseni.e.the application ba combustiorsystem
that worls with very lean aif fuel mixture which showed the potentiad further increas the engine
efficiencyandhenceto reduce the COemission17],[18],[19].

A new aspect tbeconsideedis the new requirement for vehicle homologation, namely the RDE
tess. Under these testthewhole speed and load rangjef the ICE [20] is covered and hence need
to be optimized[21]. During these tess, the pollutant emissions will be measured-looard,
reproducing more consistently the opeyas in real driving condition8ecause ofhe evident trend
towards vehicle electrification the ICE requirementare changingin terms of performances,
efficiency, and emissiong-or hybrid powertrain, the IE is usually featuredby a more complex
architecture, with higtboosting EGR circuits and advanced aftéreatmenttechnologies and
usually iscoupled to several mechanical and electrical components of the drivelihe. light of
such complexity,ite optimization of hybrid powertrairms a challenging objectivepnsisting of the
optimal control of ICE, electric motor generatorbattery, cooling system, vehiceixiliaries etc.,
and having the aimof minimizing fuel consumptionpollutantemissions, C@ production,while
maximizing power/ torque performance.Therefore, the Energy Management Strategy becomes
essential tget the above objectij@2],[23]. Actually, thecurrentcompetition between thaternal
combustion enginand alternative powertraingamelythe electric motor powered with batteries (full
electric vehicle]24] or the fuel cell (fed with hydrogen or hydrocarbdi2), isundoubtedlyhelpful
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to promote the further development and evolution of tHe he lattethas to be evolved towards
sustainablemobility solution contributing to reduce the environnt@nimpact during the next
decades.

This research activity aigito numerically investigatby a hierarchical simulatictevel approach,
innovative Sl enginespossibly suitable for hybrid powertraingresentinga reduced C®and
pollutant emissionmpact. For this purposein the first stage,a conventional naturally aspirated
stoichiometricsmall SI enginehas beeranalysed At this stagethe engine modeteliability is
assesseth terms of performances and emissions pretictHence, the modelsf several engine
architectures(two single cylinder prechamber engines and two large boegural gas engingsall
working in ultralean conditior(relative Air/ Fuel ratio_ | j| equal to 2have been developed
and validated Finally, an innovative 4ylinder Sl engine, equipped with an active-phamber
ignition system, has been numerically investigatieel latterengine has been virtually embedded into

aHEV to perform vehicle simulatianassessing C£and pollutanemissios along theWLTC and

RDE cycles
Combustion/
Turbulence
Tuning
v
. ; . . CO,/
1D Engine Engine .| Numerical N Map | Vehicle . Pollutant
Model " Validation Calibration "| Extraction "] Simulation " o
Emission
A A
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Tuning Gt gl " Control | Logic (RB)

Figure1-4 Main modellingsteps of the research activity.

In Figure 1-4 the methodology and main modelling stéplbowed during this research activity
arereported Firstly, the geometry of the tested engine is schematized in a comnmeocialling
framework, folowing a 1D description of the flow inside the intake and the exhaust pipes.
Phenomenological OD suhodels araisedto reproduce irtylinder phenomena such as turbulence,
combustion and heat transfelThose are embedded D code GFTPower through userutines
Concerningthe conventional engine, the fractal combustion m{#t| developed at the University
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of Naples Federico 1]27],[28], is employed The combustion simulation for the innovatipes
chamber engine architectuseemodelled througla newly developedrocedureThe originalfractal
modelis adaptedo describe all the phenomena occurnwithin anengineequipped by &C, such
as mixture preparation, turbulence evolution, flame area enhancement, burn rate devejepment,
entrainment etc. This represents an importagaal achieved during this resehractivity since,
differently from conventional SI ICER7],[28],[29], only few predictivePC combustion models
were available in the literaturd0],[31],[32]. Further,emission modeal are developedas well
Specifically, he NQ and COare simulatedrecurring to conventionaleduced chemical kinetics
approacks while for the uHC, an innovative phenomenologicalmodel is develped and
implementedThe latter is ablenot only to estimatie overall uHGroduction but also to distinguish
the sources, namelgccumulatior/ release froncrevices andlame wall quenching The above
mentionedsubmodek aretuned and validated according to 3D calculations and experimental data,
identifying a single set of tumg constantdor a given engine architectur&or the conventional
engine, a large validation data gstavailable, covering the whole engine operatthgmain
Concerning the large borengines numerical result@re verified againsa reduced numbeof
operating conditiongload sweep at fixed rotational speebilit considering variations afnition
system, cylinder numbgandcombustion chambeyeomety; consideringhetwo prototype single
cylinder pre.chamberengines, numerical resultsre validatedor different PC geometes and the
fuel injecion modalities finally, the above single cylinder engines are used as starting pdigfine

a 4cylinder PC enginevhose modek used to explore the engibehaviour over the whole operating
domain.

For this purposea RuleBased (RB) calibration strategy set up It is preliminarily assessed
against automatic optimizer outcomd$e performance and control maps bé t4cylinder PC
engineare computedbasel on the RB strategy and then are embeddelderehicle model ofa C
segmenHEV Simulatiors are performedo quantify the C@and pollutanemission ovethe WLTC
and RDEcompliantcycles and toverify the compliance with EU regulationé novel EMS s here
developed, able to minimize tifigel consumption an@0O, emissions along the driving cycle.

The thesisis organizedas follows. Firstly, a briebynopsisof internal combustion enginis
reported, describing thaostrelevant physical phenomamccurringn the cylinderi.e. turbulence,
combustionand knockThen, the &te of the arbf technologieslevelopedo improve the efficiency
of the modern ICESs presented. Among thproposedtechniquesa deep insight is reported
concerningthe main featureand benefitof the pre.chamberdevice Then, he phenomenological
submodels to simulate engirehaviouraredescribedn detail focusingon in-cylinder processes.
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The state of the art on vehiclensilation methods is reportednd anovel EMS, the ETEES, is
presentedEngine simulationoutcomesare shown, analysing the tuningrocedureand the model
validation A numerical calibratiormpproachs presented anthenused tocomputethe maps of the
4-cylinder PCengine. Finallythe engine maps are usedthe vehicle simulatiorwhoseresultsare

reported and discussed.

Calibration Strategy
RB Strategy
Stoichiometric Engine Ultra-Lean Engine
v
Conventional Engine Pre-Chamber Engine Large Bore Engine Pre-Chamber Engine
Estﬁg’é SCE SCE cE 61 Cylinder 41 Cylinder
pirat fuelled by fuelled by Natural Gasg Gasoline
Gasoline ; Dual Fuel . .
] Methane Gasoline Engine Engine
S| Engine
[
v v l A
: Model Enhancement uHC Model Refinement Vehicle Simulation
Combustion
Model Refinement Ring PackDynamics EMS
Emission Model Ring Pack Geometr) CO; / Pollutant
Developement Emssion [g/km]

Figurel-5 Main research activity steggghlighting the architeturesanalysed

In Figure 1-5 are schematized the abeglescribed main sted the research activity presented in
this PhD. thesis putting into evidencall the analyseéngine architectureendthe models enhanced
/ developedn the basis of each of them

It is important to mention that the research wailshutthe prechamber ultrdean enginés realized
in the framework of théeuropean H2020 project EAGLEEficient Additivated Gasoline Lean
Engine https://h2026=agle.ey, having the objective to develop a prototype Sl engine achieving
50% BrakeThermalEfficiency (BTE), and 50 g/km of C&emissions along the WLTChe research

work related to thelevelopment of anodel to pedict theunburned hydrocarbais carried outas a
part of a cooperatiowith Wartsila Corporationa Finnish companyhatproducegpower sources and
equipment in marine and energgctors

Bothresearchworksintegrate experimental and numerical activities, sontleasfireported in this

thesis.The interest of international institutions and private compaienehand highlightsthe


https://h2020-eagle.eu/

Introduction

needingfor further advancements thefield of ICE efficiency and poll@nt abatemenand, on the
other sidegconfirmsthe increasing relevance of the simulations in the erigieicle development

process.
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Internal Combustion Engine Synopsis

2. Internal Combustion Engine Synopsis

The Internal Combustio Engine has the purpose to produce mechanical power starting from
chemical energy stored in the fuel, which is burned releasing energy. The actual working fluids are
the fuetair mixture before combustion and the burned products after combustion. Tlestegqu
power output is provided by the work transfer that occurs between the working fluid and the
mechanical components of the engine. Nowadays the SI and Compression Ignition (ClI) engines are
the most common thermal machine in the world, playing a keyirokeveral application fields:
passenger cars, motorcycles and motorbikes, commercial transport, boats and ships, and power
generation. This is due to their simplicity, ruggedness, and high peveaght ratio. In the last years
the automotive sectos iexperiencing a significant evolution, considering a wide range of alternative
powertrains aiming at achieving clean mobility.

In this chaptera brief recall ®the SI engine for automotive application will be presented, since
the thesis is mainly focuden this system. Particularly the greatest part of SI engines, for the above
mentioned application field, is featured by a fstnoke working cycle, in which each cylinder
requires four strokes of the piston, two revolutions of the crankshaft, to réadizeermodynamic
cycle[1].

Intake phase Compression phase Expansion phase Exhaust phase

Exhaust Intake Exhaust Intake Exhaust Intake Exhaust Intake

= (

@:‘

o) ( ey

Figure2-1 Fourstroke Sl engine cycle.

The operating Sl engine cycle and the related four phases are represémece 2-1. Thecycle
phases can be described as follows:
1. Intake phaseit is mainly identified by the piston motion frotop dead centreTOC) to
bottom dead centreBPC) drawing fresh air or fuehir mixture into the cylinder.

Generally, with the aim to increase the mass introduced, optimizing the cylinder filling, the
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intake valve opens before the TDG40 CADSs), while its closure is delayed of 40/50 CAD

after the BDC. Hence, the intake phase is lorigan the intake stroke, beginning at the
Intake Valve Opening (IVO) and ending at the Intake Valve Closure (IVC).

Compression phaseonventionally it occurs once intake valves are closed and when the
piston moves from BDC to TDC. The mixture inside thydinder is compressed as a
consequence of a volume reduction. When this phase is ending, the combustion starts, close
to the TDC, rapidly causing an increment of pressure and temperature.

Expansion phaseit takes place with the piston at the TDC and btahes in
correspondence to the exhaust valves opening (EVO). Realising this phase, thanks to the
energy released by the combustion process, the piston receives the expansion work exerted
by the gas.

Exhaust phaséhere, two suphases can be identifiedetepontaneous exhaust (from EVO

to BDC) and forced one (from BDC &xhaust valves closur&YC)). In thefirst stage,

the cylinder pressure is higher than the exhaust manifold one, causing a natural escape of
the burned gases from the cylinder to the ashaipes. Then, once the piston moves from

the BDC to the TDC, volume reduction pushes the exhaust gases outside from the cylinder.

Once the intake valves open, the engine cycle starts again.

- i

Pressure

| L Exhaust - - - - - -
| <—1
Intake Compression Expansion |

EVC IvC

Lift

Volume

Combustion

Xb

-360
TDC

I I I
-180 0 180 360
BDC FTDC BDC TDC

Crank Angle, deg

Figure2-2 (top) Pressure tracemnd valve lift profilesn fired / motored conditiongbotton) cylinder volume and mass fraction

burnedxs as a function of the crank angle
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The events above described, for a conventional Sl engmégaicted irFigure 2-2. In addition,
valves timing, volume, and pressure traces in motored (dashed line) and fired condition dosntinu
line) are reported againtte crank angle. All phases contribute to the poart to the efficiency of
the overall cycle. Further, to reach the prescribed load level, with the correct mixture proportion for
the combustion, it is important to introduce in the cylinder the proper amount/ digimixture.

On one hand, the aflow is regulated by the intake pipes geometry, the throttle yvatw the
turbocharging system, if available, on the other, the fuel injection can be realized in two different
ways, namely a Port Fuel Injection (PFI) or a Direct Injection (DI). The PHKatufed by a low
pressure system, injecting the fuel into the intake port, while the DI system directly provides the fuel
into the cylinder at a higher pressure. Thanks to the-prgasure injection, the fuel diffusion and
vaporization are improved. Altlvgh DI systems alloweducingthe fuel consumption, ithecase of
fuel wall impingement Particle Matter (PM) increases, if compared with §PFI

A proper flow motion inside the cylinder has to be ensured by the intake ports since it affects the
combustion process, the heat transfer, and thefaal mixing. By varying intake ports orientation,
valves geometryand combustion chamber shape, thorekered flow motions, namely tumble, swirl,
and squish can be generated. Particularly, the introduction of these motions into the combustion
chambers aims to increase the combustion rate and/or to promote the mixing of the charge.

Once all the mixture isntroduced in the combustion chamber, and the valves are closed, the
electric discharge is realized across the spark plug, commonly in advance of the TDC, realizing the
start of the combustion. A turbulent flame develops from the spark plug, propagdtieghamber,
extinguishing once in contact with the walls. As can be ge€igure 2-2, the combustion process,
having a typical duration of about460 CADs, causes the rapid increase of theyiimder pressure.

Then, once the expansion ends, during the exhaust phase the cylinder scavenging process occurs, an
subsequently the admission of the fresh charge for the next cycle.

With the aim to ensure thequired load, depending on the engine architecture, the combustion
process can be handled by varying its control parametgysSpark Advance (SA), valve timing,
throttle positionor air/ fuel ratio. It is worthrememberinghat, although not changing the control
variables, two consecutive engine cycles are never equal. Indeed, due to the variations in local flow
motion and turbulence levels into the cylinder, some differences arise in the mixture homogeneity
and compositionespecially near the spark plug, resulting in a phenomenon called Cycle to Cycle
Variation (CCV). The CCV mainly causes fluctuations in the rate of heat release, hence in the amount
of useful work done by a single combustion event, in the fuel consungttbemissions. Because
of its erratic and stochastic character, it causes several problems to the development of optimal engine

control systems.
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2.1.Internal Cylinder Flow And Turbulence Development

One of the major factors controlling the combustion proceS$ engine is the gas motion into the
cylinder. The flow motion significantly affects the engine heat transfer, as well. The bulk gas motion
and the flow turbulence characteristics are both important. The initielimder flow can be
controlled and dven by the intake process. Then, during compression stroke, it significantly
modifies. In the following sections the main features of gas motion into the cylinder, established by
flows into and out of the cylinder through valves or ports, and by thenpisbtion will be detailed.

2.1.1.Intake Flows

The intake process controls many important aspects of the flow into the cylinder. For-SI four
stroke cycle engines, due to the descending motion of the pilsecair is pulled into the cylinder.
The intake flow vedcities scale depends on the piston speed. During most of the intake phase, the
gap between the intake valve head and the valve seat is the minimursextiss for the flow, thus
the gas velocities through this gap are the highest ones achieved ifinberdyow field. The gas
released within the cylinder from the valve opening results in an annular conical jet, while the radial
and axial velocities in this jet have values about 10 times higher than the mean piston speed. Then,
the jet separates frorhé valve seat and head, geneshear layers with large velocity gradients
creating turbulence. This jet separation produces recirculation regions under the valve head and in
the corner between the cylinder wall and cylinder head. Once the jet reaehvesllt the wall itself
deflects most of the jet to the bottom toward the piston, neverthalsgmificant fraction flows up
toward the cylinder head. The interaction between the jet with the wall producesdablgeotating
flow patterns into the dinder. Such flows bring within the cylinder significant fluid kinetic energy
and create shear, both of which can generate turbulence. Further, the intake valve and port geometries
can be designed with the aim to increase thesergeted flows by producg largescale incylinder

rotating flows.

2.1.2.Mean Velocity and Turbulence

The charge motions into and within the engine cylinder are turbulent. In turbulent flows, if
comparing the rates of transfer and mixing to the ones due to the molecular diffusins; toe
sever al ti mes greater. This fturbulent diffus
leading to increased rates of momentum, heat, and mass transfer, being essential iteg achiev
satisfactory operation of Sl engines. Turbuldows are always dissipative. This is due to the viscous

shear stresses that perform deformation work on the fluid, improving its internal energy at the expense
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of its turbulent kinetic energy. The turbulence generation requires energy, indeed ifttlEstas
supplied, the turbulence decays. So, for the turbulent velocity fluctuation, a common source of energy
is shear in the mean flow structures. In particular, turbulence is rotational and characterized by high
fluctuating vorticites which persist only if the velocity fluctuations are three dimensional.
Consideringthe engine cylinder, the flow is a combination of turbulent shear layers, recirculating
regions, and boundary layers; further, it is unsteady and may exhibit substantiaoayatée
fluctuations. In this case, both largeale and smabcale turbulent motions are essential factors
controlling the overall flow behaviour

It is worth underliningthat, the application of these turbulence concepts to the engine field is
complicatedsince the flow pattern into the cylinder varies during the engine cycle. Moreover, the
mean flow can also change substantially from a cycle to the next one. Hencéo-@yake variations
in the mean or bulk flow at any instant in the cycle occur tagetlith turbulent fluctuations about
t hat specific cyclebs mean f | ow.

Since the turbulent flow is irregular or random, this phenomenon is often defined by applying
statistical method§gl]. For an ICE, an ensembkésveraging approach is used, evaluating the main
guantities at a fixed crardngle— over many consecutive engine cycles. In this case, the typical
approach for the flow characterization ig tthecomposition of the velocity components in the mean

values 6O and their turbulent componentsd@da) Seaccording to:

6— 6— 6 —N— O[— 0 —N0 — 00— 0 —N 2.2)

In turbulent flows, several length scales exist characterizing different aspects of the flow
behaviour. In the following sectipithese scales will be recalled, whereas a brief description is
provided here. The largest eddies in the flow are constrained in size by the system boundaries, while
the smallest ones are limited by molecular diffusion. The three main length scales ihaé\epal
illustrated inFigure 2-3 through the schematization of a jet entering the cylinder from the intake
valve. Most of the turbulence productiadue to the large eddies in the conical jet flow between the
valve and seat. The largest scale strustuwréurbulent flow are measured by integral length scale |
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Figure2-3 Schematic of jet created by the flow through the intake valve indicating its turbulent stfiture

Over this scale, a smaller size eddies range is superimpeselly the continual breakdown of
larger eddies. The dissipation of turbulence energy occurs @se tmallest structures. In
correspondence of this scale, named Kolmogorov sgalthé kinetic energy is dissipated via
molecular viscosity intéthermal energy. Finally, the last scale characterizing a turbulent flow is the
microscale (Taylor microscale) |1t is defined by relating the fluctuating strain rate of the turbulent
flow field to the turbulence intensity.

2.1.3.Swirl

The swirl phenomenon cdre described as an organized rotation of the charge around the cylinder
axis. It is created bringing the intake flow in the cylinder and promoting an initial angular momentum
around the cylinder axis. Generally, the swirl generated at the intake cartieeuwgh compression,
combustion, and expansion phases, occurring some decay because of friction during the engine cycle.
Depending on the combustion chamber shape, the swirl can be controlled. As an exaample, in
engine featured by bowih-piston combusbn chambers, the rotational motion imposed during intake
undergoes a significant amplification during compression.

Usually,theswirl is applied in diesels and in some stratdHathrge engine with the aim to favour
a more rapid mixing between the air g@mand the injected fuel. Furth#ris phenomenon is applied
to accelerate the combustion process in sgarkion engines. It is also used in greamber engines,
where swirl into the preombustion chamber is generated during compression propenhyabirg
the PC holes. This aspect will be deepened in the following.

Since this phenomenon is beneficial, it is intentionally created during the induction process, with
two general approaches. In the first one, the flow is released within the cylindentialtg being

deflected laterally and to the bottom in a swirling motion. In the second one, the swirl is mainly
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produced into the inlet port forcing the flow to rotate around the valve axis, before entering the
cylinder.

To achieve the first motion typ#he flow distribution around the circumference of the inlet valve
is forced to be nonuniform leading to an intake flow characterized by a significant net angular
momentum around the cylinder axis Figure 2-4 directed port4) and deflector wall porto) are

depicted, being the two common solutions to achieve this result

(a)

Figure2-4 Different types of swirgenerating inlet ports: directed p¢a) and deflector wall poft].

The second approach abedescribed, is realized by employing helical ports, as showigure
2-5. These ports are characterized by a higher flow discharge coefficient, obtaining equivalent swirl
levels, because of more effective utilization of the whole periphery of the valve open area. This leads

to higher volumetric efficiency.

(@)

Figure2-5 Different types of swidgenerating inlet portshallow ramp helicala) andstep ramp helicdl].

As said, once generated the swirl can be modified within the cylinder. The angular momentum of
the air entering the cylinder incurs in a decay during the rest of the intake and the compression because
of the friction at the walls and turbulerissipation into the fluid. Nevertheless, during compression

the swirl velocities can be enhanced in the charge by a dedicated combustion chamber.

2.1.4. Tumble

Tumble phenomenon is generated within the cylinder of an Sl engine with the agceterate
the combustion process. The tumble can be described as a charge rotation around an axis orthogona
to the cylinder axis. A typical combustion chamber featured by a tumble establishment, depicted in
Figure 2-6, is the pentoof one equippewdith four valves with inclined valve stems. The tumble is
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achievedy placing the intake ports so to bring thefiiw into the cylinder through the uppewsntion

of the open area between the valve head and valve seat. In such a way a transverse motion is imposec
on the entering air. Then, the descending piston pulls the flow downwards, in the proximity of the
liner on the opposite side of the intake valves. Subsequently, the flow goes back passing along the
piston crown, moving upwards, again along the liner, cotimgléts rotation, as shown Figure 2-6.

Since the intakealve open area is not used uniformly, the transverse flow velocity beyond the valve

is higher for a fixed piston speed, resulting in additional kinetic energy storage into this tumbling
flow. It is worthunderliningthat, because of the inhomogeneous use of the valve open area, the flow
resistance of the intake valve is higher, resulting inngetng of the engine volumetric efficiency.
Successively, duringhe compression process, the tumble flow is squashed due to the ascending
piston and degrades in smalkrale vortices producing turbulent kinetic energy which, after the spark
event, enhares the mixture burning rate. Considering Sl engines, the tumble phenomenon is usually
exploited aiming at obtaining faster burn rates, especially to improve thdoaarobperating
condition, accepting as a consequence a certain loss in engine bregplaicigyct higher loads and

speeds.

Intake Exhaust

Figure2-6 Schematic showing tumble generat[@h

Tumble flows are characterized and classified depending on their angular momentum. The first
one is the tumble flow, depicted Figure 2-6, representing the scallednormal tumblefeatured by
a flow rotation around the shown axis that is parallel to the ridge of the pent roof cylinder head.
Instead, the second one, tlegerse tumblecharacterized by a flow rotating in the direction opposite
to the one reporteth Figure 2-6, (counterclockwise),is created by using intake ports directed
vertically downward the intake valve, instead of the one more inclingdFagure 2-6. Finally, the
third one, namelgross tumblehappens once tumble arises in the presence of swirl, resulting in a

flow component in the plane at 90°ttee one depicted iRigure 2-6.
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The generation of more vigorous-églinder flows, such as swirl and tumble, leads to higher
pressure losses and flow gstions across the intake port, and the valve and seat opening, resulting
in a lowering of the maximum dillow. For these reasons, the challenge is achieving the desired faster
combustion rates produced by these higher kinetic energy flows, minimi@nigds in airflow,
especially at the higher engine speeds and loads, where the combustion process is already fast.
Therefore, adequate geometries of the cyliftead, intakeoort, and pistorcrown have to be
designed, aiming at improving the combustmal reducing the flow losses, depending on the engine

characteristics.

2.1.5.Squish

If the cylinder head or piston crown surfaces are shaped (i.e-yquéntylinder heads in Sl
engines, or bowin-piston combustion chambers in Cl engines) and not flat, the axial velocity
generated by the piston during compression and expansion proasséss transverse or radial
flows because of the differences in the axial distance between the cylinder head and piston crown
surfaces across the cylindgosssection. This radialtransverse gas motion, named squish, occurs
toward the end of the cqression and during the first stage of expansion, when the piston face and
cylinder head come closer, or move away, each other. Two examples representing how piston motion
generates squish are reporteérigure 2-7 depicting a wedgshaped S| engine combustion chamber
(a) and a bowin-piston CI engine combustion chambley. Hence, the gas motion generated by the

squish results from employing a compesibustion chamber geometry.

Figure2-7 Schematics of squish generation: wedbaped S| engine combustion chamber (a) and-bepiston directinjection
diesel combustion chamber (d].
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2.1.6.Pre-chamber Engine Flavs

Engines concept equipped with a joleamber presents this auxiliary small chamthert is
connected to the main one through nozzle, passageway, or one or more orifices. The high velocities
in the PC at the time when the fuejection begins are due to the flow through this restriction,
generated during the compression. For this reasonfuileair mixing ratesare usually high.
Depending on the dimension, numhexsd direction of the nozzles, the flow within the PC varies.

As an example, two of the most common PC designs are the swahanaber, characterized by a

flow entering the chabrer tangentially, producing a rapid flow rotation, or the turbulentpeenber
featured by more connecting orifices, which generate high turbulent flow. It is worth to underline that
the most critical phase for the flow within the ymteamber arises towds the end of compression.
Indeed, in this phase, the velocity field is highly dependenbhenharacteristic of nozzles and pre
chamber geometry. Considering for instance a swircpheenber, the flow through the nozzles
generates a rotating flow intoglchamber. Here, the velocities increase during the compression
stroke. Then, once the piston reaches the TDC and the flow through the orifices decreases to zero, the
vortex in the PC expands, filling the entire chamber and resulting in a mean veloatags @ihe
highest swirl rates can be achieved just before TDC, producing large centrifugal accelerations.
Concerning the turbulent pahamber, a similar effect is achieved by a number of properly shaped
holes, which guides the incoming flow during the poession phase. The interaction of the multiple
flows determines an intense turbulence increase before the TDC, which favourite the combustion

onset and its cyclic stability.

2.1.7.Crevices Flows and Blowby

The combustion chamber is connected to several sniaflhes named crevices, characterized by
narrow entrances. During the engine cycle, due to the pressure and volume change of the cylinder,
these crevices are fillddemptied by the gases. The main crevice is the one between the piston lands,
piston rings, ad liner. Further, some gas leaves these regions, through the ring gaps, flowing into the
crankcase and generating a phenomenon called blowby. Other srainoe in volume are the spark
plug threads, the space between the plug cetdetrodeinsulatorand casing, volumes between the
intake and exhaust valve heads and related seats, and the head gasket.

During the compression, since the cylinder volume decreases and pressure rises, unburned mixture
is forced within crevice regions. Once the gas flows the crevice, it cools due to the lower wall

temperature. Then, duririge combustion process, the pressure continues to increase, and unburned
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mixture continues to fill the crevice volumes. Subsequently, the cylinder pressure starts decreasing,
causing aas flow back fronthecrevice in the cylinder.

The volumes between the piston, piston rings, and liner, as said, represent the main crevices. They
consist of a series of volumes connected by restrictions such as the ring side clearance and ring gap.
Due to the ring motion into the related groove, the crevice volumes vary. Further, the gas flow,
pressure distribution, and ring motion are coupled. Generally, during compression and combustion,
the rings are forced to the groove lower surfaees gas flow eters in the crevice volumes. The
pressure above and behind the first ring is equal to the cylinder one. Once the pressure begins
decreasing, gas flows out thfe top crevice within the cylinder. During the expansion, the top ring
moves up close to the uppgroove surface. A percentage of abcaDS%6 of the total charge can be
trapped in these regions in correspondetocthe pressure peak. Most of the gas returns into the
cylinder, continuing the expansion process, while the remaining part is dischamtteicrankcase
as blowby. In Sl engines the return into the combustion chamber of the unburned gas from crevices
represents one of the major contributors to unburned hydrocarbon emission. This leads to a loss in
torque and efficiency because a portidérfiuel does not take pairt the combustion process.

Regarding the abowaentioned blowby phenomenon, it represents the gas flowing from the
combustion chamber, through the piston rings, to the crankcase. If the contact between the rings and
the liner, andetween the rings and the related grooves is good, the sole leakage path is due to the
ring gap. Due tahe blowby of gases from the cylinder to the crankcase, gas is removed from these
crevice regions avoiding a return of some gases into the cylindevaddys, the crankcase is
discharged within the intake system, recycling the blowby gases. Further, the blowby is mainly
regulated by the highest flow resistance in the flow path, between the cylinder and crankcase, for

fixed speed and load.

2.2.Turbulent combustion

The combustion process is an important part of the ICEs operating cycle, since it releases the
chemical energy of the fuel in a short time period between the end of the compression process and
expansion one, producing the higressure and temperature beoingases that expand into the
cylinder transferring work to the piston. To achieve an efficient energy conversion process, the
combustion has to last in a small fraction of the total cycle time.

The combustion process is mainly controlled by the interadieiween the flame development
and the turbulent flow. The flame generation is due to the electric discharge in the spark plug, while
the flow field production occurs during the intake process, being modified along the compression

stroke.In Figure 2-8 2D images of the flame evolution are reported with the aim to better describe
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its development. These are outcomes from digital imaging of an opticagsble single cylinder
PFI engine, realized if8]. The flame development is reported at different crank angles, selected to
describe the main phases of the combustion process. At 3 CAD BTDgpdhke ignitionoccurs,
while the first flame is visible at 2 CAD ATDC, having approximately a circular shap@dtinis
initial phase, calle@arly flame developmenthe flame mainly propagates in laminar condiioht
around 6 CAD ATDC, the flame shape becomes irregular, because of the turbulent flow interaction,
causing wrinkles and corrugating the flame swefac

When this interaction happens, the burning rate is incremented, anturthéent flame
propagation phasstarts. Around 146 CAD ATDC, once the flame reaches the cylinder walls, the
combustion process ends, resulting inftame termination phase

12° ATDC

Figure2-8 UV-visible digital images of the flame gragation[3], SA= 3 CAD

Three of the main drivers, during the combustion process are the SA, the laminar flame speed, and
the turbulent field into the cylinder.

Starting from the spark advance, it is imat to underline that it has to be properly set to obtain
the Maximum Brake Torque (MBT) and powdén. Figure 2-9(a) the pV diagram is reported, for
three different spark timings. As can be noted, a very early start of comb{ldtiefine) increases
the pressure peak during the compression stroke, resulting in a lower expansion work, while an
extremely delayed spark timingnagentaine) leads to date pressure peak along the expansion
stroke, causing a reduction of the available work from the cycle. Therefore, the optimal SA is the one
ensuring the biggest cycle area, which means available work (red line). Although the selection of SA
value dependsn engine design, operating conditions, Aifuel ratio, etc., generally, for a
conventional Sl engine, it is set aiming at burning the 50% of the mixture (50 % Mass Fraction

Burned, MFBg) at about '8 CAD ATDC [1]. However, if occurring an abnormal combustion

25



Internal Combustion Engine Synopsis

process (knock phenomenon), as better explained in the following, the SA is delayed with respect to
the MBT value.

MBT ®

Pressure
Il L1l H‘
Relative Torque, -

T T T T T T T 0.4 ‘ ‘ ‘ ‘ ‘
Volume 20 10 0 10 20 30 40
Spark Advance, CAD

Figure2-9 (a) Logarithmicp-V diagramfor three different spark timingb) effect of spark advance on brake torqua ebnstant
speed andir-fuel ratio.

After the spark event, a flame kernel is formed between the spark plug electradeBrdhstage,
a smooth quadaminar flame, with a reduced thickngss develops, with a characteristic speed,
named laminar flame speed (LFS) and denoted witkytindol™Y. It is defined as the velocity of the
unburned gases moving into a planar flame front under laminar flow conditions. Usually, LFS was
experimentally derived4],[5],[6],[7],[8],[9]. These investigations were mainly performed in
preheated closedessels with optical access, where the laminar burning speed of spherically
expanding flames in premixed reactantaswneasured, resulting in different LFS correlations
proposed for different blends of air and reference hydrocarbons. They arise from the analytical fitting
of experimental data obtained for wide ranges of presgureemperaturel, and composition
(equivdence ratio,t, and mixture dilution). The mathematical formulation of the pioneering
correlations of Metghalchi and Ke¢4] and Rhodes and Kegk] is based on the swalled power
law formula. This formulation does not consider any cinBsences betweep and T, and the
exponents of the individual terms depend monotdigican the equivalence ratio. These
oversimplifications were removed in novel formulatide$,[7]. Regardless of the mathematical
expression for the LFS correlation, the application of an experimentally derived formulation may
result in relevant uncertainties under typical engiike operations. This is because the experimental
tests could only be penfmed in a limited range of equivalence ratios and at low pressure and
temperature (usually below 15 bar and 600 K, respectively), due to ted@hj&land ignitability
[4][19] limitations. To overcome these limitations, alternative LFS models based on reaction kinetics
calculations were developefd0],[11],[12]. These models allow extending the ranges of the
independent ariables, leading to more accurate LFS correlations for efigmeoperating
conditions. However, the accuracy and the computational burden of such models strongly depend on
the number of species and reactions of the adopted kinetic s¢h&hjie4],[15]. If the correlation

aims to mimic the behaviour of commercial gasoline, the computations are usually carried out for a
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surrogated fuel (a blend of reference primary fuels, such-teeptane, so-octane, toluene, and
methanol). The composition of the surrogated fuel can influence significantly the LFS predictions,
and its most appropriate selection remains an open issue.

The abovanentioned correlations, as said, are mainly based on the fojeinerlaw formula

(2.2)

whereS o is the flame speed at reference conditirg, andp=po for given fuel type and equivalence
ratio, exponentt)andb depend only orf, while EGRactor is @ LFS reduction term that accounts for
the inert gases contained in the unburned mixtargigure 2-10(a), the experimentalYy, is plotted
for different fuels and equivalence ratios. The laminar flame speed presents a peak near stoichiometric
or slightly rich air/ fuel mixture for the most common hydrocarbons, justifying the need to always
operate Sl ICEs close to stoichiometric conditidnd=igure 2-10(b-c), the typical trends ofY as a
function of temperature, pressure are reported for various fuels used in Sl engines. These two
parameters have an opposite impact on the LFS, the higher the pressure (temperature), the lower
(higher) "Y. Further, the EGR ratalways causes, a substantial reduction in the laminar burning
velocity.

The maximum LFS value, for typical condit®nf an Sl engine, is about 1 m/s. If the flame
propagated in the combustion chamber having this velocity value, the combustion would not be
completed in time, before exhaust valves opening. Therefore, the ndediagturbulent flow

generation inside theombustion chamber arises to enhance the combustion velocity.
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Figure2-10 (a) ExperimentalYy and i polynomial fits for different fuels as a function of the relativel &irel ratio at 1 atm
and300K, (bc) gasoline laminar flame speed correlati@or.A [4] and corB [12] atdifferent pressuig temperatureat
stoichiometric conditios
The turbulence phenomenon is a 3D unsteady, rotational, and highly diffusive flow, characterized
by the presence of disordered eddies, ranging @vade length scale interval. If the largest eddies

are restricted in size by the system boundaries, the smallest ones are limited by the molecular
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diffusion. Once eddies with different scales interact each other, an energy transfer sequentially occurs
from the larger eddies gradually to the smaller ones, thanks to a process known as the turbulent energy
cascade. In the turbulent field, two main length scales can be identified, assoathtedeir
characteristic time scales:

1. Integral length scale® :is a measure of the largest scale structures in the turbulent flow,
featured by low frequency and large fluctuation. It is defined as the integral of the
autocorrelation coefficient of the fluctuating velocity at two adjacent points in the flow with
respet to the variable distance between the paastshown irFigure 2-11.

x

Figure2-11 Spatial velocity autocorrelatiod as a function of x, defining the integral length
scaled and the micro length scale p .

. Yya® v p Owow w
0 p 62 0® (2.3)

whereU is the number of measuremernitbis technique for determining the integral scale
requires simultaneous measurements at two points. Due to the difficulty of applying this
technique in engines, most efforts to determine length scales have first employed correlations

to determine the intgral time scale} .

2. Taylor length scaled :is defined by relating the fluctuating strain rate of the turbulent flow
field to the turbulence intensityas expressdin eq.(2.4) and can be determined from the

curvature of the spatial correlation curve at the origin, as showigume 2-11.

T O

5 O
T @ 0

(2.4

3. Kolmogorov length scaleb : is the smallest scale of the turbulent motion, at which the

kinetic energy is dissipated via molecular viscosity thermal energyexpressed as:
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- (2.5)

Depending on the interaction between the flame and the turbulent flow field, different combustion
regimes can occur. Each regime is assocmitda peculiar flame evolution and shape. Commonly
the flame/ turbulence interactions are classified on the basis of the comparison of the previously
defined characteristic lengthspeeds and times, as summarize@iable2.1.

Table2.1 Characteristic speed, lengtind time scales of the turbulent combustion.

Scale Speed Length Time

Chematry S a t-d; S
Kolmogorov Uk Lk fe L Uk
Integral u' Lt t= Ly u'

The abovementioned comparisons can be easily represented in the Borghi diagram, shown in
Figure 2-12a, with the aim to define all the possible combustion regimes that may occur in a premixed
turbulent flam¢g16]. For this purpose, three dimensionleambers have to be introduced:

1. Turbulent Reynolds numbé¥ Qis the ratio between inertial forces related to turbulent
flow motion and viscous forces, as definedin (2.6). A turbulent flow is characterized
by aY thumber higher than the unit. The ratio between turbulent and chemistry speed
scales can be derived, introducing the relationship between the flame thickness and the
laminar flame speetl (' TY).
vya 22 0 O—Y % 'Q(]U— (2.6)

2. Damkohler numbeiO w is the ratio between the turbulence characteristic time at the
integral length scale level and theemical kinetics characteristic time. It is an inverse
measure of the turbulent flow influence on the chemical processes occurring in the flame.
A ‘O lower than 1 represents a condition such that the turbulence is faster than the
chemistry, and the corbtion is mainly regulated by chemical kinetics. On the contrary,
once’O wis higher than the unit, the combustion is characterized by very fast chemical
kinetics if compared to the turbulent phenomena.

T 1 0 0

5
AN - ' o __ 0Oy — 2.7
oY) : (,)887 ~ N ~ Ow‘] (2.7)
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3. Karlovitz numbero & represents the ratio between the chemical kinetics characteristic
time and the turbulence characteristic time at the scale of the smallest turbulence eddies
(Kolmogorov length scale)n the hypothesis of isotropic and homogeneous turbulence,
the ReynoldsTurbulent numbecan beexpressed a¥'Q o6& j Y . This number
can be correlatetb the Kolmogorov length and speed'\&‘QT 6d0 and'Y Q7
0 j 0 . Hence, replacing in the second term of(2@®) 0 ando from the above relations,
the U dcan be expresseas the third form of the equatiol.0 is lower than 1, the
chemical time scale is shorter than any turbulent scale and the flame thickness is smaller
than the Kolmogorov scale, thus the chemical reactions inside the flame front are not
affected by turbulent filed. Whein cbecomes higher tinathe unit, the turbulent eddies

penetrate the reactive zone of the flame.

1 0 0 “_ 06 6 . ., 0 7 (2.8)
- S i — [ —— I
~ T - ; y ~ - v o ;

c
()
—+| —+
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Equating the numbers above introduced to the ubitifferent combustion regimes zones can be
identified into the Borghi diagram, which reports the rati@gainst—in a logarithmic scale. The

combustiorregime regions on the Borghi diagram are representéigiume 2-12(a) and summarized

in Figure 2-12(b), the related flame morphologies are shown. The main characteristicvafitiéd
flameletszone is a laminar flame speed greater tih@ntarbulence intensity, which implies that the

flame front cannot be corrugated by the turbulence. Furthermore, singediBdower than 1, the
turbulence presence does not affect the chemical kinetics. Consequently, since the smallest eddies are
bigger than the flame thickness, they are not able to enter the flame front. Once the turbulent intensity
grows, becoming higher than the laminar speed, the combustion regime changes entering the

corrugated flamelets region
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Regime Re | Da | Ka | U*SL | Flame

Wrinkled flamelets =1 | =1 | <1 <1 B
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Figure2-12 Borghi diagram(a) and list of the turbulent premixed combustion regif(tgs

This zone is featured by turbulence able, not only to corrugate the flamebfroatso sometimes
to create pockets of burnt gases inside the fresh gases zone ¢¥hstill lower than one, hence the
turbulence does not affect the flame structure. Passing istributed reactions zonesincet @
becomes higher than the yrilie smallest eddies enter the-peat zone of the flame, not being able
to penetrate the reaction zone; in other words, their dimension is still greater than the thickness of the

reaction zonéFigure 2-13).

h
unburned| burned T
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Figure2-13 Structure of 1D prenixed flame

As a consequence tfe eddies entering the piheat zone, the turbulence convection accelerates
both heat and mass transfer mechanisms. On@ehieves values lower than 1, the chemical kinetics
control the combustion, determining tvell stirred reaction regimeHere he turbulence is intense
enough to create a perfect stirring between the reactants and the products of the combustion, avoiding
the establishment of a flame front. The last regime zone, not visible in the Borghi diagram, is the
broken reactioncharacteried by ab ¢>>100. In this zonethe turbulent eddies enter the reaction

zone, for this reasgihe flame extinguishes. On the basis of experimental observations emerged that
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the ICEs mainly work in the wrinkled and corrugated zonagentecircle inFigure 2-12, In those
regimes, the turbulence does not affect the chemistry kinetics and the reaction speed can be
synthetized by the laminar flame speed.

2.2.1.Flame Stretch

As above discussed, the premixed combustion in a turbulent flow field is a very complex process,
based on the interaction of different phenomena influencing the turbulent flame dynamics. As said,
combustion in a Sl engine principally occunsit he fAcorrugated fl amel et
does not affect the inner flame structure, having the LFS as a parameter to describe the chemical
reactions and molecular diffusion processes into the flame. Generally, the turbulence effect is to
wrinkle and distort an essentially laminar flame front, strongly increasing the burning rate. However
various instabilities may appear associatéith the molecular diffusion of radical species and heat
ahead of the flame front, even in a laminar flame. Thes&bilities are responsible for flame
deformation and displacement, hence modifying the LFS. Moreover, since in a Sl engine the flame
propagates in a quaspherical shape, the flame stretch phenomenon occurs, leading to local
variations, in terms of geortrg and dynamics, of the flame speed.

The flame stretch phenomenon affects the combustion evolution, especially in its early stage of
guastlaminar flame propagation. It is a measure of the flame surface distortion that arises from its
motion and the undiing flow field. Further, this phenomenon consists of local modifications of the
flame speed caused by two effects: the preferential diffusion, which results in local variations of flame
temperature and burning rate (depending on the effective Lewis nyrabd the flow divergence,
which causes an increase in the flame speed at the upstream boundary of the preheat zone with respec
to the speed of the reaction zdi#],[18]. The speed of a stretched flame can be related to the one
of a planar flame introducing a flartleicknessdependent coefficient accounting for the effedts o
diffusion and chemical reactions in the flame zone. This coefficient, known as the Markstein length,

L, depends on fuel type and reactivity, and mixture composjti®h This phenomenological
parameter was introduced to describe the dependence of the flame speed on the local curvature. In
these studies, the whole flame, including both preheat and reaction zones, was considered as a surface
distinguishing the fresh unburnedixture from the hot combustion products. Recently, asymptotic
approaches were used, suppling a more rigorous foundation for the flame stretch [#0pblgsing

the asymptotic approaches to represent the flame, its speed can be considered as a linear function of
the local stretch raté]. The flame stretch has been widely studied from an experimental point of
view and, as an example, measurements of flame sti@talarious Lewis numbers, equivalence

ratios, and fuels have been perform@d]. All the theoretical and experimental studies have
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highlighted the LFS variations dnced by the flame stretch, which can affect the progress of

combustion in typical SI engine operations

2.3.Knock phenomena

One of the most critical abnormal combustion affecting Sl engines is the knock phenomenon.
Knock is the name given to the noise traited through the engine structure otlse spontaneous
ignition of a large fraction of the erghs occurs. Usually, when this abnormal combustion process
arises, a sudden release of chemical energy in the@anaccurs, resulting in very high local
pressures and in the propagation of pressure s\ast®ss the combustion chamber, characterized by
significant amplitude. The main reasons to avoid this undesired event can be described as follows.
Firstly, since the pressure oscillations promote the heat transfer, the thermal losses increase leading
to a reduction of the available work. Then, due to the pressure wave reflections, the lubricant film
separating the piston from the cylinder walls can be removed, reflecting into an engine seizure.
Finally, if the knock intensity becomes quite huge, an imaga damage of the cylinder may occur,
as shown in representative casekiglire 2-14. This is due to the heavy knock occurrence that causes
the tranger of heat to the combustion chamber walls, leading to the overheat of the cylinder head and

piston.

Figure2-14 Example of engine piston damaged by heavy knock.

Different methods to measure and characterize the knock intensity are proposed in the literature
[21]. The analysis of the inylinder pressure signals, through agswee traducer flustmounted in
the combustion chamber, is the method more widely adopted. for knock estimation, the pressure trace
is collected and then processed using a fass$ filter in a range of20 kHz. The low cubff is
used to filter the regat combustion noise (low frequencies), whereas higtoifus necessary to
remove the signal disturbance given by the sensor resonances. The magnitude of the knock

phenomenon can be quantified through a knock index. Two of the most frequentj22]saedices
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are the Integral of Modulus of Pressure Oscillations (IMPO) and Maximum Amplitude of Pressure
Oscillations (MAPO). Knock indices are estimated éach cycle, in a fixed crank angle window,
commonly 4660 CAD starting from the spark event. Once detected, MAPO and IMPO are averaged
over various consecutive cycles, at least 100. So, the indexes are monitored to prevent the knock
event through the @ustment of the spark timing. Indeed, delaying the spark timing atlearsasing

the knock intensity, whereas an advanced spark causes an increase of the knock probability. Hence,
during the engine calibration, under kndckited operations, the SA is Iseted with the aim to
maintain the knock indices around a predefined threshold level. This threshold is defined to preserve
the engine safety and usually is variable with the engine speed.

In Figure 2-15(a) a typical measured pressure trace is represented in knock conditions, with the
related signal detected by an accelerometer mounted on the cylinder block. The time delay between
the two signals is due to the pressure oscillations propagation through ihe eétack. The
difference in the pressure cydlehavioumunder various knocking intensities is highlightedrigure
2-15(b), where three pressures sagmare reported, under different engine speeds and spark advances.
The green line represents a cycle with incipient knock (#137), while the red line depicts a heavy
knock condition occurs (#63), both for a speed of 4000 rpm. Instead, an acceptablé& kenckong

cycle (#95) is reported in blue, corresponding to a lower engine speed (3000 rpm).
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Figure2-15 (a) Pressure trace and amplitudes detected by the accelerometer referring to the at 4000 TF@nd SA18°
ATDC, (b) pressure tracéasr different spark advances at 4080d 3000pm, WOTI[23].

2.4.Cycle-to-Cycle variation

Another common phenomen affecting the combustion of S| ICE is the cytdeycle variation.
Since the ircylinder pressure variation alters the brake torque stability, directly influencing the
vehicle drivability, the CCV should be limited. If comparedte knock phenomenqgrthe CCV is
not totally eliminable but can be limited through a proper combustion parameter optimization. The
main causes of CCV are to be found in the variations between consecutive cycles, not only in the air

and fuel flow but also in the mixing of fiesharge and residual gas, mainly near the spark plug.
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From several experimental campaigns, it turns out that the most critical combustion phase for the
CCV is the early stage of flame development. A higher probability to have a combustion characterized
by cyclic variation arises if the combustion itself begins slowly, for example in presence of air excess
or high fraction of residual gas.

The optimal spark timing selection, for a train of pressure cycle at fixed operating cadttion
made with reference to the average cycle. However, the extreme cycles have to be monitored with
special attention, since these can limit the engine operation. Under knock limited operations, in fact,
the fastest cycles are characterized by higheresgabfi pressure and temperature, for which is higher
the probability of knocking combustion is higher. Instead, in the case of lean combustion, the cycles
needing a monitoring are the slowest ones since they are characterized by the highest probability to
have an incomplete combustion. The CCV intensity is usually based on the acquisition and the post
process of consecutive pressure traces-gl), and then on the analysis of the Coefficient of
Variation (CoV) for some fundamental parameter related-tylinder pressure, burning procees
engine performance. The two most commonly adopted CoV parameters are the onetortflated
Indicated Mean Effective Pressure (IMEP) and to theyimder peak pressure. The first parameter
relates to the engine debility and has to be limited below3®6. The second one more directly

affects the knock onset, commonly assuming values higher than the CoV of the IMEP.

2.5. State of art of technologies

Nowadays the research on ICEs is focused on the improvement of efficiembined with the
reduction of pollutant emissions. Several methods have been investigated during the last years aiming
at improving the efficiency of the S| engines. Among the technologies currently well assessed, the
engine downsizing coupled YO/A proved efficiency improvemenf&4]. Combining numerical and
experimental activities, it has been demonstrated the possibility to enhance the emngjgrecyeff
using differentvariable Compression Rati&%Y CR) concepts, including Tw&tage systems (TSCR)
and continuously variable devicgb]. Another system employed to reduce Brake Specific Fuel
ConsumptionBSFQ levels is the implementation of external cooled EGR. By using this technique,
depending on the load level, a retioe of pumping losses, knock tendency and mixture-fivelfing
emerged26]. With the aim to suppress the knock, a beneficial solution is the IMilidealised
within the cylinder or at the intake p¢&7], showing significant efficiency improvements, of about

16%, at low speed and high load.
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2.5.1.Variable Valve Actuation

The VVA system is employed to actuate a simultaneous variation of the lift, duration, and phase
for intake and/or exhaust valves. The two main types of this technology are VVT and Variable Valve
Lift (VVL). Both systems allowregulatingthe air flow and th turbulent field into the combustion
chamber, providing an improvement of fuel consumption and/or engine performance. The valves
profiles ca be varied through different mechansmvhich are a simple mechanical device, an
electrehydraulic/ mechanicakystem or a cardless systenj28]. One system widely used the
automotive field is the electidoydraulic/ mechanical device, representing a goodhgmmise
between control flexibility and cost. Actually, the main reasons why thelessrsystem is not yet
common in passenger cars are its high cost and difficulties in the d@&f.ol

As an example, a comparison betweenABf{28,VA sy
employed for a conventional Sl engine, and a VVT, aised for a pr&hamber enginas reported
in Figure 2-16. Both the technologies, as shown, realiz&arty Intake Valve Closing. If considering
the VVT, the early closure is achieved through a rigid shift of the intake valve profile, while for the
VVA, the valve lift ismodified, without changing the IVO. Commonly, the EIVC strategy is used at
partial load, aiming at reducing the pumpingsks. Moreover, shifting forward the IVC results also
in knock mitigation, thanks tthereduction of the effective compression rafibe main drawbacks
of EIVC are the poor itylinder turbulence, especially at very low load, and the undesirable gas

dynamic noise with a fully opened throttle valve.
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Figure2-16 EIVC strategy in a VVTa)and VVA(b)system

Further, it is worthunderliningthat for describe®VA system, the abovenentioned advantages
can be achieved without changing exhaust valve phasing. On the contrary, for a VVT system applied
in a PFI engine, a modification of tlexhaust timing is mandatory in case of IVO advancement to

avoid the scavenging phenomenon, which may lead to excessive fuetistuiting.
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2.5.2.Variable CompressionRatio

A technique to improve the fuel consumption, under different load and speed canditithre
variation of the engine geometrical compression ratio (CR). Commonly, for the SI engine, the
compression ratio is limited at high load condigatue to the high knock tendency. Nevertheless, at
medium / low loads, a greater CR should be the meratable, aiming at enhancing the
thermodynamic efficiency. A variable compression ratio variation mechanism can be used to
automatically modifies the compression ratio as a function of the engine load and speed. Despite the
potential benefits, the VCR apitoon is highly limited due to cost issues and to mechanical complexity
[30].

2.5.1.Recirculating exhaust gas and Water Injection

The EGRtechnique was introduced in diesel engite reduce NQ emission through the
limitation of the combustion temperature by the fresh gases dilution with a proper amount of
recirculated exhaust gas. Subsequently, EGR application spread in Sl engines,tteddfegent
advantages depending on the operating condition. At part load, this technique is employed to decrease
throttling losses. In fact, to keep a certain load, at increasing EGR, the throttle can be progressively
opened, reducing the pumping loAs high load, EGR allowachievinga NOx emissions reduction,
due to the ircylinder temperature lowerinfg1]. Further, for this operating conditipm cooled
exhaust gas recirculation can be employed to reduce the risk of knocking combustions.

The gas recirculation can be classed in internal EGR and external EGR. The first one is achieved
by increasing the valve overlap. An advanced system to raghdiyge the valve timing is required
to realize the internal EGR. Considering the external EGR, the exhaust gases are subtracted from the
exhaust line and then reintroduced into the cylinder through the inlet line by an external circuit, also
including anEGR-cooler. This system is quite le@ost, since needing only a dedicated EGR control
valve and an EGRooler, to control the gas recirculated rate and temperature at changing working
conditions[26].

The water injection concept was introducedneai r cr aft fi el d around t
technique, having a comeback with the introduction of downsized turbocharged Sl engines. Known
as antiknocking injection, this system provides a combustion chamber cooling through the injection
of liquid waterinside the cylinder. The subtracted heat, due to the water evaporation, considerably
decreases the gases temperature, allowing to mitigate the knock tendency. Considering a
turbocharged engine, the WI enables the reduction of thefosking, typically required at high

speed to maintain the turbine inlet temperature below a safe temperature level (usually around 950
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°C). By coupling a better combustion phasing, an -dwelling reduction, and the possibility to
increase the engine compression ratio,via improvements in the fuel consumpti@2] can be
achieved especially aa high speedndload.

2.5.2.Dynamic skip firing

Dynamic Skip Firing (DSF)s an advanced technique able to independently control the firing
decision of each cylinder for the engine. Using this system reflects in a significant reduction of the
pumping losses and in a combustion efficiency improvement if compared with standaittechr
engine operatiof33]. Hence, the part load conditions are here achieved by controlling the number
of firing cylinders rather than the throttle position. Thereby, reducing the load, the number of the
firing cylinders decreases, unless the torque request is zero in which all the cylinders are turned off.
Nevertheless, the DSF has to comply with noise, vibratioa harshess issues, limiting the declared

advantages.

2.6.Ultra-lean combustion

Considering the advantages achievable by using the ats®aibed technologies, they highly
depend on the engine operating condition. For instance, ¥VXT leads to areduction in the
pumping losses and to an improvement in the fuel consumption at low load and provides an enhanced
knock resistance at high load. Nevertheless, once knocking phenomena become more relevant,
different solutions must be adopted, such as wajection or cooled external EGR.

Over recent years, car manufactures are heading towards innovative Sl engine architectures
featured by unconventional combustion concepts to obtain considerable advantages in the whole
engine operating domain. Particularbne of the most interesting concepts is a combustion system
working with very lean airf fuel mixtures because of the possibility to simultaneously reduce NO
raw emissions and fuel consumption. Indeedlean mixture reflects in lower combustion
tempeatures, allowing to reduce N@roduction[34], Figure 2-17(b). Whereas fuel benefits mainly
arise from a higher specific heats ratio, lower heat lpaséeshigher knock resistanéagure 2-17(a).

Further, due to the excess air, a very leahfael mixture ensures lower CO and HC raw emissions
Figure 2-17(b) [35]. However, flamepropagatiorbased S| engines can work with a small amount of
excess air, limiting the advantage of this combustion concept. In fact, lean conditions reduce the
laminar flame sped, leading to undesirable cyclic variability, misfaed massive HE O formation

[34], [1].
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Figure2-17 (a)Thermalefficiency as a function of the compression ratio for 4 different heat katb) NO, CO,HC
concentration as a function of lambda for SI ICE

Several solutions have been investigated over recent years to overcome these issues. One of the
first techniqgus employed was the stratified lean combustion to realize atdedeichiometricair /
fuel ratio at the spark plug with various strategies, such as wall guided, flow guided or spray guided
stratification [36], [37]. Successively, the possibility to generate a slight vertical fuel stratification
through twintumble intake flows has been introduced with the aim to reduce thetoycjele
fluctuations[38]. Then, flameless combustion concepts have been investigated, aiming at avoiding
problems correlated to the extremely low flame speed at lean cosdgimh as the Homogeneous
Charge Compression Ignition (HCJB9]. However, HCCI revealed critical issues, not only to
control the ignition timing but also due to limited power output and weakstattlcapaliity. Some
variants of this method are still under investigation, such as the-8paisted Compression Ignition
(SACI) [40]. This combustion mode pmotes a controlled auignition of lean or diluted unburned
mixtures by a sparhnitiated flame propagation.

In recent years, a technical solution able to easily implementleétracombustion is the Rre
Chamber ignition system, i.e. a small volume, housing the ghagkconnected to the Main Chamber
(MC) through small orifices. The combustion process beginthe PC at the spark plug, then
propagating in the MC as multiple turbulent jets of hot gas expelled from toba@neber. These jets
penetrating the maiohamber, allow to increase the turbulence of the cylinder charge and to start the
ignition establising a stable flame propagation even under extremely lean mixddjef2]. These
engine architectures, although showing very promising potential, have some drawbacks principally
associatedvith the precise control of the combustion development, and to the related emission
formation. Indeed, moreomplex and innovative aftéreatment systems are needed if compared to
the conventional threeay catalysts.

Since two of the engines investigated in the following sections of this thesis are equitpad

pre-chamber system, more details on thisel@rchitecture will be addressed below.
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2.6.1.Pre-chamber engine

The Prechamber system is aell-assessedechnology investigated since 191§43]. In
compression ignition engines the PC, connected with the coanustion chamber through one or
more nozzles, was largely utilized to properly mix the &iel charge, exploiting the tuabkent flow
generated during the compression phase. With the advemhigh-pressure electronic injection
system, since the fuel vaporization and the mixture formation and homogenization were guaranteed
by the high pressure of injection, this system weeved.

In pioneer applications to Sl engines, the-ghamber system was supplied with a rich charge
through a carburetor, introducing the sole air into the main chamber. The load control was achieved
by adjusting the aifuel ratio and the amount of tisharge delivered in the padhamber. Due to some
drawback observed at part load operations, regarding both performance and efficiency, this system
was abandoned moving towards conventional spark plug engines.

Nevertheless, over the years, this technologys winder study resulting in considerable
improvements. In 1968, the jet ignition application, named as -pAg6ess (Lavinia Aktivatisia
Gorenia or Avalanche Activated Combustion) was develddddl | t was based on
branchingodo theory devel oped by Semyonov. The
carrierso produced in the PC, then ejected in
MC itself. Subsequently, the firsbcept introduced for SI engines was simplified removing the need
for auxiliary prechambefuelling. Indeed, the prehamber was directly filled with the maghamber
charge during the compression stroke. Then, the combustion started in the PC, tlamardghpéug,
and due to the turbulence field, a mixture witb-eatio equal to 1.3 was ignitdd5]. Even these
progresses in PC system allowed t@f&e an improvement in engine efficiency, this technology was
not diffused and employed through the car manufacturer because of the huge difficulties in controlling
the combustion over the whole engine operating domain, further increased by theah@galyst
inefficiency at lean condition.

Nowadays, this technology is applied in Formilleompetition and in large stationary gas engjine
(heavyduty for naval application). Considering the first application field, motorsport cars do not have
to comply wit stringent cost and pollutant limitations typical of passenger vehicles. For the second
one, the stationary conditions allow to simply optimize the engine system due to the limited operating

conditions to be cover.
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Figure2-18 Principalphaseof apre-chamber spark plug with pilot injecti¢A6].

A pre-chamber spark plug with a pilot injeati, schematized iRigure 2-18 was develope{#6].
To overcome the problems due to insufficient residual gas scavenging in the PC, this technology used
pilot injection during the intake stroke. For this application, the fuel injectecthetBC was the
hydrogen to extend the lean burn limit.

Then, n 2015 MALHE introduced the Turbulent Jet Igniter (TJI) system, declaring the possibility
to extend the lean burn limit also using commercial fuels such as propane, gasoline, and natural gas.
In Figure 2-19 the schematization of the abereentioned technology is shown. The TJI system
consists of a prehamber, housing an injector and a spark ptognected to the main chamber. The
2% of the fuel energy is provided to the PC, while the remaining energy is introduced by the MC,
through a port fuelling

(a} Main chamber Pre-chamber
PFl fuel delivery Di fuel delivery

(~98% total energy) (~2% total energy)

Pre-chamber
injector

ML

Spark plug

Pre-chamber
housing
Main combustion
chamber

Figure2-19. Prechamber (a) and overahgine scheme (b) for the TJI Systgt].
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Currently, as shown inFigure 2-20, the prechamber systems can be classified in two main
categories: passive and active. The main characteristic of the first type is that the unburuedl air
mixture around the spark has almost the saomeposition as the one inside the main chamber. The
advantages are a low cost and engineering simplicity, but due to scavenging problems in the PC, the
system is not able to work under extremely lean conditions. The second type of PC is featured by the
presence of a fuel metering device, such as a fuel injector, integrated into tbleaprber. This
allows to have a stoichiometric or slightich mixture in the prehamber, not compromising the
possibility to use lean mixture in the main chamber, alsdifimithe cyclic variation$48],[49]. In
the last few years,everalexperimental activitiesverecarried out on active prehamberg50], but
the choice of the most suitable fuel to inject into the PC isustder studiedf gaseous fuels, such
as methand51] and hydrogen[52], or vaporized gasoling53] guarantee a proper mixture
homogenization before the spark event, liquid gasoline injection remains the most suitable option.
Although its utilization can cause challenges regarding perfect mixture format®is thie to the

existing fuel supply infrastructure for passenger cars.

Pre-Chamber

) |
. I 1
Mixture Formation | Passive Active
| —t—
Fuel Type PC f?ggtﬁec Gaseous Gaseous

| ———
. . Check
Fuel Dosing PC Injector Valve

Figure2-20 Classification of prehamber devices.

The combustion phenomena for an engine equipgiiich PC engine can be described as follows.

The spark plug located in the PC begins the combustions, releasing heat and leading to a pressure
increment. As soon as the preamber pressure exceeds the M@, anultiple turbulent jets of hot

gas are expelled from the pceamber. These multiple jets start the ignition event in the MC,
enhancing the first stage of the combustion development.

The combustion is highly sustained, even for very lean mixture pdtie tombination of the high
turbulent level of the jets with the establishment of multiple ignition $##&k In Figure 2-21 a
comparison between the ignition and flame propagation process for a Conventional Spark Plug (CSP)
and a PC device, at the same engine speed and load, are reportgdliroitne images better
illustrate the combustion enhancement due to the turbulentrjdtggure 2-21, the flame imaging

for threecrank angle positions after the spark is depicted, consider@sgthie crank angle of initial
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flame detection. On the top is shown the full light spectrum, whereas on the boteporied a

visualization based on the Ot&4] method
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Figure2-21 High-speed images of flame propagation comparing CSP and PC engine at n= 2000 rpm, BMER4116 bar

The flame propagation in a PC engine, if conegato a CSP combustion, moves from the outer
area of the cylinder toward the centre of the combustion chamber. Moreover, the multiple jets of hot
gasses locally increase the turbulence, enhancing the combustion speed and reducing the knock
tendency. Indeedhe flame fills faster the combustion chamber, especially its most 4prooe
zones; in addition, since the combustion duration is reduced, this does not allow to reach-the auto
ignition time of the endjas. Therefore, the compression ratio can be aseie obtaining further
efficiency improvements.

In Figure 2-22 a representative comparison between spark ignition and jet ignition combustion
systems at 1500rpm@3.3 IMEP is repori4d]| to validate theabovedescibed advantageFigure
2-22(a) highlights the possibilityf extending the lean limit up to 50% mass fraction diluent, still
preserving an adequate comstion stability. Concerning the thermal efficiency, the maximum
improvement is 18% if compared to a conventional stoichiometric Sl engine for the considered
operating condition. Moreover, as already mentioned, the combination of low temperature

combustionwith lean conditios leads to a strong reduction of N@mission.
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Figure2-22 Comparison of spark ignition and jet ignition combustion systems with increased ralatifeel ratio at
1500rpm@3.3 bar IMEP in terms of (a) combustion stability, (b) Normalized thermal efficiency, @mM&siong47].
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2.6.2.Hydrogen Injection

In recent years, due to an ewecreasing interest in lean combustion, different techniques have
been investigated to enhance the combustion reactivityngiati ensuring a greater combustion
stability. One of the methodologies examined is the addition of a small quantity of hyd@gem (
theair / fuelmixture, since this can significantly expand the lean limit of the combustion. This is due
to the higher laminar flame speed of #ethat supports both the ignition and the flame propagation,
resulting in a significant reduction of the CCV fluctuatiomaurther, concerningthe knock
occurrence, although hydrogen addition reduces the mixture autoignition time, it also shortens the
combustion duration, which may lead, in some conditions, to a reduced knock tendency. This also
determines an increase inieféncy because of a better combustion phasing and thanks to the
possibility to select a higher compression ratio. Moreodempresence promotes a lean operation,
which helps in reducing the CO and HC emissi®®$ and, for ultralean mixtures, in decreasing the
NOx formation, as well

2.7.Pollutant Emission

The Sl engine exhaust gases include nitrogen oxides (nitric oxide, NO, and small amounts of
nitrogen dioxide, N@- globally known as NOx), carbon monoxide (CO), and organic compounds,
namely unreacted or partially reacted fuel hydrocarbons (HC). Although the relative amounts of the
abovementioned engineut emissions depend on engine design andatpgr conditions, their
characteristic values are about: NOx, 500 to 1000 ppm; CO, about 1%; HC, 2000 ppm (as C1). It is
worth to underline that specific techniques are applied to abate othexxhanst emissions of
unburned hydrocarbons. As an exampie, blowby gases are returned from the crankcase to the
engine intake systeror the fuel tank is vented by using a vapor absorbing carbon canister. This last
is purged with a fractioof the intake air during normal engine operation.

Considering diesel engine exhaust, the concentrations of NOx are similar to the ones from Sl
engines, while the CO ones are reduced. Concerning the hydrocarbon emissions, although they are
significant, if compared to the typical levelstbé Sl engine, te exhaust concentrations result much
lower. Further, ClI engines are an important source of particulate emissions; between about 0.2 and
0.5% of the fuel mass is emitted as small (10 to 500 nm diameter) particles, consisting primarily of
soot with additionBhydrocarbon material.

Generally, the concentrations of the pollutant emissions in ICEs exhaust gases differ from the ones
calculated at chemical equilibrium. Then, in determining emission levels, the detailed chemical

mechanismsdescribing the pollutarformations and the kinetics of these procesass essential.
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For example, for carbon monoxide, organic compounds, and particulates, the formation and
destruction reactions are closely coupled with the primary fuel combustion process. Thus, the
knowledgeof combustion chemistry is fundamental in understanding the formation of these species.
For nitrogen oxides and sulphur oxides, although the formation and destruction processes are not part
of the fuel combustion process, since the reactions producirsg thgecies take place in an
environment created by the combustion reactions, the two processes are still linked.

Substantial reductions in emissions can be achieved by removing pollutants from the exhaust gases
in the exhaust system. Some of these dedoesatalytic converters (oxidizing catalysts for HC and
CO, reducing catalysts for NOx, and thxeay catalysts for all three pollutants), and traps or filters
for particulates. In Sl engine exhausts, catalysts simultaneously removing CO, HC, and NOx are
widely used, being highly effective. However, these tlwag catalysts are only effective if the
exhaust gas derives from a stoichiometric combustion. In Cl engines, operating in lean ndition
NOx and particulates are the primary pollutants emitteddi@ing catalysts are frequently used to
abate HC emissions, since, if not removed, higher molecular weight hydrocarbon can be absorbed
later onto soot patrticles. It is worth to underline that for effective operation, these exhaust catalysts,
both threeway and oxidizing ones, have to operate at an elevated temperature (few hundred of Celsius
degrees) and with an exhaust gas flow rate and composition matched to the catalyst size and chemical
conversion task. A joined design of the two interacting systeatslyst and engine) is required, often
including sensors and feedback loop. Moreover, the warmof the catalyst plays a key role, indeed
the catalyst surface must reach a temperature of about 300°C to become effective.

Since one of the main topics ofghhesis is pollutant emissions, in subsequent sections the basic
formation mechanisms of each pollutant and the application of these mechanisms to Sl engines will

be examined.

2.7.1.Carbon Monoxide

Carbon monoxide forms during the combustion proddasing rich fuelair mixtures results in
insufficient oxygen to fully burn all the carbon in the fuel toO@hile, even with lean mixtures, the
dissociation produces significant CO levels in the heghperature products.

CO emissions from ICEs are cavited primarily by the relativair / fuel ratio or fuel/ air
equivalence ratio. If the mixture is fueth, CO concentrations in the exhaust increase progressively
at decreasing relative A/F ratio, with an increase of the amount of excess fuel. Whietleas,
mixtures are fuelean, CO concentrations in the exhaust vary slightly with relative A/F and are low

in terms of mole fraction.
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The CO levels in Sl engine exhaust gases are lower than the maximum values measured inside the
combustion chamber buteasignificantly higher than equilibrium values at the exhaust conditions.
Hence, the processes governing CO exhaust levels are controlled by chemical kinetics. In a premixed
hydrocarborair flame, the CO concentration increases rapidly in the flame zahé&vang a
maximum value greater than the equilibrium ondlieadiabatic combustion of the fuair mixture.

CO formation is one of the principal reaction steps in the hydrocarbon combustion mechanism,

summarized as:

Y'® YO 'YG O Y600 Y6 ® &0 2.9)

where R is the hydrocarbon radical. The CO obtained during the combustion process is then
oxidized to CQ with a slower rate. The main CO oxidation reaction in hydrocaddoflamesis
[56]:

60 0'®060 O (2.10

For the SI engines, in the pd&ime combustion products, at conditions close to peak cycle
pressures and temperatures, the cadomerrthydrogen system is in equilibrium. Therefore, it can
be assumed that CO concentrations are close to equilibriueimmthediate posiame burned gases.
However, since during expansion and exhaust processes the burned gases cool down, because o
temperature and cooling rate, the CO oxidation proce$2.20) may not remain locally equilibrated.
This means that oxidation of CO in the exhaust system, without using a specific exhaust treatment

device, does not occur intensely enough because of the low temperatuttesust gas.

2.7.2.Nitrogen Oxides

Nitric oxide and nitrogen dioxide are generally categorized together as NOx emissions, but in the
engine cylinder, with fuetich mixtures, the predominant oxide of nitrogen is nitric oxide. The main
source of NO is thexidation of molecular nitrogen. In combustion of netmichiometric fuelir
mixtures, the principal reactions controlling the NO formation from nitrogen and its destruction are
[56]:

L6 6000 O 0
6 6000 O 00 (2.11)
v

0 0® 00 O ‘000
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NO forms in both the flame front and the piatle gases. Since in engines the combustion occurs
at high pressure, the flame reaction zone is very thin (~0.1 mm) resulting in a short residence time
within this zone. Further, because of the cylinder presssing during most of the combustion
process, the burned gases produced during its early stage are compressed achieving temperature
higher than the ones reached immediately after combustion. Hence, the higher the burned gas
temperature, the higher isetltate of formation of NO. Therefore, NO produced in the-fiaste
gases almost predominates the one produced within the flame front. It isuwvddHiningthat the
combustion chemistry and NO formation processes are decoupled. Further, since the burned gases
cool during the expansion stroke, the reactions involving NO freeze, leaving NO concentrations well
in excess of levels corresponding to equilibriurexdtaust conditions.

By chemical equilibrium considerations, it can be observed that, for burned gases at typical flame
temperatures, N&ZNO ratios should be negligible. This is true if considering neatdichiometric
Sl engines, but in Cl engines N©an be 10 to 30% of the total oxides of nitrogen enguie
emissiong57]. A mechanism to describe the N@ersistence is the following: NO formed in the
flame zone an be rapidly converted to N@hrough the reaction

00 @ °00 0O (2.12
A subsequent conversion of this N NO canoccursas:

60 60 G0 (213

This happens when cooler regions, which could quench the conversion back to NO, are
widespread.

Generally, the total oxides of nitrogen emissions, NO and, Ni@e measured by using a
chemiluminescence analygeturning the N® combination.

The most important engine variables affecting NO emissions are the relativieiel ratio, the
residual burned gas fraction, and spark timifgel propertiesalsoaffect burned gas composition.
The effect of variationsni these parameters can be explained with the NO formation mechanism
above described: important factors are changes in the time history of temperature and oxygen
concentration in the burned gases during the combustion process and early part of the expansion

stroke.
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2.7.3.Hydrocarbons

Hydrocarbons, or more properly organic emissions, are the consequence of an incomplete
combustion of the hydrocarbon fuel. Specifically, engineéhydrocarbon levels in the exhaust of a
Sl engine, under normal operatiognditions, are usually in a range of about 1000 to 3000 ppm C
Typically, these HC emissions are between abe2felof the fuel flow into the engine. Unburned
hydrocarbon (UHC) emissions rise in presence of mixtures richer than stoichiometric anzestabili
with as- v albsete 0.87. In the case of very lean mixtures, since the combustion quality worsens,
HC emissions increase because of the incomplete combustion or misfire in a fraction of the engine
operating cycles.

Several sources contribute to emgHC emissions formation in Sl engine, being summarized and
shown inFigure 2-23. These uHCs formation mechanisms cause hydrocarbons escaping from the
primary combustion process. All these formation processes together result in-4068titoh the fuel
not burned during the normal premixédme combustion process. Further, this causes a significant
loss of torque and efficiency. Finally, some of thes€sHinay fully or partly oxidize during the
expansion and exhaust proceq&&4.

Summarizing the uHC sources, it is well known that during compressiogamiustion, the
increasing cylinder pressure forces some of tkeylimder gas into crevicésthin volumes connected
to the combustion chamber. Most of this gas in the crevices is constituted by unburred fuel
mixture, escaping combustion process sitheeflame is not able to enter inside the crevices. This
gas, leaving the crevices during the expansion and exhaust processes, is the major HC source. An
additional source is flame quenching on the combustion chamber walls. A quench layer incorporating
unburned fuelair mixture remains at the wall when the flame arrives since it extinguishes before
reaching the wall itself. Then, depending on the operating conditions, the HC in these thin layers can
burn up after flame quenching due to posidation. Anotker source of HC is due to the presence of
a thin oil film on the cylinder liner that absorbs and desorbs fuel hydrocarbon components, before
and after combustion, respectively, allowing to hide a fraction of the fuel to the combustion. Below
a descriptiorof uUHC formation mechanisms will be described which constitute the theoretical basis

of the pollutant emission model introduced in the following section
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Figure2-23 Possible formation mechanisms of engig HC emission§58].

2.7.3.1Crevices

One of the most significant processes that causes unburned HCs is the filling and emptying of the
cylinder crevices. Crevices anarrow regions into the combustion chamber within which gas can
flow in and out, generally not allowing flame entering. During the combustion preceamount of
unburned gas mixture remains inside these crevices avoiding burning and being dischamged dur
the expansion and exhaust. In a combustion chamber, the possible crevices regions are several, suct
as cylinder head gasket, spark plug thread, valve seat, and piston rii§3jacke crevices depend
on volumetric and geometric characteristics and on component temperature of the engine. The main
crevice, due to its largest volume, is the region bordered by piston, compression ring, and leakr, nam
top-land. Its contribution if compared to the total HC achieves values between 40% and 90%
[59],[60],[61]. The fuelair mixture, and residual gas, during the compression and combustion
processes, are compressed into thddad because of the rising pressure. As already said, since the
access to this crevice is very thin, the flame is not able to entartielF, because of the coolest wall
temperature, the trapped gas incurs in a temperature reduction. Then, during the expansion, once the
piston moves down, the mass partially diffuses into the cylinder, finding burned mixture. The flows
between the top arskcond lands (in correspondence of the second and third ring) including blowby
effects are complex, due to pressure and temperature variation across the different ring5@gions
Although the piston crevice geometrical volume is 01il2% of the cylinder one, it potentially can
trap 4 8% of the mixture mass because of the cold temperature in the d&&jideinally, it is worth

underliningthat the influence of piston geometrical details affecting the volume of the piston crevice
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and the texture of the edge at the piston crown are cruciattaspentributing to the production of

uHC from crevices

2.7.3.20il Layers

Another important mechanism for uHC formation is the absorpta@sorption of fuel from the
lubricating oil. The oil layer, coating the cylinder liner, when is uncovered by the pestoowinters
the fuetair mixture and residual gas. During this time, there is a fuel vapor transfer between the bulk
gas and the oil gas interface in both directions. When compression and combustion phases occur,
the uHCs are absorbed into the oil layiffusing into it. While, during the expansion and exhaust,
these unburned hydrocarbons are desorbed from the oil film into the cylinder, contributing to the
engineout emissions formation. The mechanism above described depends significantly on the
characeristic of lubricating oil and on the cylinder wall temperatures. Further, the solubility
characteristics of HCs in the oil, being the driver of this phenomenon, depend not only on cylinder
pressure and temperature but also on the layer thicknesses amd-¢hemical affinity of oil and

fuel.

2.7.3.3Deposits

In the course of time, deposits accumulate into the combustion chamber, especially on the valves,
piston crown, and walls of the cylinder head. The surfaces of these deposits are featured by many
poresable to absoribdesorb fuel[63]. This mechanism shows a strong dependency on the runtime
and operation condition of the engine and the fiseldGenerally, it causes a small effect if compared

to the total engin@ut HC emission

2.7.3.4Wall and Flame Quenching

It is known that during combustion process in Sl engines, the flame front extinguishes at a small
distance from the cylinder walls becaudetlweir cooler temperatures. This leasa thin layer
formation close to the cylinder walls, called quench layer, containing unburned gas mo<Lirat
warmedup engine condition, the majority of the unburned mixture, diffusing into the cylinder,
encounters hot burned gases and burns during expansion. At cold start operation, having a thicker
guench layer, the completion of burning up is not exdlE9]. Concerning the flame quenching, as
said, due to a prematurely flame extinguishment, the effects of partial burning leads to very high
levels of uUHCs emissions. This phenomenon occurs especially in presence of critical burning
conditions, such as engine operation close to its dilution limits (high rate of residual gas) and lean

mixture. If the fasburn combustion system is walesigned, undenormal steadystate engine
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operating conditions, the flanguenching phenomenon should not contribute substantially to HC
emissions. Nevertheless, the combination of EGR high levels and retarded timing, during transients,
requires special attention sindeetincomplete burning coupled with quench layers may contribute

considerably to HC emission formation.

2.7.3.5Liquid Fuel

Sometimes, especially in direct injection engines, the injected fuel can impact the cylinder walls
and the piston crown. This effect can benpensated by adjusting the injection through pressure and
time. The most critical phase is engine warm Indeed, since the combustion chamber surfaces are
still cold, only a fraction of the injected fuel will evaporate. In conditions, liquid fuel dvapke
walls can be absorbed by the oil layer, deposits, or stored in crevices. Due to this phenomenon, to
compensate the power losses, with the aim to obtain a stoichiomeftiela@tio in the exhaust gas,
more fuel than normally required hashke injected. The fuel mass is corrected and scaled by the
engine control unit (ECU) using a multiplier function of the engine temperature. The quantification
of this source is quite difficult due to its combination with other storage mechanisms andtdue to
strong dependency on the used technologies of injection and charge.motion

2.7.3.6Leakage

In older engines, another source of UHC emissions is the exhaust valve leakage. Indeed, unburned
gas mixture had the possibility to flow into the exhaust manifold theemalves are closed. Usually,
the amount of HCs is marginal (rates abdui%) and could be considered negligible. It is worth to
underline that in modern engines, improved techniques allow narrow tolerances resulting in a fitting

of the valves withoutdakage

2.7.3.7In-cylinder Oxidation

The oxidation process of uHCs has a considerable influence on the final amount of HC emissions.
The unburned gas mixture can oxidize within the cylinder or in the exhaust manifold before arriving
atthe threeway catalyst. Tts phenomenon is primarily driven by the unburned gas temperature and
by the amount of oxygen provided. Indeed, the HC emission can be significantly reduced in presence
of aquite high temperature and with a sufficient oxygen quaf8fy. Generally, the oxidation rate
can be of 40 % up to 70965]-[67]. Another aspect to consider, having a significant influence on the
amount of oxidized, is the available time for the bupn Further, the orlation also depends on the

source of HC emissionjS9]. Indeed, the crevices and quenching mechanisms, that produce unburned
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fuel-air mixture, have higher oxidation rates if compared to oil layer or deposits, being sources that

primarily store and emit fuel vapor

2.7.4.Particulate Matter

Particulate emissions have long been an issue with CI engines. For these engines soot is formed
during thefuel sprays evolution, and, while most of it burns up into the cylinder, a soot portion is
directly exhausted. Hence, during the exhaust phase within the cylinder and during the scavenging
through the exhaust pipe, the gases cool down, nucleate condedderm small particles. Since
hydrocarbons with higher molecular weight continue to condense, they are subsequently absorbed
into the soot particles. Therefore, a particulate size distribution is established: the larger particles are
categorized as accwiation mode, havingdiameter in a range of 50 to 500 nm; the smaller particles
constitute the nucleation mode, characterized by diameter below about 50 nm.

If compared to Cl engines, the pdukl-injection Sl engines are featured by particulate enssi
much lower, by a factor of about 70 on a mass basis. However, comparingrjeetbn engine
particulate emissions to the ones of gadl-injection equivalent engine, they are close to a factor of
10 times higher, again by mass.

Considering the pticulate traps, they are located in the exhaust system of Cl andidjestion
Sl engines. These traps remove almost all the particulates from the exhaust gases by using a porous
ceramic monolith aafilter. This filter, over time, must be regenerabsdincreasing its temperature
so that the particulate layer created on the filter burns off.

In particular, considering the Sl engines, traditionally, three classes of particulate emissions have
been defined: inorganic particles (mainly lead compoundganic particulates (including soot), and
sulphates. On the basis of the sulphur contained in the fuel, sulphate emissions can occur with
oxidationcatalyst equipped engines. Gasoline can contain a certain quantity of sulphur, depending
on the extent of dphur removed in the refinery, oxidized to sulphur dioxide within the engine
cylinder. Then, S@can be in turns oxidized to 30y the exhaust catalyst. The sulphate emissions
levels also depend on engine operating conditions and on the details ofatllyst Gatstem used.
Further, the particulate emission rates are considerably higher when the engine is cold, following
startup. The exhaust temperature has a significant effect on emission levels.

Most of the particles are presumed to form and grow iexthaust system because of vapor phase
condensation. Some of these patrticles are directly emitted, without settling, while someu@hers
deposited on the exhaust system walls. The majority of these last hawegeroved when the

exhaust flow rate suddnincreases
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Simulation of Internal Combustion Eng_ine

3. Simulation of Internal Combustion Engine

The complex and challenging scenario for the internal combustion engine nowadays requires an
advanced approach in the evaluatiorthe pros and cons of different technologies and integrated
solutions, including new combustion modes, turbocharging andtedegment systems, hybrid
electric vehicle. Today, a key aspect in this context is the massive adoption of simulation codes,
allowing to examine and compare new technical solutions with limited experimental support. The
simulation tools currently availédcan provide useful and reliable results to guide the development
of a new engine. Further, their application, aiming to the optimization of various technologies using
a virtual engine, allows a cesffective development process and a considerable tieduaf the
engine design duratida].

The modelling of ICE involves different approaches, generally classified into four major
categories, listechiTable3.1, that differ in approximation level utilized. Both 0D/1D simulation and
3D computational fluid dynamic (CFD) approaches are currently appdiesupport the design

process of ICE

Table3.1 Classification of the numerical approaches.

Model ApplicationField

0D Combustion

1D Gas Exchange
QuasiDimensional Combustion

3D Flow Field,Combustion

A 0D model can solve mass and the energy conservation equations assuming that the
thermodynamic properties are only thdependentThus, any space dependency is neglected, and
the working fluid is considered at rest. The main advantage of this model is the possibility to
reproduce the heylinder processes of the whole engine in a reduced computational time. While a
considerable lintation in predicting the volumetric efficiency is due to the la€lidescrbing the
pressure waves propagation in the pipes.

The utilization of a 1D approach allowsercomingthe issue above described since it solves the
unsteady flow equations in thgps along the mean flow direction. In this modelling, all the thermo
fluid-dynamic properties are considered uniform over each pipe section. Commonly, 0D refined
models (quasdimensional phenomenological soibdels) and 1D ones are combined to achieve an
accurate and fast prediction of the engine behaviour. These coupled models are widely employed to
predict and analyse the global engine performance and to support the engine optimization and
calibration[2] because of a good compromise between accuracy and computational time.

59



Simulation of Internal Combustion Eng_ine

3D approach, based on the integration of the Navier Stokes equations, are able to provide a detailed
description of the #trmo and fluiddynamics in complex 3D geometries. These models, requiring a
significant computational effort, are applied to simulate unsteady mean and turbulent flow motion
within a limited portion of the engine, usually combustion chamber, head dubtscharger, intake
air-box, aftertreatment devices, for a reduced set of operating conditions.

For this PID. research activity, phenomenological OD snbdels have been employed to
reproduce ircylinder phenomena, whereas the flow inside the intakehenelxhaust pipes has been
described by a 1D approach. Nevertheless, 3D model outcomes have been also used, mainly to

support the development and validation of a OD turbulencersadel.

3.1. OD Model

As abovementioned for a OD model all the variables ametdependent and uniform in the entire
control volume. Therefore, the mass and energy conservation equatipfsl),(3.2), are solved.

They are expressed as follaws

— 4 & & (3.1)

QaQ Qo QD

- r 9, r 9, 14 v, 3.2
2o "ap @ ¢ ¢ ¢ ¥ a X (3.2)

On the right side o#q (3.1), the first two terms represent the incoming and outcoming mass flow
rate through the valves, respectively, while the last one isjbeted fuel flow rate. Considering
(3.2), the first term describes the mechanical power exchanged between fluid and piston, the second
one representfi¢ heat transfer rate through the combustion chamber walls, while the last three terms
define the enthalpy fluxes associateith the mass exchanges through the control surfacé3.2y
can be reformulated making explicit the temperature derivative, reported(Bi3gon the basis of
the internaknergy dependency on temperature and composition. Thereby, this reformulation presents

explicitly a term representing the energy released by the combustion process depending on the burned

gas fraction time derivative, from reactants to produets,

QY p Q6 W0 4 o Q6 1o 3
Q0 ao 1o Qo 90 T Qo
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The modeling of the gascylinder wall heat transfers achieved byemploying different
correlations available in the current literatureand principally dependent on the -oylinder
thermodynamic state anoin engine speedThe Woschni[3], Hohenberg[4], and Annand[5]
correlations arghe mostwidely used inICE simulation.In this thesis, both an Hohenbdike
correlation and Woschini correlation, deeply described in the following section, have been applied.

Concerning the instantaneous flow through the valves, it is estimated by the equation of the
isentropic flux, in subsonic, e(B.4), or soni¢(3.5) conditions.

2% g6 b oo DT DT (3.4)
Qo Q pYY 1 n
Qa . . Q C
e R S 35
0o @0 0 %y T, (3.5)

wherer) and”Y are respectively the pressure and temperature at the upstream flow conditions,

while ry refers to the downstream pressuéks the specific heat ratio, aitd  is a reference area.

o representtte discharge coefficient, being the ratio between the actual and the isentropic mass flow,
evaluated under steady state conditidrigs coefficient is a function of the valve geometry, lift and
flow direction (direct / reverse).
The burning rate’ Qo j Q dcan be imposed or can be estimated through predictive combustion
models. In the first casea n exgerimentad burning rate is needed,
experimental pressure traces, through a single pressure analysis (SPA) or a three pressures analysi:
(TPA). Both require ircylinder pressure measurement, but the TPA also needs the pressure traces at
intake and exhaust ports. In both SPA and TPA cases, the burn rate derive is compu(8@from
the sacalled inverse analysis. Differently, a Wiebedtion is utilized assuming a predefined burned
fraction profile in function of the crank angle.

The OD models can be further classed in three differentatdgories, depending on the number
of the thermodynamic zones in which the control volungivigled, namely singléFigure 3-1(a)),
two-zone (Figure 3-1(b)), or multi-zone. In all cases, each zone is characterized by a distinct
thermodynamic state, possibly considering energy and mass interactions. For each zon@.ihe eq
and(3.3) are solved at each time step. During the intake and exhaust strokes, a single zone approach

is appropriated since the composition can be assumed uniform in the entire cylinder volume. During
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combustion phase, the cylinder volume can bediulded irto two zones, namely unburned and
burned ones (twaone approach), separated by a thin discontinuity sutiatechematizes the flame
front.

Finally, concerninghemulti-zone approach, it is wileemployed in predicting pollutant emissions,
especially NQ. The prediction of a temperature stratification in the burned gas is expected to improve
the simulation of N@chemical kinetics. Another possible applicatiorthe# multi-zoneapproachs

HCCIl and RCCI engines, where a temperature and composition stratifiaatiexpected

(a) (b)
TH ), — — ity
— —_—
AL AL
| I Unburned
| _T’ dQ,,, dmy
! I aQw dt dr 4Qup
I T y -1 dt
dv | dv
P o Py O
Single Zone Two Zone

Figure3-1 (a) Single zone combustion schengb) two-zone combustion scheme.

During last years, several models to describe the combustion phenomenon in Sl engines have been
proposed, with the aim to physically assess the burning rate. They are all based on the widespread
hypothesis of a combustion enhanced by turbulence phenorf@;i@ih[8]. The main differences,
distinguishing the models each other, are related to the description of the {aumodent flame
transition occurrence, and to the mechanism leading tdbtinerate enhancement due to the
turbulence. Further, different approaches have been developed and used, as an thampée
introduced in[9], feaured by a combustion chamber described as a stochastic reactor, where the
combustion is modelled through probability density functions. The most widely employed
combustion models are the eddy bupapproach and the fractal one. The first outlines Hradl
entrainment and the subsequent combustion of unburned mixture, demonstrating to have a good
agreement with the experimental burned mass fraction tf@aygL1]. Differently, the second aims
to describes the enhancement of flame front sarfamploying the concepts of fractal geometry
[12],[13]. Numerous comparisons between these two approaches have been proposed in the current
literature, coming to the conclusion that, if excluding the tuning efforts, both models can accurately

reproduce the combustion phenomenon in conventionah@hes[6][14]. The chosen model, to
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perform the simulations shown in the following of this work, is the fractal one. This because of its
more consistent physical background, demonstrating the ability, once properly modified, to reproduce
the behaviours of both conventional Sl andgramber enges.

3.2.1D Models

The conservative form of the flow equations (continuity, eneagyl momentum) under the
hypothesis of an inviscid, adiabatic 1D flow schematization in a variable area pipe is reported through
the system of partial differential equatgin (3.6). It is worth to underline thaall thermodynamic

propertesand the flow velocityy, are spaceyp and time o dependent

"Tote ‘owiote © T
1TOTIO0, @R TT0 100 1y
v 10 T Qo 18 T >
Gl 706 176 A . pQ 176 176 A,

\ __‘ 0| n
i T o} '|' () Qw T 0 T w

In (3.7) the above equations are expressed in a more compact vectorial symbolisms Yighere

the vector of the conservative variabl&ds the flux vector antYrepresentshe source term vector.

Y1y reno e i ol @37)
T b T (b ” 'O ” (') "O ” (,)|"O

—n

The flow within the intake and the exhapgies of an ICE can be modelled considering additional
terms, including the gasall friction, the heat exchangand the scalar transport of injected fuel and
residuals species. Then, adding these further terms, the system is rewr{8&), &aaving the last

two equations respectively referred to the residual gases and vapour fuel fraction transport
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"Qis the friction coefficienevaluated by the Poiseuille or Blasius formula as a function of the velocity

inside the pipesp andw arethe fractions of the residual gas and vapor fuel, expressed as

. a . a 3.9
) é(I‘]w é(I’] (3.9)

Finally, g symbolizes the heat flux through the pipe walls

A g”aés‘fxb Y Y (3.10)

3.3.3D Models

As known, 3D models solve the Nawvi8tokes equations, resolving the mass, momentum, and
energy equations as a function of time along the three space coordinates. These equations corresponc
to a nonlinear system of partial differential equations, solvedai number of control volumes,
schematized by a computational grid. Depending on the degree of approximation in the equation

solution, three possible approaches are available:

1. Direct Numerical Simulation (DNSit is based on a direct resolution of theviéa-Stokes
eguations. However, the computational effort is extremely expensive in terms of both time
and memory. Indeed, to achieve a correct solution, the computational grid must be so fine
to capture all temporal and spatial turbulent scales, up tenialest one (Kolmogorov

scale).

2. Reynolds Averaged Navi&tokes (RANS) equatiortte turbulent field is decomposed
into its timeaveraged and fluctuating quantities. The RANS equations derive from the
time-average of the original flow equations. Thus, they express theatisraged
behaviour, or irthe case ofquastperiodic flows, the phasaveraged flow development,
such as in internal combustion engines. The-@weraging introduces new terms, named
AReynol ds str esseswthe devdlopreeat ofspmpeuttirbulencte sube g u i

models to close the pridm.

3. Large Eddy Simulation (LEShe larger eddies, strongly affected by the domain geometry,
are directly solved. With the aim to reduce the computation efforts, only the smaller scales

are computed by dedicated smodels.
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Nowadays, as already mentiah¢he employment of both GDD and 3D simulations to drive the
engine development phase is a common practice. Although 3D modelsaalosvingaccurate
analyses of the engine fluttlynamic behaviour, the high computational costs limit its application to
few engine geometrical configurations or operating conditions. Instead, considering 0D/1D models,
they can explore the whole engine system with a reduced computational effort and adequate accuracy.

In the following the approach followed in this researchvéy is reported, where 0D/1D/3D
models are employed. Four main steps have been performed for the characterization of a conventional

Sl engine:

o 1. Based on the engine geometric characteristic,c a OD/1D model was developed.
Preliminary 1D simulations umd motored operations were performed at various engine
speed.

o 2: 3D in-cylinder motored analyses to describe thecyiinder flow motion were
performed, imposing as the boundary condition the 1D computeevanyeng pressure
and temperature. The mearddarbulent flow fields were extracted over the entire engine
cycle.

o 3: The outcomes from the previous two steps were used to calibrate the OD turbulence
model, needed for the closure of the phenomenological combustion model, described in
the next section.

0 4:0nce completed the turbulence model tuning, the 1D engine model was performed under
fired conditions.The combustion model tuning was performed comparing the outcomes

with experimental data to fit tnylinder pressure cycles.

The design of a new engnconcept can require the development of new models, or the
strengthening of previously available ones, with the aim to correctly describe -tyéinoher
phenomena. This was the case of thegh@mber Sl engine examined in this work. Here, 3D
simulationsallowed, not only to tune the turbulence model but also to clarify the physical phenomena

occurring in this novel architecture

3.4.Combustion modelling for SI Engine

The very first version of the fractal combustion model has been proposed some ydaf.ago
This approach poses its theoretical basis on the cdimbuharacteristics to be expected in the most
common combustion regime occurring in a conventional Sl engine, i.e. the wrotklegjated

flamelet zone, as recalled Figure 2-12. In this condition, as already highlighted, the flame front

65



Simulation of Internal Combustion Eng_ine

exhibits an increased surface,, compared to the laminar arén,, because of its interaction with

the turbulenceu 6The flame locally still propagates at a laminar sp&dput the burn rate is
enhanced because of the turbulence effect. This process is schematically represégted 832

The flame surface area geometrical increment is included in the model through the theories of the
fractal geometry. Several experiments demonstrated that a wrinkled flamestimmgs a fractal
behaviour resulting in the autsimilarity of its basic structurfl?], [16], [17], [18]. This allows
correlatingthe turbulent flame front extent to the laminar one, on the basis of turbulenceafstract

speed, timeand length scald45], [19].

Burned zone

aminar surface A,

Turbulent surface ¢

Unburned zone

Figure3-2 Schematic of the fractal combustion model.

Considering the aboveentioned hypothesis, the burn rate can be expressed as a function of the

wrinkling factor, S, in turn defined as the ratio between the turbulent and the laminar flame area

5 b :
(u vy v sy 2 ! 311
Q6 5 (313
v 2 3.12)
U

The wrinkling factor can be estimated, according to the expression st¢ddepending on the
fractal dimensionQ , and the maximum andinimum flame wrinkling scales ,andd .0 is
a function of turbulence intensitgaggand laminar flame speédl, according to the correlatidt8]

as express in the following &@.13):

) C® Oz ¢8t ity
0 P (313
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Considering the wrinkling scale$, is associatewith a macroscopic characteristic dimension
of the flame front, here considered proportional to the flame radilry the tuning constard

(wrinkling multiplier).

0 @ i (314

whiled is assumed equal to the size of the smallest turbulent edédipsexpressed by the

Kolmogorov length scale) :

0 D (3.15)

The modelabove describeth Figure 3-2 applies for a fully developed and freely expanding
turbulent flame. Regarding the early flame development and the combustion completion, prope
modifications of the model are required.

Since the combustion beginning, as already underlined, is featured by a laminar propagation rather
than a turbulent one, the flame front does not result effectively corrugated. Then, the transition from
laminar toturbulent combustion can lmeodelledby a progressive increase of the fractal dimension
O, according to eq$3.16) and(3.17).

Op O Of 7Y

O = 3.16
oxe Y (3.16)
O ¢8t MO j ¢grmp 0 C® 0 (3.17)
The wrinkling evolutiondepends orthe variable) , Statedin eq.(3.18), as a function of a
characteristic time scale) , and a model tuning constand) (transition multiplier),

considering that the characteristic time scale is calculated tis¢ turbulence kinetic energ®,and

its dissipation rate,:

Q0 . Q 318
N0 - (3.18)

During the combustion process evolution, when the flame front interacts with the combustion
chamber walls, a further modification of the burning rate is introduced. Even if a detailed description

of flamewall interaction is concretely not achievable bypéoging a quastdimensional model, it
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can be stated that flame front wrinkling no more occurs near the walls, leading to a burning rate slow
down.
Hence, the overall burning rate can be expressed as a weighted average of the fractal burning rate

and a lanmar wall combustion, according to e319) and(3.20).

o ’ o , 2 3.19
Qo PV Q0 v Q0 (3.19)

—m 0 Y (3.20)
‘ 0 :
Qo
Here, the variablé describes the transition from turbulent to wall combustion, according to
(3.21), being the ratio between the area wetted by the flame front on pistonahdacylindero

and the total flame front area, . This ratio is multiplied by the mass fraction of burned gas,

raised to an exponent amplified by the tuning constan{wall combustion multiplier).
0 — W (3.21)

Thelaminar flame area , is evaluated through a tabulated approach to shorten the computational
time. The flame area table is read at runtime having as input data the current piston position and the
burned gas volume. The table is calculated by afir@fautomatic procedure wih determines the
intersections between an i ceetracondhe spark@ug,iardée | y

piston/ head/ cylinder surfaces.

3.4.1.Laminar Flame Speed Correlations

The laminar flame speed is here evaluated by a numerical comeBitice the LFS plays a critical
role in the burning rate prediction, it has been largely investigated, as highlighted by the available
literature. Concerning the laminar flame speed formulations for gasoline, these can be digided in
two main categoriegxperimentabased, such 420],[21],[22],[23] and reaction kinetic calculations
based a$26],[27]. Considering the first category, the main drawback is related to the experimental
test® conditions featured by a limited range of equivalence ratios and by low pressure and
temperature (usually below 15 bar an@ &0 respectively), due to techni¢a#],[25] and ignitability
[20] limitations. Therefore, these correlations may léadnaccuracies in predicting the LFS if

employed outside the measurement range, such as in the case of typical Sl engine operatians feature
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by high pressures and temperatures. Instead, considering the second category, thieakeuktic
approach allowvercomingthese issues, extending the validation ranges of the correlation and
leading to a more reliable LFS prediction for englike opeiating conditions. However, the accuracy
and the computational burden of such models strongly depend on the number of species and reactions
of the adopted kinetic scherjz8],[29],[30], and surogate fuel formulation.

A novel LFS correlation based on 1D chemical kinetics computétiaves been developed during
this research activity31] and assessed with thlexperimentally derivedVetghalchi and Keck
correlation[20].

Both correlations express the LFS)(according to the powdaw form of eq.(3.22), whereSo
is the flame speed at reference conditi®a$o andp=po for given fuel type and equivalence ratio,
while EGRactor is @ LFS reduction term that accounts for the inert gases contained in the unburned

mixture.

y
Y Vi n OOY (3.22)

For Metghalchi and Keck cor r el @andbdepencoalyon | ab
equivalence raticf, and EGRactor is @ function of the residual gas molar fractian, raised to a

constantexponend The equations for fACor A0 ar e:
Y O o ! (3.23
| ot nrt 1 1 nowoy P ITw (3.24)

The values of the constants, listedable3.2., are the default ones used in softwn@®P o we r E .
The original values proposed Bhodes and Keck1] for fuel RMFD-303 have been slightly

modified toreflect the results reported [B2].

Table3.2 Coefficients and reference conditions for correlafioG o r A0 .

Coefficients

0 aji 0.35 f -0.357
6 aji -0.549 f 0.14
%o 1.1 1 2.77
| 2.4 r 2.06
| -0.27 ) 0.77
| 3.51
Reference conditions
Y 0 298 |n i 1.013
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This correlation was based on experimental tests, vihereperating parameters could span the

following ranges:

Pressurep: 0.47 50.7 atm
Temperature]: 3007 700 K
Equivalence ratiof : 0.87 1.4
EGR molar fractiony: 071 0.2

= =4 =4 =9

The second corr el a[Bl lmasheenloainedlby fitirh tha resulfs Gf a chentical ,
kinetics solver (CANTERA) applied to 1D planar laminar flamEhe actual gasolinensodelledoy
a Toluene Reference Fuel (TRF), composed ofoidane, repthane and toluene. The volume
fractions of the three components of the surrogate fuel are selected to match the RON and MON of
typical commercial gasoline,ceording to the methodology reported [B2]. Various oxidation
mechanisms for gasoline surrogates exist in the literature, and they are classsieglified[28],
semidetailed[29], and detailed kineti¢30]. Because o&large number of flame speed data (more
than 6000 evaluations) needed to achieve a quite general correlation, a compromise between accuracy
and computational effort is requiredor~this reason, it was decided to use the sigtailed
mechanism developed by Andrae ef3d], well describing both low and high temperature kinetics.
This mechaism includes 5 elements, 137 specs®l 633 reactions.

The LFS calculations are performed for several values of pregsteejperaturel, equivalence
ratio, £/, RON, MON, and exhaust gas mass fractipnin the following ranges:
Pressurep: 171 20 bar
Temperature]: 3231 923 K
Equivalence ratiof : 0.57 1.5
RON: 901 98
MON: 8071 94
EGR mass fractiong: 01 0.2

= =4 =4 -4 -8 -9

The composition of the residual gas is established in each condition (TRF hl@ng) as the
equilibrium composition of the combustion products. Then, the LFS results are fitted depending on
f, T, p, %, and TRF composition. An important finding istha the considered ranges of RON and
MON, the LFS mainly depends on the fuel sensitivity, S = ROWON, rather than on the specific
TRF blend. This entails a strong simplification of the data fitting, leading to a correlation that can still
be expressenh powerlaw form, eq (3.22). But in this case, the expressions for the coefficients are
more compl ex i f c o BE@Raw depends ao ofiTCpoand 7, According to the

following equation:

0'0Y p 1! HAYo ' h (3.25)

70



Simulation of Internal Combustion Engine

The coefficients of @ Corfadadin@to eqq37)-B80%k dheas p-
polynomial coefficients are generally in functionTgfp, andS, resulting h a crossdependency of
the correlation terms on all the considered independent variables. The values of the correlation
constants that provide the best fitting of the LFS data are listeabie3.3. The average fitting error

is 1.75% and the maximum error reaches 6.0%, only for some extreme values of the variables

I %
Y I RY I (3.26)
~ ~ "Y r]
AR N o ~Y 7 (3.27)
p
y
r P RY I r r [ 2% (3.29)
n
TR : 1 7 1 ) (3.30)

Table3.3Coef ficients and reference conditions for ¢

Y d&ji Coefficients

0 -2.3832 0 51.659
o] 0.1877 0 -3.3700
0 15.636 0 -30.793
0 -1.1768 0 1.9040
0 -40.547 0 6.8282
0 2.8624 0 -0.4117
U Coefficients
| 6.2174 | 11.646
| 0.1307 | -1.5433
| -0.8983 | -5.0751
| -13.125 | -3.1843
| 1.0024 | 0.6125
| 3.8909 | 1.8919
I Coefficients
1 0.8055 1 9.0203
1 0.1295 1 -6.5708
1 -5.2798 1 1.7142
EGR Coefficients
I g 6.0973 | 1 -0.2562
[ -2.1178 | R 18.398
[ -10.696 | 1 R 2.8590
Ik 43429 |1 & -21.094
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[ 6.8101 | I R -4.9623
[ -2.6495 | R 7.4949
1 M -2.4850 | 1 R 2.0624
Reference conditions

"Y 0 323 |n o®i  1.000

As afinalremark,ahn nt er esting feature of the fACor BO
of the surrogate fuel composition, but only the RON and MON of the actual gasoline. This simplifies
the setup of the 1D engine simulation while properly accounting for tleztefof the fuel
composition.

It is worth to underline that during this work, concerning theghr@mber engine architecture, the
LFS correlation applied has been provided from IFPEN and presenfdd].imThe main reason is
thatthis correlation applies for ultrlean mixtures (from = 0.58 up to 2.00), covering most of the
operating conditions considered in this work. It is derived from 1D simulations of flame propagation
in a gasolind air mixture. Further, this correlation allowsnulatinga fuel with hydrogen addition.

As known, his element can support the flame propagation and extends the dilution limits with
improved combustion stability. It has been obtained by fitting the results of a chemical kinetics solver
(PREMIX and AURORA libraries of CHEMKINPRO package version 1513applied to 1D planar
laminar flames. The actual gasolinemedelledby a surrogate defined as Toluene Reference Fuel
Ethanol (TRFE), composed of 30.8% of toluene, 42.4% ebidane, 17.6% of-epthaneand 9.2%

of ethanol in liquid volume. The oxidatiamechanism applied includes 2118 reactions and 276
species. Its validation is established within ranges of common pressure, tempanatecgivalence

ratiog considering the experimental limitations of dedicated apparatus.

The LFS calculations are perfoed for several values of pressuysgtemperaturel, equivalence
ratio, f, percentage of fht the intake, and exhaust gas mass fractipim the following ranges:
Pressurep: 17 120 bar
Temperature]: 5007 850 K
Equivalence ratiof : 0.581 2.0

EGR mass fractiornk: 07 0.1
H2 % at intake air: 0 6

= =4 =4 -8 =4

The power low formula was then modified to include all the dependencies. Once obtained the new
formulation reported iregs.(3.31)-(3.34), a MATLAB algorithm including a nonlinear optimization

function was used to obtain the equation coefficients showalie3.4.

N ; N (331
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Y p o o AgmE G (332
(3.33
| | I p L o I rrtp 1t p
0"0Y P I ® [ ®
O p o ! p (3.34)
00 P [ Ow

Table3.4 Coefficients and reference conditions BPEN correlation.

Coefficients
IR 0.04703 | i 0.58956
) 1.0653 I 10.33945
&) 36,476.8183 | i 0.021676
Q 5.7836 I 0.13269
Q 11.2436 r 10.03584
Q 1.2857 I 0.00016
| 2.3139 i 70.032399
| 2.7353 i 10.00058

Reference conditions

Y 0 298  |n OO 1.013

Finally concerning the largeore enginesnalysedduring this work, since these aigelled with
methane, a further correlation has been implemented in the combustion model. The formulation has
been taken fron35], where a modified powdaw formula has been considered

VR
vy 61! qQ ' ~ nﬂ 0"0Y (3.35)

whereq r e p r eeguevalénce ratioherponent,agd i s t hspeedexpomantCancerning
U b, and EGRxctorthey are respectively evaluatesi

| | o nt T I 1 nNowoy P fw (3.36)

In Table3.5 coefficiens for eq (3.35) andeq.(3.36) are reported:

Table3.5 Coefficients and reference conditions foethanecorrelationfrom GT-Power 2020

Coefficients

0 daji 0.3885 | 6.9258
— -0.2 1 -1.3712

, 6.45 1 2.6808

%0 1.08 ) 1.7492
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| 4.9199 r 0.75
| -10.287 ) 7
Reference conditions
Y 0 298 |n ooi 1.013

3.4.2.Flame Stretch Model

As stated above, the considered LFS correlations provide the velocity-dfroeesional planar
flames related to the unburned mixture. But it is well known that in S| engines, especially at the
combustion beginning, the flame geometry and dynamics aré moce complex because of the
flame stretch. This phenomenon consists in local modifications of the flame speed produced by two
effects: thepreferential diffusionwhich results in local variations of flame temperature and burning
rate (depending on théfective Lewis number), and tHew divergencewhich induces an increase
in the flame speed at the upstream boundary of the preheat zone with respect to the speed of the
reaction zon¢36],[37].

For a stretched flame, its speed can be related to that of a planar flame introducing-a flame
thicknessdependent aefficient that accounts for the effects of diffusion and chemical reactions in
the flame zone. This coefficient is known as the Markstein lehgtand depends on fuel type and
reactivity, and mixture compositidB8].

Concerning a conventional S| engine, the flame front shows a very different shape from a planar
one, and thus it propagates relative to the unburned gas having a displacemei®; sirediiffers

from the planar flame speefl,, according to the following equation

YUY DA (3.37)

where 1 is the flame stretch rate, originally defined by KarloJy&8] as the Lagrangian time

derivative of the logarithm of the flame surface area,

Q_ ... p Qb (3.39)
1 =2 = 00—,
Q0 aeo o Qo

The flame stretch rate accounts for the effects of the curved flame motion andldbiyv

gradients inside the flanjé0], as shown by the equation:

7 1Y 0 (3.39)
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where & is the flame curvature ands is the hydrodynamic strairConsidering an outwardly
propagating quasspherical flame, such as the one occurring in a Sl engine, the flame curvature and

strain can be respectively expressed as

: Y 3.40
wherei is the flame radiusvhile , " j” “Y] "Y is the thermal expansion parameter

Replacing the terms efg.(3.40) in eq.(3.39) thefollowing form for the total stretch raie acheved

Y :
: c‘l (3.41)

Then, based on the description provided4a], a real flame of finite thickne§s can be
subdivided in a number of layers characterized [ffgrmdint temperatures. Each of them propagates
with a different speed, evaluable through @8) once the appropriate Markstein length, varying
through the flame front, is selected. With the aim to synthesize in a OD phenomenological framework
this detailed flame description, the flame layer characterized by a complete fuel oxidation has been
chosen a representative of thmodelledzerathickness flame front. This layer, whose Markstein
length is labelled alsy, is located on the burned side of the real flame front, propagating with a speed
expressed as:

“Yh Y 01 (3.42

The linear relation expresséua eq. (3.42) is properly applicable to low turbulence intensities,
namely in the corrugated flamelet regime. As the turbulence intensity increases, the relation between
flame speed and stretch becomeseaasingly nordinear [42], but at the moment this aspect is not
included in the here presented model. The asymptotic theory of Matalof4€f allowsexpressing

the0d as:

. _w (3.43
Vo TR

wherg _j ® " Y isthe flame thermal thickneasd_ is the thermal conductivity of the

mixture scaled with respect to its value in the unburned desefm a in eq.(3.43) can be express
as[41]:
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., P, (3.44)

where®Q O Y “YjYYi s the Zel 6dovich number, which

energyO, and0 'Q is the effective Lewis number. The apparent activation energy is defined

through the formulatian

o 11y (3.45)
¢Y 1 pfY
whereR is the universal gas constal. is expressed as a function @f/, x,, andSthrough a
specially developed correlation based on 1D flame computations by CANTERA. For any given set
of pressure, equivalence ratio, EGR mass fractaomd fuel sensitivity, the temperature of the
unburned mixture is perturbed (it is assumed @atoes not depend ohy) and the derivative on the
right-hand side of eq(3.45) is estimated. Finally, the values @ so achieved are fitted by the

following four variables polynomial

O I mho AY 0fnN Op I'n @ Op T RY
(3.46)

The values of the constantsnimizing the interpolation error are reportedTiable 3.6.

Table3.6 Coefficients of the correlation for the apparent activation energy

6p 00QG¢ a 0p 007Qa¢
0 1919.9 | 0 ; -20.666
O -8705.1| 0 j 128.99
0 & 15554 0 & -269.09
0 p -11343 0 f 222.81
O 2911.2 | O j -63.394

EGRcoefficient Sensitivity coefficient
[ 0.4615 [ 0.0087

Concerning the other parameters in €&#4), 0 Q is calculated as a function of equivalence

ratio [40] and temperature$, and Ty, while the thermal conductivity is assumed to have a linear
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depen@nce on the temperature. The values provided by eq(3.43), have been compared to
outcomes of the experimental correlation proposeGalyniche et al[42] to check the consistency

of the here proposed formulation. The comparison showed a reasonable agreement between the two
approaches.

Considering the flame stretch effect on the LFS calculation, it is expected to induce a reduction in
the combustiorspeed when the flame radius is small and consequently the stretch rate is higher. To
clarify this aspectrigure 3-3 shows the comparison between the stretched (magenta) and unstretched
(blue) laminar flame speeds at varying crank angle for diffeBeake Mean Effective Pressures
(BMEPS9. Hence, the influence of the stretch is strongest at the combustion start, besoraihg
once the combustion proceeds. In additidigure 3-3 highlights that the stretch effect is higher at
very low loads, where it is expected to imope substantially the numerical estimation of the

combustion duratian
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Figure3-3 Effect of the flame stretch on the laminar flame speed for three BMEP levels and constant engine speed (6250 rpm).
3.4.3.Turbulence model

Aiming at the combustion model closure, several turbulence and flow parameters in the
combustion chamber have be estimaed, such a®$s0 hi , and-. Hence,a phenomenological
procedure, derivedrom the 3D RNG'Q - turbulence formulation presented [#3], has been

synthesizd in a 0D framework, leading to the following equation system:

,’QGTQ r 7, r 7, q” 7 A} " 7 7, 5 7 v,
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The system express&u(3.47) includes the balance equations of turbulent kinetic en&yy,

mean flow kinetic energy), and tumble angular momentufiy,defined as follows

~ o - -
Q Ec’)@) S‘Y ny “vi (3.49)

whereu & the turbulence intensit}y is the mean flow velocityy is the tumble velocityi, is

the radius of the tumble vortey; is the turbulent viscosity

. Q
b H— (3.49)

The first and the second terms on the right side of all the three equations describe the incoming
and outcoming convective flows through the valves. The third term, i(3eky) (1) and (llI),
describes the decay due to the shear stresses due to the flow interaction with the combustion chamber

walls. This effect is modelled through a decay functi@nand a characteristic time scade, as

14

~ O .
Qb b adagh fip (350)

0 = (351

The decay function depends on fimstantaneous geometrical dimensions of the combustion
chamber eq3.50). It is conceived with the aim to be maximum at the TDC, where the tumble vortex
collapse is expected to occur. Further, the tuning con&tanbperates as an offset for the tumble
and kinetic energy dissipations due to internal viscous foBesause of this offset, the tumble
prediction around the BDC can be improved. Finally, is a multiplier utilized to change the
intensity of the tumble collapse.

According to the'Qformulation, the0 equation includes an additive compressibility term,

G 0”j”, and a subtractive turbulent production ter, that represents the engy cascade
mechanism. This last quantity is related to the difference between the overall mean flow kinetic

energy,0, and the one associatatith the tumble motiony "Yj ¢, according to:

(3.52)
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@ is a model constant, that modulates the energy transfer from the mean flow to the turbulent
one. Regarding the convective terms in syqt@dv) the followingrelationseqs.(3.53), (3.54), (3.55)
are employed, according to cylinder incoming and outcoming contributions, for both forward and
reverse flow {andb subscripts, respectively). Particularly, in #gs (3.54), (3.55), the mean flow
and tumble velocitiesd( andv ) take into account the flow$ses through the valves, depending on
tumble and discharge coefficient, respectively. Those coefficients are specified as a function of the
valve lift.

Incoming flow contributions can be tuned by two global multipliers andc& , acting
resgectively onK andT balances. The turbulence integral length scale is not dinecitielled but
its evolution during the engine cycle is defined by a sequencesb&fged functions. It is assumed
fixed with the engine operating conditions

a0 m & Q Qa a N (353
. P, * .
av - ) a v a v n
G (3.549)
ao 0« a n
ary i & © U G o a o ;
(3.55

The dissipation rate, needed to integrate tfeequation, is calculated:as
TQT

¥
- S 3.56

The tumble radius is assumed as a geometrical parameter, independent from the operating

conditions. It isexpressed by e3.57) havingtwo adjustable constaA and®

o
o

(3.57)

=10
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3.5.Combustion modelling for Pre.chamber S| Engine

Several experimental investigations are available in the current literature concerning a pre
chamber Sl engin@4]-[50], but the development and application of numerical tools are fundamental
to undestand the physics beyond this novel architecture. This is especially due to the strong limitation
in performing experimental tests because of technological and economic issues. As an example,
experimental activities on mixture preparation and combustiwalalement withina pre-chamber
volume can be challenging, due to its small dimension, also considering the possibility of an optical
access. In addition, considerable time and cost are needed to check the impact of variations in design
features of the PGuch as injector location, spark plug position, holes number, length, and diameter.
A 3D-CFD model can provide detailed information regarding thecpesmber mixing and
combustion processes, supporting the optimization of the jet ignition process. Téemefoerous
studies were realized, mostly focused on design optimization, analysingdifferent operating
conditions. Shafb1] examined the impact of the pcekamber volume and holes diameter on the jet
propagation in the main chamber, concluding that the optimal design requires a balance between
contrasting effects as described below. In a smallecipaenber, the pressure incseacauses a short
burst of prechamber ejection instead of lotagting jets, which promotes turbulent mixing in the
main chamber. Instead, a larger-pteamber, even when pressure growth inside it is sufficient, may
not expel completely the fuel befotbe main chamber ignites, hence contributing to overall
combustion efficiency losses [39]. Moreover, for a fixed PC volume, a smaller nozzle diameter
produces a higher flow restriction across the holes, resulting in high combustion enhancement in the
main ctamber, but leading to the possibility of quenching phenomena when the flame crosses the PC
holes. Instead, a larger nozzle diameter results in a-kbeaitburst of prechamber ejection, not
ensuring a sufficient turbulence level to sustain the lean cstobu In[52] the effects of the hole
orientations and the pihamber volume variations dmeturbulence flow field were examined. The
outcomes reeal a higher TKHevel at the spark plug for the biggestgteamber, because of the
establishment of tumble motion, not visible in the smallest one. Further, they highlight that the high
turbulence level required near the spark plug can be obtainedyhavinle orientation creating a
swirl motion. An extensive study has been realizd&3j}, performing both 3BCFD simulation and
experimental actity with the aim to investigate the influence of both relevant design and engine
parameters on the fluidynamics and thermodynamic proprieties of active and passiahpmebers.

The abovediscussed studies and many other available in the literaturedhigttiat the optimal
PC layout arises from the right combination of different parameters. Consequently, a highly specific
knowledge of the engine under study is mandatory to achieve the potential advantages of this
technology.
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Since the phenomena above aédsed are very complex, the preferable approach for a pre
chamber engine 83D simulation, being able to wellescribe the interaction between combustion,
chemical kinetics, and turbulence. Nevertheless, due to the high computational effort, the engine
operating plane cannot be entirely explored. A numerical engine calibration, employing 0D/1D
approaches, allonevercomingthis issue, even if with a loss of accuracy compared to 3D models.

The current literature presarseveral 0D phenomenological models and approaches to physically
describe the different phenomena occurring in achember enginelurbulence (Kk-e) and heat
transfer models have been proposed for a passiveharmaber i{54]. These models can accurately
reproduce 3D reference results in terms of pressure traces and turbulence variables. However, in this
study, only analyses during compression stroke have been performed, not covering the combustion
process simulation. Instead, [B5], the heat transfer wacalculated through a P€hgineadapted
correlation. While Wiebe functions were imposed in both main anahmmber to describe the
combustion, resulting in a nggredictive model.

Further approaches phenomenologically define the combustion procesaciivarPC as if66].

A common hypothesis in phenomenological PC combustion models states that the conical hot jets
from the holes of the prehanber control the initial phase of the maihamber combustion. For
instance, a model dependency was introducefbTi based on the second Karlovitmmber,
estimated at the PC holes outlet. Thus, until the Karlovitz number is higher than one, the combustion
is assumed to be regulated by the hot turbulent jets ejected by the PC. Then, the flame propagation in
the main chamber is considered seiftaned thanks to the turbulence enhancement, comparably to

a conventional engine. Ifb8], the combustion process wasodelledincluding an additional
entrainment effect, to consider that the fresh charge is entrained in the burning jets. FUBRBEgr, in

an increment of the flame front area wasodbypothesized, because of jets penetration. A transition
from a dropshaped flame to a hemisphere was assumed, depending on a characteristic jet length.

Considering all the approaches above described, although including a reasonably detailed
descriptionof the prechamber engine characteristic phenomena, their validation range is often
limited to few operating conditions, particularly concerning #ire/ fuel ratio. Therefore, it is
reasonable to assert that these studies are not reliable enoughatonpgrhulations able to
investigate the whole engine plane in different load, speedr / fuel proportion.

3.5.1.Model Extension

One of the main aims of this thesis is to develop a efiagensional model for a prghamber Sl
engine capable of physically sensing different engine control variables and of preserving an adequate

reliability in the entire engine operating domain withtheé needor a casedependent tuning. This
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model is an enhanced version of the fractal approach, developed and utiliredJatversity of
Naples Federico II. Below, the procedure to model the basic phenomena occurring in an engine
equipped by PC, sudcks mixture preparation, turbulence evolution, flame area enhancement, burn
rate development, etc., will be briefly described.

In Figure 3-4 the 0D schemtization of the P€hamber Spark Plug engine is depicted: the main
chamber is considered as a variable OD volume, connected to the constant volume affiampe
through an orifice. In both volumes, mass and energy balance equations are solvdiliagd/ a
emptying method is applied to evaluate the mass exchange between them, as a function of pressure

difference, overall crossectional area, and discharge coefficient of the orifice

Fuelpe

Fuely

dQwmc
dt

dv o)

Pa

Compression Phase Combustion in PC

de,PC
dt

de,MC
dt

av
L

o]

Combustion in MC Exhaust Phase

Figure3-4 0D schematizationf thepre-chamberspark plugengine model.

During the valve opening and the compression stroke, the two volumes are featured by a time
varying composition, depending on the mass exchange between theamvberk. Further, during
the compression, after the direct fuel injection into the PC, a righelimixture is established inside
it, then progressively leaned due to hlgimbda aifuel mixture coming from the MC. In this phase,
some aifuel stratifiation into the pre&ehamber is expected to occur in the real engine. A unique
feature of this model is the possibility to take into account the above mixture stratification. To better

explain this characteristic, ligure 3-5 the instantaneous predicted lambda levels in bothgme
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main chamber are depicted. It can be observed that at the end of the fuel injection inte the pre
chamber, a very richixture establishes fc© 0.2 + 0.3). Subsequently, all along the compression
stroke, learair / fuelmixture from the MC {mc® 1.8 + 2.0) is pushed inside the PC through its holes,
causing on average a rapid increaséref Further, since an incomplataxing occurs inside the PC,

as confirmed by 3D CFD analyses, a richer mixture close to theparkesults, while leaner level,

similar to one in the MC, occurs at the ho|68]. Hence, to reproduce thizhaviour a simple
correlation has been applied, modifying thealue at the flame borderlinér, used to calculate the
laminar flame speed inside the PThe resulting/r profile, reported incyan in Figure 3-5,
demonstrates a variation, from a value richer than the average to a value leaner than the average,

during the combustion evolution in the fgamber
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Figure3-51 mc (blue),l rc (pink), andl  (cyan) into the prechamber.

Once the combustion begins, the PC is treated by a®mne approachHgure 3-4 top-right).

When the PC combustion is ending, the combustion in the main chamber starts, and also in this case
a twozone approach is adoptéBigure 3-4 bottontleft). At the combustion end, a single zone
approach is restoreérigure 3-4 bottomright).

Following this approach, the mass evolution in both main andlmmberss computed in a
representative case and shown kigure 3-6(a) together with their unburned and burned
contributions. In the prehamber, the total mass increases during the compression stroke, whereas it
slightly decreases in the main chamber. The overaiyimder content is depicted solid black line,
to verify its conservation during the closed valve phase (no crevices andylitows).

Another model feature is the possibility to control the composition of the mass flow leaving the
pre-chamber as soon as the pressure increases due to the combustion. Initially, unburned gases are
assumed to be ejected from the PC (blue lir{blire line n Figure 3-6(b)) together with some limited
residual gase®fangdine). Subsequently, hot burned gases are assumed to be ejected during the pre

chambercombustion, once the flame approaches the orifices, simulating a scavenging process in
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between a perfect displacement and a perfect mixing. The description of both PC mixture
stratification and scavenging help to correctly reproduce the burn rate gossare evolution in
the prechamber, as shown by the results presented in the chapittand5.2.20f this thesis

1200 60 0.020
—— Unburned ---- PC | 3=1.99 @ — Total 2=1.99 (&)
— MC

1000 —| — Burned - 50 — Unburned
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Figure3-6 (a) Mass evolution of the unburned and burned gases in the PC and MGtgbjaneous mass flow rate through the
PC orifices.

The burning rate estimation in both pesxd main chambsiis a challenging task because of the
highly complex phenomena occurring in this novel architecture. Further, intense turbulence levels
and organized flow motions developed into the PC due to the incoming flux during the compression
stroke have to be comlgred. Observing experimental and 3D outcofb&$, [44], they exhibit a
flame propagation inside the pceamber, also occurring in the corrugated flame regime. Hence,
based on this hypothesis, the burn rate into the PC hasrimabgiledusing the fractal approach too
and considering a smooth spically shaped surfaceentredon the spark plug. Minor corrections
are required to properly deal with the turbulence production and evolution inside the PC. Similar
modifications are needed to describe the turbulence formation into the MC, generabtedhioy t
incoming jet gases from the PC.

In Figure 3-7 are reported 3D preliminary outcomes, given by IFPEN, showing different phases
of the typical combustion development in a PC engine. These images wllbevstandinghe
physical events of the combustion process in a main chamber. A further insighni®githee burn
rates in the MC and PC Figure 3-8(b), obtained through a tweone/ two-volume inverse analysis
of the experimental pressure cyclegure 3-8(a). The PCburn rate profile shows the typical bell
shaped featuring a conventional Sl engine, thus reinforcing the assumption of -apipeasial
propagation in a corrugated flame regime. Instead, the MC burn rate suffers a more complex
evolution. Indeed, its prdé shows an initial knee, due to the turbulence enhancement caused by the
jet released from the PC. During this phase, the jets directly entrain the fresh charge (air and fuel), so

that the entrained mass progressively burns releasing heat. Here, thatommibumainly controlled
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by jets velocity and mixture entrainment. Then, once the turbulent jets have almost dissipated their
initial kinetic energy, a quasipherical propagation begins from multiple ignition s{tégure 3-7).

In this phase, the occurring burn rate enhancement is mainly related to the increment of the overall
flame surface, however having a lower extent if compared to the first phasé@nce the flame
spheres, of different ignition sites, interact each other and with the cylinder walls, the flame
propagation direction modifies into a quasnical propagation. Finally, a sudden collapse of the

flame area occurs, and the combustiapidly ends.

Quasi-conical
propagation

Quasi spherical
flame propagation

Flame area
collapse

Turbulent
jets

Figure3-7 3D flame propagation within the MC fot 2000@13 bar IMEP.=1.8.

140 50
— MC ---- PC Experimental Inverse Analysis ‘ Flame balls collision and
1 quasi-conical propagation
120
o 40 —
« 100 4 3 Quasi-spherical
g ) 30 flame propagation
o 80— € ~a
= N Abrupt flame area
5 9 20 Burn rate enhancement collapse
&# 60 — & due to turbulent jets
2 c
o 40 - 5 10—
m
20 —
S e I R (b)
0 T T T T
-60 30 30 60 -60 -30 30 60

Crank Angle, deg

Crank Angle, deg

Figure3-8 (a) Experimental pressure in PC and MC ,lio)n rate in thd®CandMC, carried out through an inverse analysis

Then, based on the above qualitative considerations, the burn rate in the main chamber depends

on the superimposition of two phenomena: the flame propagation from multiple igiésmand the

initial flame enhancement exerted by the turbulent jets.

t he burn

overall

by

Hence,
characterized

following expression:
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a0 % oY (3.58
The first term on the right side can be applied to both PC and MC, defining the burning rate by the
fractal approach, depending on the laminar flame sp¥ednd on the turbulent surface of the unique
(PC) or multiple (MC) flame front8 . The secontkerm is considered only for the MC, representing
the burning rate contribution due to the turbulent jets. Hence, the jets entrain fresh charge (air and
fuel) and the entrained mass progressively burns and releases heat. This release rate is assumed to b
proportional to the difference between the current entrained rdass ( and its burned portion

(@ 5 ), anditis inversely proportional to a characteristic time stas expressed lgg.(3.59).

The ime scale is evaluated as the ratio between the Taylor length ¢aénd the laminar flame
speed,Y. Thecurrenttotal entrained mass, , is computed by integrating its time derivative, in
ed.(3.60), in turncalculated by the semiempirical correlation propos¢81ih The abovanentioned
term depends on the mass flow rate coming out of théPGC,on a tuning constanf) , and on the
density ratio between PC and MComparablythe burned entrained mass,; ,is computed by

the integration oéq.(3.59).

[0} Qap a a + Q 359
Qo6 Qo T d Y (359
Qa D 0 " 3.60
’Q(‘) (L) a ” (' )

The combustion stagin the PC is defined by the spark timing, given as a simulation input. Instead,
the combustion onset in the MC is predicted according to the current flame radius in the PC. Once it
overcomes a critical value, nameg, the MC combustion iactivated. This parameter, normalized
by the PC height, is an additional tuning constant, adjusting the combustion begin in the MC. In the
model is not included a direct estimation of the flame quenching through the PC holes. Hence, this
phenomenology wilbe roughly considered through a proper selection of the tuning constants.

The laminar flame areA. in eq. (3.11) is calculated at each simulation sigpending on the
burned gas volume and, in the MC case, also of the piston position. For-ttteapreer, as already
said, a smooth spherically shaped propagation is considered haeemgiramoving at a speed
proportional to the jet velocity. For the mathamber, it is assumed that the flame mainly develops
when the turbulent jets have almost dissipated their initial kinetic eftEkfjyPresumed ignition sites
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are located along each turbulent jet, from which the flame propagates spherically. Theepinese
position, unlike the PC, is imposed as fixed during the combudgeelopment and provided as an
additional input parameter. Testing a movaemntrein the MC, it turns out that using this approach
does not significantly improve the simulation accuracy, but considerably increases the computational
time. Figure 3-9. representative flame fronts are depicted to clarify the hypothesis about the flame

front description above illustrated.

Figure3-9 Flame front schematizatiopse-chamber and main chamber (a) front view,t@mview.
3.5.1.Turbulence modelextension

The turbulence model, as already said, is needed for the combustion model closure.tRarthe
combustion modepresented in the above section, has been indeed extended including the turbulence
production generated by the incomihgutcoming flow through the orifice$n Figure 3-10, 3D
reference profiles are depicted for both MC (solid line) and PC (dashed one), reporting turbulent
intensity, integral length scale, tumble velocity, and swirl velocity during the engine cycle.

As can be seen, if compared to a conventional engine prafiiéjanal turbulence peaks occur.
Concerning the prehamber, during the first stagetbtintake phase, a first peak is visible because
of the injection inside it. Subsequently, the turbulence attains a minimum level, and, during the
compression, progrewely rises due to the flux from the MC. Once the combustion begins in the PC,
u Suddenly decreaséBigure 3-10(a)) and a slight increment in the mashamber profile is evident
depending on the hot jets ejected frdm PC. Then, at the end of the compression, the turbulent
intensity in the PC presents a peak, because of the incoming flux from the MC through the orifices.
This is related to the pressure increase in the MC, due to the progressing combustion.

Further,into the PC, tumble and swirl motions are considered. Concerning the first one, although

tumble vortices arise during the compression, they rapidly collapse during the combustion as shown
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in Figure 3-10(c). With a similarbehaviouy the swirl motion initially increases, but, during the
combustion and expansion, progressively decay. The decay process is less intense than the one
occurring for tumble, thanks to the PC cylindrical sh@pgure 3-10(d)).
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Figure3-10 3D resultsof turbulence intensity(a) and integral length scale (b) in PC and MC under fired candition

The abovedescribed phenomena can im@delledby the following equations, which are an

extension of equations presented in secdn3 for a conventional SI enggn
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Note thatthe swirl equation is considered for the PC volume, where the swirl represents the most
relevant ordered motion. In the Mtbeswirl equation is not solved, being all the considered engines
designed to promote tumble. Compared to €)47), the extended model presents some additional
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terms. TheK production due to the fuel injection (hence available only for an activehamber) is

introduced with the term  , included in the) equation

0 -4 w0 (3.62

TheK production due to mass exchange between main archareberp) (only considered in

the masseceiving volume, either MC or PC) is estimated as:

0 —da GV (3.63)

where0 is an equivalent velocityp is a tuning constant, aréd is the mass flow rate passing

through the PC holes.

U is estimated by the following equation

0 (3.64)

whereA, is the overall geometrical flow area of theqsteamber holesi( € “O0 Tr)
and” is the density related to the volume from which the flow comes out (either MC or PC). The
flow through the valves, represented by the incoming,termullified in each equation of the system
(3.61) if considering the prehamber

The T andSproductions due to the fuel injection are respectively introduced with the t¥rms
andY included in the'Yand"Yequations, following the e3.65) and(3.66).
Y &4 10 (3.65)
Y o a 10 (3.66)
TheT andS productiors due tothe mass exchange between main anecheanber;Y and™Y are

estimated as:

Yo& i (367)
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Yo 10 (3.69)

The PC swirl radius is assumed equal to the geometrical radius of tblegonder. The PC tumble
radius is assumed constant and derived from 3D outcomes. Tumble radius in MC is computed in a
manner similar to the one already introduced for a conventiogaie.

As already said, the integral length scale,is defined on the basis of 3D calculatigtigure
3-10). Concerning the MQ) , is specified by a sequence etBaped curves, while, for the PC, it is

reasonably assumed as a constant.

3.6.Knock and Heat Transfer modelling

Another main aspect to consider during the engine calibration at the test bench is the identification
of the knok& limited spark advance (KLSA), with the aim to avoid the occurrence of abnormal
combustions. Hence, in the same way, to perform a numerical calibration, a knock model has to be
coupled to the combustion one.

In OD framework, the knock phenomenon is comipanodelled by the evaluation of the auto
ignition (Al) process within the unburned gas. A suitable description of the complex Al processes
needs to manage the solution of detailed chemical kinetic schemes, involving hundreds of species and
thousands ofeactions[62]. The main drawback is related to the excessive CPU tieace, a
simpler model, according to empirical formulations of aigtution delay[63], can be applied. The
major weakness of this approach ariéémundary conditions (initial pressure and temperature) and
mixture compositions (airinert/ fuel proportions) the proportions are outside the ranges considered
for the correlation development. Another drawback is related to the limited abilitydictong the
chemical effects generated by advanced knock suppression strategies, such as EGR or water injection.
A tabulated approad64] to evaluag the Al, based othe off-line solution of chemical reactions in
a ConstanPressure (CP) or Constant Volume (CV) reactor, proved to be a gooebtfdmbtween
accuracy and complexity. This approach has been chosen and applied to perform the simulation
shown in the present thesis. Particularly, the Al tirhe, is collected in the table depending on
discrete values of pressure, temperature, equivalence ratio, and residual content. Then, in the engine
model, the knock event occurs when the Al integrgbressed by e@3.69) overcomeghe unit.

Eb (3.69)
n

Indeed, aiming at introducing a slight safety margin, a tuneable threshold level, less than unit, is

introduced. As abovenentioned, the Al table can be achieved throughindf solutions of a kinetic
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scheme performed by changing pressure, temperatwrajrdrfuelratio of the unburned reactants in

a constant pressure rector. During this work, two different kinetic schemes have been applied since,
depending on the engine, different fuels have been considered. Concerning the conventional gasoline
Sl enghes, the kinetic scheme utilized is the one developed by Aretirag30] including 5
elements,138 specieand 633 reactions. Whereas the Al table for thechember engine was
provided by the IFPEN Partner of the EAGLE project. This table derives from Al cadoslaty the

scheme irf65], including 5 elements, 201 spegiaad 1548 reactions.

A Woschnilike correlation is here employed for the heat trangféhe pre and mairchambes
[66]. According to the standard formulation, the wall heat losses are assumed to be controlled by the
pressure and temperature withine volume. An additional dependence on the mean flow velocity,
derived by the above turbulence model, is introduced, which replaces the traditional dependence on
the mean piston spe@db]. This allows to properly handle the heat transfer estimation within the PC,
where the traditionaWoschni correlation cannot be straightforwardly applied. the case of
conventional engines, the standard Wosatamrelation is employed.

3.7.Combustion model tuning

The fractaimodel presenteinh this thesisdescribingthe combustion i conventiona8l engine,
as stated above showseetuning constarst(Crans, Cwrk, andXwc) required tomatch the experimental
datawith the modelled one®ownstream of a sensitivity analysésproper strategfor model tuning
can be drawn. The proce@aimsto minimize the global speeal/eraged error between the computed
and experimental characteristics combustion angles. They apply when full load experimental data are
available at various speeds, that is the more common case in practical experiencaesg Retbe

fractal model, the method is composed of three steps, listed below:

1. MFBigsoerror is minimized througbw« adjustments
2. MFBo.i0error is controlled byirans tuning

3. MFBsogoerror is minimized by a propewc selection.

Steps 2 and 3 do naquire any iteration, sin@aans andxwc constants selectively control a unique

combustion phase.
After the model extension to simulate {mlegambeenginesit is worthunderliningthat the tuning

constants are 8 in number: inded¢lde combustion model includes 3 tuning constants for each

chamberAs said, hey respectivelyact on the flame wrinklinggwrk, on the transition between an
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initially -laminar and a fullsturbulent combusbn, cirans as well as on the combustion taile. These
constants hav® beindependently séor both PC and MC volumekaving two additional constants,
namelyi anda to controlthe combustion transition between the two chambersfif@ter i,
triggers the MC combustion start, while gecondciet, acts on the burn rate enhancement due to the

penetration of the jets into the M&.sequential methodology is followed for their identification:

1. The 3 tuning parameters adentified for the PC, following the proceduabovedescribed
for aconventionalSl engine l.e. a sequential identification @frans, Cwrk, andxwe, looking for
the better agreement between numerical and experimental combustion durations of early,
mainand completion phases, respectively.

2. cransfor the MC is imposed equal to 0, under the hypothesis that the combustion begins in a
fully turbulent stageConcerninglte values of ¢t andciet, theyare selectediming to
reprodue the combustion onset dburning speed in the mathamber at the beginning of
the process.

3. cwrk andxwc for the MC are selected to adjust the core of the combustion process and its
completion according to the procedaaopted for a conventional Sl engine

Relying ona triatanderror procedure, a single set of tuning constarftaally found determining
the lowest average experimehtsimulation error for all the investigated operating conditions,

especially regarding the pressure cycles in both PC and MC.

3.8.Emission modelling

As a matter of fact, the increasing stringency of pollutant emission regulédioesgines is
pushing the research and development process toward advanced and complex solutions, once
unpractical or too expensive. Nowadays there is still place for efficiency enhancement and emissions
abatement. Facing this challenge of improvedeagthe only option to ensure the future survival of
the ICED the development process of modern internal combustion engines must be as effective as
possible. With the aim to achieve these improvements several technical solutions can be tested and
then embeddedConsidering all the available methods described in the above section, this clearly
reveals that the ICE of the future is becoming very complex and itfatiiismore and more stringent
emission regulations.

Hence, also concerning the reduction of palttemissions, the availabéemulation tools can
offer reliable results to guide the improvement of this aspect. Indeed, once again, their application
allows a coskffective development process and a considerable reduction of the time duration of the
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whole procedure, to test new technology or engine modification aimed at decreasing the emissions
values.

As said,the most critical pollutants for Sl engine applications are carbon monoxide, nitrogen
oxides, and unburnt hydrocarbons. If the first two are mainly assoeidiedhe thermochemical
states of unburnt and burnt mixtures, HG $sveral origins, some of thempading on geometrical
features, whose contributions change substantially depending on the engine design. The model
presented in the following allowsstimatingthe abovementioned three regulated emissions. The
estimated instantaneous concentrations e aylinder of the pollutant emissions are imposed as
boundary conditions at the exhaust pipe inlet. In this way, the species are transported along the
exhaust line, and pollutants are detected at the same location where the probes for pollutant
measuremestare placed. Further, the pollutant emissions are provided as output under the form of

both concentrations and Indicated Specific (IS) or Brake Specific (BS) indices.

3.8.1.Carbon Monoxide and Nitrogen Oxides model

For the evaluation of CO and NO, a nmudtine approach is applied to mimic the burned gas
temperature stratification. In this framework, each burned parcel is compréssqohnded
adiabatically according to the-gylinder pressure. The local zone temperatures are used in the well
known e x tdewvchkl medhardsm ffobthe evaluation of the NO kingiidg, whereas the CO
is computed with a twstep reaction schenj@8]. The experimental findings show that in wiean
engines, the nitric emissions are mainly composed of R@r this reason, in the adopted approach,
the NO producti on dneadhanigneisassumed tolcanpletatyloxdddzeintg NOh
when the burned gases evolve along the exhaust pipes.

Concerning the NOx emissions, as said, they are mostly represented by NO.ap@ €S, result
from outof-equilibrium chemical processes controlleyl the kinetics of relevant reactions. For a
conventional stoichiometric SI engine, N@mission is usually smaller than NO one (this last,
average, estimated as 98% of the total). Hence, for these ICEs, the only NO formation will be detailed
since itsconcentration is enough to obtain reliable estimations of global NOx emissions. It is well
known that four paths leading to NO formation are commonly considered, namely thermal NO,
prompt NO, nitrous NO, and fuel NO paths. As known, the thermal NO p#ib i®ost important
source for ICE, depending dhe high temperature oxidation of atmosphéte This process is
described by the ext ende d67]ZdedcribidgoNOiforntatio draumdi ¢ a |

stoichiometry. This mechanism is based on a set of three reversible equations:
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This system is solved using the kinetic constants the different equations i, with indexes + for
the forward direction ant for the backward one.

The overall evolution of NO concentration is then estimated as

Qoo

= Q0 0 QU 0 QU 06O
Qo

(3.71)
QOOLL QOO QOO
where [ ] denotes species concentrations in moles per cehitnetre andk; valuesare reported
in Table3.7. The forward rate constant for reaction () in €371) and the reverse rate constants for

reactions (Il) and (lll) have large activation energies, which result in a strong temperature dependence

of NO formation rates.
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The experimental findings showed that in ulgan engines, the nitric emissions are mainly
composed of N@ For this reason, in the adopted approach, the NO production derived by the
Zel c h a s s amman dhe bumed gases evolkee e |

along the exhaust pipes. Hence, emission indices (}Si@Q BSNQ) in the case of ultrdean

0dovi mechani sm i s

operations are computed based on the above assumption.
Concerning the carbon monoxide emission modeling, the process is kinetically controlled, as well as
NO formation. In a premixed hydrocarbair flame, the CO concentration in the flame zoapgdly

rises to a maximum value, larger than the equilibrium value for adiabatic combustion of thie fuel

mixture. The principal CO oxidation reactions in hydrocarbaworilames are
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As said, CO concentration increases rapidly in the flame front zone, mainly produced by thermal
decomposition of partially oxidized HC compounds. The partial CO isdkieized to CQ through

a kinetic controlled mechanism. The rate of CO formation is then given by:

Q60 . .. . w e e w w me w e
95 QOO0 0 QOOLO Qo 6 QOO0 (3.73

Once again, [ &re the species concentration in moles per audntimetrek rate constants, and + is

forward,- is backward. Parameters in brackets refer to combustion products concentrationg, If O, O
OH, H and CQare in equilibrium state, the CO formation rate barexpressed as:

Q60 Y Y 0 Y 3.74
0o P BT (379
[ Jeqrepresents equilibrium concentration, and the variablem& R are defined as:
Y Q60 00 Mov O
(3.75

Y Qo606 0 Qo0 U
Only two values of kare needed among the four constants if{®¢5) for Ry and R determination,
and here are taken from a detailed chemical kinetic mechanism developed by Lawrence Livermore

National Laboratory69] The constants here selected®randQ whose values are showiable3.8.

Table3.8 Rate constants for the CO formation mechanism.

Coefficients Value [cni/mol/s]
0 & dp TYQhQ Y& cIY
Q PETUD M QORGP T FY

Summarizing, this CO model here adopted is a simple empirical model based on equilibrium
concentrations. The equilibrium concentration is good enough to define the value of species only
whenthe temperature is high (during the combustion process). Howavarlower temperature,
during the late expansion stroke, the equilibrium is not an accurate solution anymore, and the full

kinetic model is needed for a better model accuracy.
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As introduced at the beginning of this sectiomualti-zone approach is empled for both NQ
and CO emissions estimation. The matine approach is below briefly summarized. At each crank
angle, the combustion chamber volume is subdividddnimber of zoned, "= 1, nzones. The
zones progressively form during the combustion evolution. At an intermediate time during the
combustion development, assume theoneas the zone just formed in the last time step. At this
stage, the enthalpy is imposed equal to theutmdal gas (before the combustion). This assumption
allows to estimate the-zonetemperature, namedyln, at the equilibrium imposing a pressure equal
to the cylinder one,gq. The numerical algorithm, at each crank angle, saves as initialization values,
Two,n @and p,nfor then-zone The same occurred for the other zor@sY, (nzones)l) in the previous
time steps. The temperature of all the other zones is updated on the hypothesis of the adiabatic and

isentropictransformation.

Ve Y i (3.76)
Nk
These updated temperatures are passed to NOx and CO models to evaluate the pollutant

concentration variations in each zone This is repeated until the exhaust valve opens.

3.8.2.Unburned Hydrocarbon model

As know, the mechanisno$ uHC production in Sl, dual fugbr prechamber engines are similar,
being the result of the partial escape of some fuel from the regular flame propagation. Among those
mechanisms, the most relevant srare the filling/ emptying of the crevice volumes, the flame
guenching and the wall quenching, the adsorptiesorption from oil layer and from deposasd
the exhaust valve leakage.

Regardless of the source, the uHC released behind the flamerfadrthe end of the combustion
process, are subjected to postdation. This drastically decreases the uHC concentration at the
exhaust phase, impacting to an additional production of heat. Thexpdation may continue along
the exhaust valves and afpthe exhaust ducts, but usually those effects are less intense. Further, this
phenomenon highly depends on the available residual oxygen and on the temperature level and
typically allowsto abate the uHC concentration from 40% up to 70%.

In the current literature several works describe the uHC mechanisms formation from both
experimental and numerical perspectives. Concerning piston top land crevif&3), anphysical
model to describe the mass fluxes between the ring pack and the cylinder is presented.[While in
[72], [73], [75] the influence of the ring pack geometry on the uHC production is experimentally
examined. The flame wall quenching phenomenon has been deepened in specific[&Blidies
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proposing empirical or theoretical correlations to estimate the quenching distance. Hence, simplified
approaches illustrating the fuel adsorpti@esorption from the oil layer were proposed77], [78].
Further,arecent studwynalyseshe uHC formation using 3D simulations, as for instgdiog

The superimposition of the several mechanisms contributing to the uHC emission makes a very
challenging task the development of a phenomenological 0D model to predict-engamaissions.

Some phenomenological models were proposed in literaactusively describing one or two of the
mechanisms above listed. As an examplg86], the crevices and oil adsorptidmesorption are
studied A more extensive approach was proposdg@1lj, adding to the above mechanisms the flame
guenching. However, since only stoichiometric operations were testerhribistency of the flame
guenching model was not directly investigated, indeed none of the available phenomenological
models have been validated and tested under lean citadtracombustion, being conditions where
both uHC from crevices and from flameeaqeching have a comparable weight.

As said, the uHC formation depends on various sources, but in the proposed model, the ones
explicitly considered are pistenng pack crevices, wall quenching, and oil absorptidesorption
from oil film layers. It is waoth underliningthat this last contribution, considering engirfieslied
with natural gas, provides a negligible contribution due to its solubility.

The entire uHC formation process can be schematized in some main steps: firstly, the creation of
unburned kidrocarbon from the above sources; then, the oxidation, inside the cylinder, of a fraction
of uUHC, after their mixing with the hot bulk gases; finally, the flowing out, from the cylinder to the
exhaust, of the residual uHC and the mixing of contributioas fthe different cylinders. In the
following, the three different formation model will be described together with simulation of the post
oxidation and ofransport along exhaust pipes ones.

Crevices

It is well known thathe largest source of uUHC emissias the crevices volume located between
liner, piston, and top piston ring. Further, some gas flows out of these regions, through the ring gaps
and into the crankcase (blowby).

During the compression stroke;aglinder pressure increases, cylinder voluteereases, while
the unburned mixture is forced into each crevice region. These volumes, because of their thinness,
present a large surfadevolume ratio. The fuehir mixture flowing into the crevices reduces its
temperature due to the wall heat losgaging combustion, while the pressure continues to tiee,
unburned mixture still flows into the crevice volume. Once the cylinder pressure starts to fall down,
gas flows back from each crevice into the cylinder. This qualitative description appli@s for
conventional homogeneous charge engine, ignited by a conventional spark plug, but is also suitable
for a dual fuel engine for which pure unburned gas is assumed to fill the crevices during the
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compression phase. While considering a-gramber engine, different behaviour might be
expected, namely that the turbulent hot jets ejected from thehpraber push burned gas into the
crevice volumes, instead of pure unburned gas. This is simulated imposing that a mixture of unburned
/ burned mixture enters ¢hring pack volume, whose composition follows the instantaneaus in
cylinder fuel burned fraction. Further, two of the lalge engine subjects of slijuin the following,
are characterized by the presence of themoiishing ring (APR) $eeFigure 3-11) that subtracts
volume around the TDC to the top land crevice, affecting its filli@aptying process.

In the developed model, the storazjegas mixture and the corresponding mass flow into and out

of the piston top land crevice is evaluated applying the equation of state for ideal gases as:

R O & OYJY (3.77)

where py is imposed equal to the cylinder pressure, R is the specific gas coffstastihe
temperature in top land crevices, assumed equal to the piston oné, ignithe top land crevices
volume. One of the main features of the here proposed model is relateifispieeification. Indeed,
differently from other simplified modelspp land crevices volume is not constant during the engine
cycle, but computed in reéime, according to the dynamics of the ring pack and to the volume
eventually subtracted by the APR. Likewise, the instantaneous volumes of second and third lands are
esimated, depending on the positions of first, se¢c@md oil rings. For this purpose, a detailed
schematization of the ring pack geometry is needed together with the estimation of the pressures in
all lands and grooves of the ring pack, and with the coatiout of ring dynamics. It is worth to
underline that, if the detailed ring pack geometry is not available, the crevices volume can be imposed
in the developed model as a percentage of the total combustion chamber volume, using values from
literature[68] of around 13%.

Starting the description from the geometrical model, all the details depidtéglire 3-11(a) are
considered. More precisely, axial and radial dimemsif all the lands and grooves are needed as an
input in the geometrical schematization. Further, the flow model discussed below is Isplved
subdividing the ring pack volumes according to the representati€igure 3-11(a), where the lands
are identified by gurplefilling (top land, second lan@nd third land), while the grooves (top, second
and third lands) irpink. Further,the model considers the ring main characteristics, namely width,
radial wall thicknessand gap Figure 3-12). The piston geometrical schematization also includes the
inclined face at its top and, as abewentioned, the volume subtraction to the top land because of

the APR presence.
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Figure3-11 (a) Schematic of piston, cylinder liner, ring paekd antipolishing ring (b) ring pack flow model schematic.

Radial Wall Thickness

Figure3-12 Ring dimensions.

As alreadymentioned, the pressure in the top land is assumed equal to the one in the cylinder,
while the ones in the second and third land, and in the grooves, are evaluated through dedicated mass
balances, coupled to the assumption of gas temperature equal tstdineope. The flow model is
shown inFigure 3-11(b), where the boxes represent the lands and grooves of the ring pack. Note that
the same convention of the fillingplourasFigure 3-12 is borrowed inFigure 3-11(b). Thearrows
in Figure 3-11(b) represent a mass flux exchanged between two volumes. The vertical arrows are
fluxes passing through the ring gap, while the diagonal areeftuxes through the clearances besides
the rings. The first vertical arrow on the top of the scheme is the connection between the combustion
chamber and the top land, while the links on the bottom, connect the third land and groove to the
crank case. fie pressure in the crank case is assumed constant and equal to the ambient one.

It is worth noting that, although the ring gap is functional to the mounting operation and to ensure
a radial force toward the cylinder liner, it becomes the main escapefooute gas. Further, to
account for thermal expansion and groove distortion, the ring axial width is smaller than the
respective groove height. This leads to the presence of a clearance responsible for an additional escape

route for the gas when the ringse in motion. As already mentioned, both are considered in this
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model, estimating the flow through the ring gap and through the clearance through the nozzle flow
equation, based on the compressible flow hypothesis. The discharge coefficient is calculated
according to the correlation [B2]:

O U TR u;‘]— (3.79)

wherepq is the pressure downstream the gelearance, whil@y is the one upstream. The passage
areas, as well as the related clearances volumes, are estimatedimeeahcetheir values depend
on the current ring position.

As already said, the geometric@hematization above described is coupled with a simplified ring
dynamics model. Even if into the groove each ring has three degrees of freedom, axiagnddial
toroidal (torsion around its central axis) motions, the here proposed simplified model assumes the
ring as a rigid body (no component deformation) and considers only the ring dynamics along the
cylinder axial direction. This is described by the eguilim force equation (Newton second law)

[83]:

G 05 O 0 O (3.79

whereming is the ring massx is the ring position (relative to the pistoir), is the gas pressure
force in axial directionF; is the inertia force anB is the oil friction force. The force equilibrium is
expressed in a nenertial reference frame, jointdd the pistonFp is computed according to the
pressure difference between top and bottom faces of the ring.

Flame wall quenching

Concerning the whbfuenching, this mechanism is responsible for uHC formation due to the flame
extinction occurring at thealls of the combustion chamber. Due to the lower wall temperature, once
the flame reaches the farthest regions from the combustion chamber core, it extinguishes. When the
flame quenches, it leaves a thin layer or volume of unburned mixture ahead ofike Iflathe
following, a simplified model is presented to physically describe the atmevgioned phenomena.
Firstly, the combustion chamber is geometrically schematized as a cylinderogiitredspark plug
to estimate the quenched volume. Then, the emtidin chamber walls are subdividedoirthree
zones(Figure 3-13): cylinder head, cylinder lineand piston crown. Each zone is characterized by
its own temperature. The wall areas entering in contact with the flame front are evaluated in real
time, starting from the burned gas volume and assuming a spherical flame propagation and a

cylindrical combgtion chambef84].
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Figure3-13 Combustion chamber areas schematization.

Considering three different instants during the flame propagation, representative flame
configurations are depictedkiigure 3-13. In the first stagehte flame has no contact with the cylinder
walls (1); then, expanding, part of the front licks the cylinder head extinguishing near the wall (2).
Thereatfter, it grows getting in contact with the piston crown (3) and the cylinder liner (4). The
combustion camber wall areas namely head, lineand piston ones, licked by the flame front in a

time step, multiplied by quenching distancedg, returnthe quenched volume variation.

QU QO0rI | (3.80)

The estimation of the quenching distance arises from the Peclet nutepatdfinition:

vLae — (3.81)

where it is related to the diffusive flame thicknefs

T

where} y is the unburned gas densify, is the laminar flame speed. This last is computed by the

1 (3.82)

empirical correlation described in sectiBm.1 The thermal conductivity-and the specific heat

capacityc, are estimated at a representative temperature between the adiabatic flame temperature and

the wall temperature

vy
C
The wall temperatur@&,, is adjusted according to the region touched by the flame front, among

2% (3.83)

head, liner, or piston. To quantify aadsesshe flamé wall interactions, the wall heat flux in the
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moment of quenchiny  can be normalized by the heat release rate of an uriolst flameQg, to

achieve the normalized wall heat fllx

Al N f (3.84)
N oYY Y '

The Peclet numbd?ey and the normalized wall heat fliig are inversely related. Boust et[&6],

[85], [86] proposed the followingxpression

io —v 02 (385)
Y Y .

In this model, the normalized wall heat fldyx is assumed is assumed equal to 0.3, which was
advised for a laminar heawh quenching at ambient conditiof&]. The tuning constanty, is
introduced in the original formulation, allowing to correct the inaccuracies of the correlation.
Quenching distanced,;, and wetted arealAq,;, are commmed with the gas density to derive the

infinitesimal quenched mass in a time step:

Q& Qo J i (3.86)

where, once again, the density is calculated at the cylinder pressure and at a representative
temperature expressed by €8.76). Thus, the quenched masbyy, is detemined and integrated
during the engine cycle to derive the contribution from quenching to uHC production.

Oil layer

The modelling of uHCs formation mechanism from oil layer assumes the equilibrium absorption
/ desorption of the vaporized fuel into this layer, considering mass diffusion resistance in the liquid
(oil film) and in the gas phases. The concentration variation of dissolved fuel in the oil film can be
eval uated by H6B]clk thes absorptiorbdesbrptibnapwocess the mass transfer is

determined by Henrybés | aw, describing the int

NoJe AT nNanv j (3.87)
where Xis the fuel concentrations amds the ircylinder pressure.
In the model, the concentration of fuel varies in the different phases, passing from the bulk gas
state (G) to the oil film (F). The mass florel oil at the interface between the above phases can be

computed as:
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whereNy is the Henry numbeg' gasis the gas phase mass transfer conductance, gvhiigis the
liquid phase onenc is mass concentrations of vapor fuel diluted in the bulk gas state (@&)raisd
mass concentrations of dissolved fuel in the bulk of the oil film (F). This equation is positive during
the absorption of fuel vapor into the oil film, changing its signmdhesorption starts. The fuel mass
flow rate is obtaineddy multiplying & Orel,oil by thevalue of the surface area of the oil layer in contact
with the gas mixture. This area is estimated in-tiea¢ considering the piston movement.

Boundary layer model

The introduction of the boundary layer arises from the meeslitable representative conditions
of temperature and concentrations for the joa&tiation rate estimation. The presented approach
should impose more consistent conditions at which the tiaidprocess occurs if compared to the
conventional method87],[88],[89], where an average between wall and cylinder gas temperature is

fixed, and the cacentrations of the species are referred to the entire cylinder volume

N\ /f/h

Tbl

Figure3-14 Boundary layer areas schematization.

The boundary layer (BL) states are determined separately fgrotexidation of uHC from
crevices, from wall quenching, and from oil layer, but adopting the same mathematical approach.
Concerning the uHC source from crevices, the boundary layer can be identified as a volume close to
the cylinder wall storing the massriving from crevices during the expansion phase, where the
released mass combines with a portion of burned hot gas, from the bulk region of the cylinder. A
scavenged mass is also considered during the exhaust phase. The schematization of the boundary
layer contributions is reportad Figure 3-14.

The temperature and volume of the boundary layer are computed, crack angle based, solving

dedicated mass drenergy balances. The mass balance is expressed as:
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- 3.89
Q0 % (3.89)

a T X (3.90
wheremy is the boundary layer massy the mass flow arising from the top land crevitgis the
burned gas mas&.xthe one that flows through the exhaust valve, mggthe total mass inside the
cylinder. The second term in e(.89), expressed in ed3.90), describes the flow of burned gas
coming from the bulk region of the cylinder, weighted by the tuning conk$antind assumed

proportional to the mass flow coming from crevices. The gnieatpnce is written as:

f o0
Q0

Qa N
Qo

a
6 J0 & O & O—00 (3.91)

whereey is the boundary layer internal enerd, is its volume p the pressure in the cylinder,
andhy, hy, and hy are the enthalpies of top land crevices, burnegegasboundary layer, respectively.

As said, the boundary layer state computation for thesupif@duced by flame quenching and
absorption/ desorption from oil are realized in a manner similar to the ones from crevices.
Considering the flame quenching, the only difference consists of the production terms in equations
(3.89) and(3.91) dueto the top land flow, which is substituted by the mass variation exprégsed
eq. (3.86). The choice to differentiate the boundary layer computation between the above
contributions arises from the will to distinguish the caods at which the posixidations occurs,
since uHC from quenching are expected to be released in an early stage, wheglthéenpressure
and temperature are increasing, while the uHC contribution from crevices mainly arises in a
subsequent stage, et the piston movedown, and incylinder pressure and temperatures are
decreasing. Instead, the oxidation of uHC released from oil layer can be assumed negligible, since
the release occurs usually during the second half of the exhaust stroke, whentteagara very
reduced for oxidation progression

PostOxidation modeling

During andafter the end of the combustion, the uHCs contributions are subjected to an oxidation
process with residual oxygen. As known, in addition to the oxygen and fuel amounts, the temperature
has a relevant impact on the oxidation rate. This process is desttiibadh a detailed reaction
kinetics only in few work$90],[91]. For sake of simplicity and to limit the computational burden, a
simplified method is here employed. It deals with a-ste@ kinetics approach, adapting an

Arrheniuslike equation92]:
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Q00
Qo
where R is the gas constant, is the posbxidation temperature, and [HC] andj]Gare the

d8IY N — 06 U (3.92)

concentrations of fuel and residual oxygénis a preexponential factor anéa, is the activation
energy of the reaction. In particular, the paramefeEs, a, andb andb are fitted dependmon the
fuel. Depending on the fuel, the valuesfoE,, a, andb andb are selected: ithe case of gasoline,
the values of the constants are derived ff68), which refer to the isoctane, while irthe case of

natural gas the values proposea4] are adofed, which refers to pure methafseeTable3.9).

Table3.9 Reaction rate parameters feo-octane air and methankair mixtures
A (cm¥mol) Ea (kcal/mol) a(-) b(-) b()
4.6-102 ‘ 63.8 ‘ 0.02 | 1.2 ‘ 0.3

Isoctane

Methane 1.3-16° 48.4 0.7 0.8 0

Transport of pollutant along exhaust line

Once assessed the formation of pollutant emission, both NOx, CO and uHC, within the cylinder,
the model further allows to transport those species along the exhaust pipes. The pollutant
concentrations in the cylinder are imposedadsundary condition of the 1D flow model of the
exhaust pipes. Thus, the effects of flow interactions and concentration inhomogeneity among the
cylinders are considered, especially once they are not perfectly in balance each other. Moreover, the
possibility of fuel shortcircuiting is also considered the case of exhaudtintake valve overlap,
which contributes to incressy UHC engineout emission
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Simulation of Vehicle

4. Simulation of Vehicle

In recent years, numerical analysis has become essential also concerning the description of vehicle
behaviourand powertrain management and control. Indeed, thegeewration vehicles have been
equippedwvith additional components, such as the electric units, arising the need to properly combine
them through an Energy Management Strategy, exponentiaigasing the complexity of the
development process. Hendee development athybrid powertrain, including a thermal engine and
one or more electric motors, can be effectively supported by numerical analyses. These last can be
used to determine the optimal sizing and management of such power units. This represents a
challenging tasksince more degrees of freedom are available compared to a conventional pure
thermal engine powertrairthen, once developed, the EMS can be eventually embedded in the
control unit of the vehicle if the computational time is reasonably low, otherihis® EMSs are
generally used to define the benchmark.

Instead, during this PB. work, vehicle simulations have been performed with the aim to assess
the CQ and pollutant emission along several standardized cycles, such as the WLTC or the Artemis
ones, andlang Real Driving Emission cycles for one of the examined engines, namely the gasoline
multi-cylinder ultralean engine.

To this aim, three different powertrain architectures have been analysed: a conventional vehicle, a
HEV, and a PHEV. The vehicle powrains were modelled according to the state of§{2][3],
while three EMSs for hybrid architectures have been considered. The first is based on-the well
assessed theoretical met hod k n[d]wwhile ahe se€bodnid r vy a
relatedto the actual implementation of the previous one in a real vehicle, knovaysalent
Consumption Minimization Strated§]. The lasis a novel approach developed in the framework of
this research activity, labelled as Efficient Thermal Electric Skipping Strategy.

In this chapter, vehicle architectures will be examined. Then, the methodology used to model the

vehicle components wibbe briefly described. Finally, the three EMSs will be explained in detail.

4.1.Powertrain classification

The modern vehickecan betypicaly classifed asreported inFigure 4-1, based on the sizes of
thethermal engine and electric machine, resulting in six different architectures:
1. Conventional ICE vehicleShe only power source is the ICE; hence, all the torquestiing
the vehiclesareproduced by the thermal engine.
2. Micro hybrids (start/ stop): The system equipping these vehicles allows the shut down and

restart of the ICE to reduce the fuel consumption at idle conditions. This solution is very
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helpful for urba vehicles, due to a large amount of time usually spent being stuck in traffic
or waiting at traffic light. This application can be optionally available in a conventional
vehicle (micrehybrid), while it is always present in a hybrid vehicle.

3. Mild hybrids (start / stop + kinetic energy recovery + engine assi$his configuration is
characterized by a thermal engine coupled to an electric machine. The thermal unit can be
turned off once the car is coasting, braking or stopping. These vehicles can bedféstur
regenerative braking and some level of power assist, but the electric unit is not able to move
alone the vehicle.

4. Full hybrids (mild hybrid capabilities + electric launch)fhe vehicles can be moved
alternatively by thermal engine, electric machioe by combining them. Hence, a high
capacity battery pack is needed to ensure the electric drive. Differently from the mild hybrid,
here a vehicle energy management strategy is mandatory to fully exploit the benefit of the
hybridization.

5. Plug-in hybrids {ull hybrid capabilities + electric rangejThese vehicles are equippedh
batteries rechargeable through the connection to an external electric power source, such as the
grid. The electric autonomy is higher than a full hybrid vehicle.

6. Electric Vehiclegbattery or fuel cell):In this configuration, the vehicle propulsion is only

realized by the electric units, powered by a battery or by a hydrogen fuel cell.

1. Conventional Vehicle
(ICE only)

2. Micro Hybrids
(start/stop)
o 3. Mild Hybrids
E E.c'o . (start/stop + Kinelic energy recovery)
o i
g5 4. Full Hybrids
b (mild hybrid + electric launch + engine assist)
R
& 5 5. Plug-in Hybrids
o (full hybrid + clectric range)
6. Electric vehicles
(battery or | fuel cell)

Size of Electric Motor
and Battery

Figure4-1 Vehicle classification as a functiof the ICE and electric motdbattery siz46].

Concerning the HEV architecture, a further classification applies, depending on thermal and electric

units layout, as shown fRigure4-2:
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Series:The dectric unit drives alone the vehicle. The electricity required by the electric motor
can be supplied by both a battery and an erdrien generator.

Parallel: The power required to drive the vehiclethe sum of two sources: the engine and

the electricmachines. The torque produced by driving units is summed up by a gear set, a
chain, or a belt, and transmitted to the wheels.

Power split:In this configuration, one thermal unit and two electric machines are connected
to a power split device (generallyptanetary gear set). The power produced by engine and
electric machines can be merged through both mechanical and electrical paths, combining

series and parallel modes.

4. Series/ parallel: The vehicle is equippedith clutches, allowing to modify the povigain
configuration from series to parallel and vice versa. The flexibility of this architecture allows
selectinggthe most suitable configuration for the current operating condition.

Series Parallel
Fuelflux
Electricflux
Fuel Tank ICE MechanicaFlux Fuel Tank ICE
c c
| i) o
[] 0
B2 4]
Generator g g
c c
g S
I g 5
Power Electric Power Electric
B B
attery Converter Motor attery Converter Motor
Power Split Series /Parallel
FuelTank ICE Fuel Tank ICE
= .5 c
o 7] | 2
@ Electric g 8
g Motor a Generator =
o I 2]
o = %
Batt | =
attery Generator Batier Power Electric
| y Converter Motor

Regardless of the considered configuration, a vehicle simulation aims to reproduce the energy
flows within the powertrain and the driveline, obtaining an accurate estimation of adll¢vant
parameters, such as fuel consumption, pollutant emissipbattery state of charge. A vehidéyel
energy analysis is the most widely used approach for the estimation of the above parameters, and it
is the one considered for this work. Inglmethod, the vehicle is considered as a point mass and its

interactions with the external environment are studied. In this framework, the vehicle longitudinal

Figure4-2 Classification of the HEV architectures

dynamics and the energy flows inside the powertrain are analysed

116




Simulation of Vehicle

4.2.Vehiclelongitudinal dynamics

To describe the longitudinal dynamics of the vehicle, a simplification is imposed considering the
vehicle itself as a point mass. Under this hypothesis, the forces acting on the vehicle along the

longitudinal axis are shown Figure 4-3.
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Figure4-3 Longitudinal breesacting onthevehicle.

The vehicle dynamic equation candgresghroughthe equilibrium of forces, as follows:

96 O O O O O (4.1)

whered andv are the effective mass and the longitudinal velo6@y.  represents the
inertial force, being positive if the vehicle is accelerating, while negative if decelerating. On the right
hand of eq(4.1), the first term;”O , represents the tractive force generated by the powertrain,
i.e."O (or during braking phases at the wheels,’©e. )."O s the roling resistance factor and
it takes into account the friction due to the tire deformation and loEk&slast forceis generally
express as reported in.d€¢.2) depending on a rolling resistance coefficient, , the gravitational
acceleration)Q the vehicle mass and the road slope

O o v M Ba& J0Eir (4.2)

In eq.(4.2), theterm ¢  JQQL ¢ ) $tands for the vertical component of the weight. can
be assumed constant or depending on the vehicle speed, tire pressuaad temperature, etc. The
order of magnitude fof is about 0.020.03. This force is always dissipative since it opposes the

vehicle motion.
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ConsideringO , it is the aerodynamic resistance, function of the air derisit{s,.25 kg/ni in

standard ambient condition$), the vehicle frontal are@ the aerodynamic drag coefficient. This
force, along withO , is always dissipative

"O S:J’ DD D (4.3)

Finally, "O takes into accourthe force due to road slop, being positive once the vehicle is

driven uphill and negative if it is going downhill
O a O0Qd Qg (4.9

These equations represent the basis for vehicle modeling, being sufficiently accurate if the utilized

parameters are correctly specifidgpical values for these parameters are statdaloe4.1.

Table4.1 Typical values of vehiclelependent parametersdescribdongitudinal vehicle dynamics models.

Parameter Compact Car Full-size SUV
a pGTTpUTEN pX MG TTEN p W TG G TENG
6 ™ T& U ™ Y T o ™ ¢ T Y
© P& p¥ PH C& G ¢ @6
0 T8t p 18t O T8t p T8t O T8t p T8t O

Aiming at making explicit the tractive force required to the powertrtia, eq.(4.1) can be

rewritten as

O O O "0 "0 Lo I} (4.5)

The different ways to express the equilibrium of forces in(éd) and (4.5) respectively
correspond to the forward and backward modelling approaches.

Concerning the forward approach, the vehicle acceleraf®n (FQpis calculated through a
balance between the tractive force generated by the powertrain and the passive resistance acting on
it. Hence, vehicle speed is obtairt®dintegrating the acceleration.
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Speed
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Figure4-4 Information flowof a forwardapproacH1].

This approach well reproduces the physical causality of the system, iwhwtly it is the option
typically chosen in most simulation. It is synthesized by the information flow depickegluire 4-4.
The model input is theequired speed profile, and it is compared with the actual vehicle speed. Using
a driver model, generally schematized through a PID controller, a braking or throttle control is
produced to follow the prescribed vehicle speed. The driver command is enstpervisory block,
responsible for issuing the actuators setpoints (engine, electric machines, and braking torques) to the
powertrain components, which ultimately produce a tractive (or breaking) force. Finally, the
estimated force is applied to the hidde dynamics model, determining the acceleration (or
deceleration) by using e@.1).

Differently, in the backward approach, the velocity is imposeltulating the tractive force from
the inertia and dissipative forces. It is assumed that the vehicle will always follow the prescribed
velocity and acceleration profiles. ThéQ@ represents the force that must be supplied by the
powertrain. Nadriver model is needed, since the required speed is a direct input, whereas the outputs
are the engine torque and the fuel consumpftiofigure 4-5 the information flow for a backward
approach is shown. In this case, the simulator directly determines the net tractive force to be applied
depending on the velocity and all the vehicle charstics. On the basis of this information, the

torque required to move or brake the vehicle is estimated, with the related fuel consumption

Speed
setpoint Force Torque Torque
Driving Vehicle | ’ ' ’ . o > .
cycle  — dynamics Wheel Drivetrain Engine
Vehicle Wheel Speed
Speed Speed
Fuel
Consumption

Figure4-5 Information flowof abackward approacii].
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In a vehicle simulation, in addition to the force balance equilibrium, power and energy balances
can be calculated. Multiplying all terms of €4.5) by the vehicle speed ( ), thepowerbalance
can be expressed.a

0 0 0 VY (4.6)

If 0 s greater than zero, the powertrain produces power to drive the vehicle. i§ negative,
for conventional vehicles, this power is lost in the brakes and in the engine pumping losses, while for
a hybrid vehicle, this is partially recovered b #ectric unit, recharging the battery.

By integrating eq(4.6) over the duration of a prescribealite the energy balance can be obtained

as

0 0 0Q6 0 O © (@) (4.7)

where the integral of the inertial power is the variation of the kinetic enérgy),(and the one of
the grade powers is the variation of the potential enddgy X

By solving equationg4.1), (4.6), and (4.7), the energetic and dynamic analysis over a driving
mission is performed. In particular, considerangonventional vehicle, tf@ is entirely supplied
by the thermal engine whil® is dissipated in friction losses at the brakes or in pumping losses in
the ICE. While, considering a hybrid architectu@e, can be provided by It thermal unit and/or
electric units depending on the architecture and the energy strategy chosen. ligsteads
recovered by the electric units. The energy flux from thermal engine or from the battery to the wheels
requires a proper descriptidor all the powertrain components. To this aim, in the following section,
the models employed to characterize the internal combustion engine, the electric units and the battery

will be briefly recalled.

4.3.Modelling of Internal Combustion Engine, Electric unit, and battery

Two main approaches are commonly used for vehicle simulation to model the thermal engine,
namely gatic map or static map combined with lumpgetameter dynamic modehe first considers
the engine as a perfect actuator, responding immediately to the demands. All the variables, such as
the fuel consumption, are computed from the map (or table) as a function of engine speed and torque,
both assumed to be known. This ffiegppproach can be modified into the second, once including
dynamic limitation in the torque output, hence leading to a lurpaeameter dynamic model. This

approach considers a delay between the demanded torque and the actual torque generated. To this
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aim, a transfer function must be coupled to the map, representingirthiduel dynamics during
transients and, if possible, the crankshaft inertia.

Concerning the electric machine, its efficiency can be assumed constant or modelled, once again,
by a mapbasel approach. The map can be expressed depending on the speed and torque or on speed

and electric power. The relationship between mechanical torque and electric power is as follows

- 17 M D FOXORNEE | SN ¢ (6308 0]

o 1 oY ) ) (4.8)
—D Q8 n 00t Qi dE WIQ

where—  represents the efficiency of the electric unit, is its rotational speed ari is the
mechanical torque. Several models have been proposed for the battery [gystethe available
literature, characterized by different degrees of accuracy. Realizing a consistent prediction of the
battery dynamic in a HEV is a challenge because of the mutual correlation between all the main
variables chamerizing the battery behaviour e.g. State of Charge (SoC), voltage, and temperature.
The SoC is defined as the amount of electrical charge stored in the battefynormalized by its

total capacity§ ).

p 00 .
. . N —— QM 7
YE D o T (4.9)
VR o T -
- —— QW T
i 0
where"00 is the battery current, positivenegative during its dischargecharge,— is the

Coulombic efficiency, depending on the current intensity and temperature. Even if the battery
capacity and the Coulombic efficiency are function of some parameters, the evaluation of the SoC
from eq (4.9) is usially realized assuming those quantities as constants. A simplified circuit linear
model is here chosen to describe the battery behaviour. Following this approach, the battery current

and voltage are related to the power exchanged with the powertrain by

@ oY - 0 T (4.10)

An explicit expression of the current can be identifieddlyisg eq.(4.10), wherew is the open
circuit voltage andY is the internal resistance of the battery. These two last values can be

determined through proper maps, as a function of temperature and SoC.
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o L@ 1YL - (4.11)
c¢Y

During battery charging, e4.11) returns always reabots sincehe value of) IS negative.
While in battery discharge condition, imaginary roots & obtained from the above quadratic
equation. This occurs when the power requested by the motor exceeds the one available from the
battery. For this reason, a further equation is included in the model, to determine the maximum current

suppliable by théattery.

W . ‘ » :
C'Tm w ) Y N v ) w (4.12

0

It is worth highlighting that even if the integration of the current to calculate the SoC is a widely
adopted mode, it is characterized by some limitations. Firstly, considering a real application, this
approach is not stable and accurate enough. Fordgason, different algorithms are employed to
estimate the SoC fromhe available measurement of terminal voltage and current. Furthermore, this
method does not consider the aging of the battery. Indeed, this phenomenon causes a loss of the
capacity, incresing the internal resistance and leading to the reduction of vehicle performance.
However, the dependence on aging does not affect the battery performance in the short term, for this
reasonthis aspect has not been considered in this study.

4.4.Mechanical conponent and auxiliary loads

Together with the components providing the energy requested to the powertrain, the devices
responsible for its transmission or conversion have to be modelled, as, for instance, the gearbox or
the wheels.

The gearing is responsible for changing the speed and the torque between two shafts, ideally with
no alterations of the power flow. Nevertheless, the output power is always reduced if compared to the
input one, because of the friction losses. Hence, theser losses are taken into account by
introducing a lossy gear model. This model considers the speed ratio fixed for a selecfed year

and the output power as a function of the transmission efficigncy.

Y R Y] Tt
Y (4.13)

e P v oh Y1 -

- T
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In eq.(4.13) the efficiency— can be assumed as constant or variable depending on gear ratio,
speed, and input torque through a map or an analytic expression. More complex models are applied
for drivability studiesConcerning the wheels and brakes, a simplified approach is typoatioyed
for longitudinal vehicle simulation, namely a quattic model, expressing the tractive force as

follows:

O Y Y m ~ (4.19)

where”Y is the taque generated by the powertrainre@wheel shaft, whiléY is the braking
torque andY represents the wheel radius. The wheel angular Speed as reported in ed4.14)
can be calculated from the longitudinal vehicle speed.

Concerning the engine passive power related to the auxiliaries, it is commonly described by a
simplified model because of the lack of detailed datkectable during a driving cycle. Specifically,

this energy is considered as an additional battery load depending on its current operating point

4.5.The Energy Management Problenfor Hybrid Electric Vehicles

The hybrid electric vehicles, from bottmamerical and real perspective, requires a proper control,
which is carried out by an energy management strategy. The EMS purpose is to determine the amount
of power delivered at each instant by the energy sources available in the powertrain, simutaneousl
complying with several constrds Most of the EMSs for HEVs are addressed to minimize a cost
function, especially accounting for the fuel consumption, while controlling the SoC of the battery.
Generally, two main categories can be identified in thegymaanagement problem, e.g. Holased
and modebased optimization problesi?],[8],[9].

The approaches belonging to the first category can be executed-imeasince not entailing
explicit minimization or optimization. Commonly, rub@ased strategies are based on a setles to
determine the value of the control variable to be applied at each time. Instead, the approaches of the
second category are featured by a power split optimization, minimizing a cost function over an
imposed driving cycle, leading to a global optirsalution. In this case, even if these optimizations
cannot be implemented on a real vehicle, because of the missing knowledge of future information
and due to their huge computational time, they represent a useful tool to support the design phase.
Indeedthese approaches can be employed to design a series of rules fdimanamplication or can
represent a benchmark solution to compare different control strategies. Further, theseasexdiel
optimization problems can be numerically or analytically sdhn the first case, the entire driving

cycle is considered, numerically finding the global optimum. Among the different available methods,
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Dynamic Programming (DHD] is the most widely used in the vehicle application field. In the case

of analytical solution, the optimization method solves an analytical problem formulation achieving
the solution in closedanalytical form or, at least, providiran analytical formulation making the
numerical solution faster if compared to the purely numerical methods. Among these methods,

Pontryaginos eapistheonemostpommonlgused |

4.6.The Optimal Control Problem in HEVs

The aim of any control strategy for vehicle powertrain is the mimitiam of predetermined
guantities such as the consumadlfor the pollutant emissions along a driving missiofgfiling
some constraints, e.g. complying with maximum or minimum engine torque or rotational speed, etc.
A simplified procedure, largely applied, requires minimizing a combination of the -ahex@ned

parameters, resulting in the following mathematical expression of the problem:

AJCEbwo
60
661"y (4.15)

WO f @

whereUrepresents the performance index to minimizis, the generic state variable amds the
generic control variable, whilé and "Yarethe related range of variation. The performance index
depends on the integral of a cost functicinom 6 to 0 plus thedifference between the current and

the initial state variableéhrough the penalization factér

0o Dwof o b oo ®o (4.16)

According to the common hypothesis of minimizing the consumed fuel along the driving cycle,
the only state variable is the battery SoC, while the pephtr between thermangine and electric
units © 0 T0 ) represents the control variable. Under those assumptions, the cost function can

be reformulated as:

VKoM G 60MQO bHYED YEOD (4.17)

On the right ofeq. (4.17), the second term represents a global constraint for the considered state

variable.Indeed the optimization problesiare usuallysubject to several constraints. Some of them
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are integral in nature, such as #imvementionedsecond ternonthe right of eq(4.17), required to

ensure the energstorage balance. Other constraints are local mreasuch as instantaneous power

limits or state of charge boundaries. The local constraints related to the SoC are needed to ensure that
the battery works with a high efficiency and to preserve its difeleConcerning the local constraints

on the contl variable, they are imposed to guarantee physical operation limits. Generally, the local

constrairts can be expressed as follows:

 YEO "Y€ "Y€ O
"ok 0O o 0 h
v Y YO Y
VN I 1 0 1 &

© Q&ADE BQQE (4.18)

The last two inequaligsof eq.(4.18) represent the limits imposed on the instantaneous torque and
speed, respectively. , stand for the minimum and maximum values of Sq@wer/
torque/ speed at each instant. Furthermore, other constraints are embedded in the maod&infog i
a limit on the frequency of switching between operating modes or gear number to ensure an acceptable

vehicle drivability.

4.7.Pontryagin Minimum Principle

As saidthe Pontryagin Minimum Principlg] is the widely analytical optimization methods used
to solve the problem of HEV energy management. It is based on the instantaneous minimization of
the Hamiltonian functin, once determined the optimal trajectory of the costate, both mathematically
defined in the following. This approach requiresak@iori knowledge of driving mission to achieve
the condition of energy balance for the battery between the start andteeddaizing mission.

For the PMP strategy, the optimal solution is found at each time through the minimization of the

Hamiltonian functiondefined in(4.19) for HEV application:
06 ORYé dhh. 0 & ool _0°Ye 6 ORYE 6o (4.19
The first term of Hamiltonian function in e@.19) is the instantaneous cost, while is a vector

of the optimization variable, also known @djoint statesor costateof the systenmand its dynamic

equation is given by:
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06 0 hHYE @ hh o "Y¢ & ORYE @O
o 0L ) nve (4.20
T YE O T Ye O

According to themainassumption, for which the SoC time derivative is not dependent on its current
level [10], the costate is constant over time, whereas the optimal codeattfied as/”, demands

only to fulfil the energy balance for the battery between the beginning and the end of the driving
cycle:

ex
(

YE b Yé (4.22)

_“can be evaluated ongydef i npngoriiad the vehicle driving
information knowledge. If the Hamiltonian cannot be given agxpiicit function of the control
variable, to solve the problem, it is mandatory to realize a discretization of the control variable domain
at each simulation step. By changing the grid sizing, the problem solution may show variations,
resulting in a quitdifferent cost function minimum and control variable trajectory. Finer grids lead

to better outcomes, but the computational time could become an issue to be reckoned with.

Further, when including state constraints in the problem definition, some diéfguitthe PMP
application arise. Hence, a possible solution is combining the PMP with a penalty function approach
[11]. The aim isto increasehe Hamiltonian valuewhenever the optimal trajectory violates its
constraints. An effective penalty approach through an implicit Hamiltonian minimization is used in
[12] having severaltates and inputs under mixed ingaiate constraist

The application of redime local optimal solution leads to long optimization time and
computational complexity13]. Hence, aiming at improving the efficiency of the optimization
process, different solutions have been proposed in literature, such as the application of an approximate
PMP algorithm[14]. By introducing a simple convex approximation to the local Hamiltonian, this
strategy only requires the calculation and comparison of five candidate Hamiltoniansgbeidirey
on the optimal control for the powertrain. Another crucial matter of these approaches is related to the
discretization of the operating domain of the powertrain components, which relies on the conflicting

requirements of computational effort analef control.

4.8. Equivalent Consumption Minimization Strategy

To overcome the problem concerning lack of informationfature events, the offne
strategies can be modified into anlore version. One of the most common method@sg the
Equivalent Consmption Minimization Strateg{15], considered as an extension of the P[U®.
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This approach aims to the-tine minimization of an equivalent fuel consumption, also considering
a contribution associated to the battery power consumption through an equivalencé fadtoe,
adequacy for otine applications is realized by an adapfi , modified by a fuzzy PI controll¢t 6],
or by a correction term related to the battery State of ChargeAnother option for the correction
is the utilization of a 2limensional lookup table, derived from an equivalence factor optimization
and then applied for reéime adjustment§l8]. Once tuned, these approaches showeebptimal
performance, but quite similar to dffie approacheq19],[20],[21]. Once more, if a dense
discretization for thexploration of the performance maps of powertrair@uiponents is required,
the computational time represents a remarkable issue.

As said, the ECMS requires to minimize an equivalent fuel rate at each time, that is the sum of
the actual fuel rate and & contribution arising from the battery electrical power through an

equivalence factor, according to:

. . 0 60h
U Ow

LHV is the lower heating value of the fuél, represents the power released or absorbed by
the battery, and the equivalence factor. A piecewise linear type descriptian d¢flifferent for
battery charge and discharge phases) proves realizing very close to the optimal powertrain
management, but requiring an adjustment depending on the vehicle characteristics and driving
mission[20]. Several methodologies have been developed to achieve an adaptative adjustment of the
equivalence factdi6],[17],[20],[21]. Some of them are developed according to the outputs deriving
from off-line optimization strategig47],[18]. The impact on performance by using a constant value
fori is evaluated if20], finding results very close to the optimality.

Among the available alternatives, a very robust approach presents an equivalence factor
correction depending on the difference between the duBe@ level and a target val{6]. The

correction is computed by a PID controller, expressed as:

o o Q.
i o i L XYEOGUL DO YYEDBQT U 353’*3 0 (4.23

Y'YE S YED YE S (4.24)
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where"Y¢ 0O is a reference SoC level aiYdYé i the error between the current SoC and

the above reference. The first term on the right hand ¢fi&X) represents a proportional correction

term, while the second and the third ones are respectively an integral and a derivative correction

4.9. Efficient Thermal Electric Skipping Strategy

In the light of the abovanentioned criticisms of PMP and ECMS, one of the main purposes of
this thesis work has been the development of a simplified control strategy, availablirie affd
ortline versions, featured by performance similar to PNEEMS one, buextremely efficient from
a computational point of view. As highlighted by analysing the current litergitBi¢13],[14], the
computational effort still remains an open point in the development of optimal control strategies,
especially if those strategies are addressed to dime@implementation. Hence, theraputational
efficiency is one of the most relevant aspects addressed in the development of the proposed strategy.

The powersplit principle is not applied and is replaced by an alternate utilization of thermal and
electric units, leading to the here cdllEfficient Thermal Electric Skipping Strategy. At each time,
the choice between the traction modalities is based on the evaluation of an equivalent fuel rate in a
pure electric driving, to be comparedthe actual fuel rate in a pure ICE driving.

Withthe aim to prove the ETESS conlsaowssendgvelid
simulation platform and tested on different HEV architectures along different driving cycles. Further,
to validate both the ofine / onrline ETESS variant, the outcomestbis proposed control strategy
have been processed and compared to PMP and ECMS methodologies, respectively.

In opposition to the powesplit concept, the basic idea of ETESS is to alternatively utilize the
electric units and thermal engine to fulfil thewer demand at the vehicle whedls, . At each
time, the choice between the power units is made comparing the actual fuel consumption of the
thermal engine, operating to fully satisfy the power demand, , and an equivalent fuel
consumptiond f , related to a pure electric driving of the vehicle. While the first fuel datg, is
simply quantifiable, the description of the second one is the most critical issue for strategy

implementation. The value of j , for each available geaatio,&¢ , only depends on the power

demandD ,and on the losses in tlearBox; (GB1) and in the differential (see power flgigure

4-6), and can be express as follows

o 0 D YOH
af & : (4.25)
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where— is the efficiency of GB and BSFC is the actual fuel consumption of the engine

operating with the load and speed imposed by the vehicle velocity and by

Ba] [Em] || [ee2

-
|
| —— Power flux
! Cl ——— No power flux
| EG | 3
E 4| ‘ —— Mech. Link
: ‘ - ——- Elect. Link
|
"ICE| — [ fGei)}[oifr. —{whed

Figure4-6 Power flux in pure thermal driving
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Figure4-7 Power flux in pure electric driving.

The concept behind the estimation of the fuel éatg is that in a pure serieslectric driving, the
power delivered by the ENElectric Motor)was supplied by the thermal engine in an undefined time,
working in its optimal operating point, characterized liy & "00 . The power flux from the thermal
engine to the wheel, in a pure series driving, involves some losses in tfiedeBic Generator)in
the EM, in the battery, in the GBand in the differential, quantifiable by the efficiencies of each
component (sepower flux inFigure 4-7). Hence, the equivalent fuel consumption in a pure electric
mode is expressed as the producthof and an BaWGEHp coredtéd by the above

mertioned efficiencies to consider the losses from the ICE to the wheels.

D "Y'00

. 0
arp 63D ‘
d - 5 2 >

(4.26)
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where— | — , € and- are the efficiencies of GBEG, EM, and differential,
respectively, and is a tuning constant. Note that is the EG efficiency calculated in the

torquespeed couple where the battery charge occurs, in turn dependhngengine operating point
of minimum BSFC. The tuning constantis introduced to achieve the energy balance for the battery,
as expressed by e@.21). The choice between either pure thermal or electric driving is realized on

the basis of the inequality reported below:

0 1y 610 QDE LD .
006G G HH QO (4.27)
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In this assessment, the gear ratio involving the lowest fuel consumption is chosen for the definition

of & y . If the maximum power delivered by the thermal engine for a certain gear ratio,

~

0 € , is lower than the power demand, the fuel rate is corrected as:
ap & 0 g DY Ya ¢ (4.28)
.. .0 0 E > & O D "Y'06 (4.29)

where on the right hand of e@.28), the first term represents the fuel rate achieved when the
engine operates at its maximum power and the secondMérrm,, is an equivalent fuel consumption
needed to fulfil the power deand with the support of the electric motor, as expressed l§4.2§).
Moreover, when the wheel power demand becomes negative, a regenerative ibregdtiged by
the EM.

A simplified description othe ETESS principle can be related to a specialization of the ECMS,
where the only acceptable values for the pesydit are either O or 1. Even if introducing this
simplification means to achieve a centgenalization of the fuel economy, a drastic reduction of the
computational effort is expected.

The flowchart shown irFigure 4-8 summarizes the ETESS logicBhis highlights the choice
between a pure electric or thermal driving, based on the fuelrafesindd j , and the activation
of a parallel mode only vén the ICE or the ENt not able to fulfil alone the power demand. Based
on this approach, the battery charge is activated especially when the vehicle brakes rather than in a

phase with a positive power demand. Hence, it is feasible to reduce as muskille ploe energy
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flux from the ICE to the battery (throughout the electric units) with the aim to minimize the related

unavoidable mechanical and electrical losses.
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Figure4-8 Flowchart schematizing thedas of the ETESS.

Along a driving cycle, if the torque limits, for each unit (thermal and electric), are not overcome,
the only energy available for a pure electric driving is the one recuperated from the regenerative
braking, and the thermangine, when switched on, will supply the power strictly needed for the
vehicle driving.

According to the inequalities of e(f.27) the chace between pre electric or thermal driving is
straightforward, without requiring a discrete map exploration. To evaluate the engine operating
point is univocally identified by the tractive power demand, by the vehicle speed, by the losses along
the drivelire from the wheels to the engine. Likewise, also the fuetirgiefor a pure electric driving
is univocally identified by the traction power demand, by the vehicle speed, and by the losses along
the driveline, and in addition by the dissipationshi& électric units.

It is worthhighlightingthat this control strategy is versatile and suitéateny hybrid powertrain
fitted with a gearbox.
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4.10.Setting of the map gridding

In this thesis, for the PMP and ECMS implementations, a grid has been ideotiéegldre the
EM and EG efficiency maps, composed of 29 and 19 torque levels for each rotational speed,
respectively. This choice represents a reasonable compromise between computational effort and
degree of accuracy of the solution. No gridding is neddedccess to the engine BSFC map since
the engine load level is univocally determined by the power demand at the vehicle wheels and by the
torque levels of the electric units, which in turn are iteratively explored by the above grids. Indeed,
for the ETES implementation, the power request for both EM, &t@l ICE is univocally determined
(once assigned the gear number), and for this reasogridding is required. This characteristic is
expected to drastically improve its simulation time if compared to PMP or ECMS. However, the
ETESS undergoes a drawback similar to the PMP one, i.e. the requirementasf knowledge of
the speegrofile needed to identify the value af. Anyway, it can be easily extended to a téake

implementation introducing an adaptive correctiondigrsimilarly to the ECMS method.
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5. Engine Model Validation

During this PhD. work, several engine architectures have been studied and analysed, very
different from each other. thefirst stage, a conventional S| engine has been examined, with the aim
to assess the subodebk described in sectiod.4 in the standard combustion system. The engine
performances have been evaluated and compared to the available experimental datavinade the
engine operating plane. Subsequently, t#em engines have been examined. In this framework, the
model reliability for different geometrical configurations @ufeamber design, bore, strokand
intake port geometry) and fuels (methane and gasdior a single cylinder engine (SCE), equipped
by a prechamber device, has been studied. At this stage, thenedbls for SI engine have been
adapted to describe this unconventional engine architecture. The models have been validated for the
SCE in terns of turbulence, combustion, and pollutant predictions. Finally, two -laoge gas
engines have been analysed, featuredifigrent ignition modalities i.ea SCE with a dual fuel mode
and a multicylinder engine (MCE) equipped by a PC device, with spewgard to unburned

hydrocarbon emission modelling.

5.1.Conventional Engine
5.1.1.Naturally Aspirated Small SI Engine

5.1.1.1Engine Description

The engine under study a naturally aspirated smadize VVT 3-cylinder Sl engine, having its

main features listed iflable5.1.

Table5.1. Conventional Sl enginmain features

Parameters Values
Compression ratio 121
Displaced volume, cin 996.36
Bore, mm 70
Stroke, mm 86.3
Connecting rod length, mn 149.3
Maximum brake power, kW 46.031@6000 rpm
Maximum brake torque, Nni 90.31@3500 rpm
Valve number 4 valve/cylinder

The considered engine is a naturally aspirated PFI Sl enginghedjipical pentroof architecture

of the combustion chamber. Each cylinder is equipped witnredsparkplug, a standard ignition
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system and two intake exhaust valvesThe valves & controlled by ghasedvVT system acting
on both intake and exhaust sides.

An external cooled EGR (eEGR) circuit allows recirculating the exhaust gas to the intake manifold.
The recirculated gas temperature is lowered by a veatged heat exchangerdathe amount of
eEGR is adjusted by an automatically controlled throttle valve.

An extensive experimental campaign was carried out, investigating the whole operating plane of
the engine. Operations wiffabout 355 operating pointand without EGR(about 364 operating
points) actuation were considered. For all n@alysedoperating conditions the fuel is metered to
realize a stoichiometric Aito-Fuel (A/F) ratio. The spark advance is generally set to ensure engine
operation at maximum brake torqu@nly at low speeds and high loadisis delayedavoiding
knocking combustionAdditionally, 33 operating points have been investigatdterethe pollutant
emissioswere measured hese points ammposed ofix EGR-swee at various loasland engine
speed.

No particular constraint is applied to limit the maximurrcytinder pressure and exhaust gas
temperature. The VVT device is controlledmaximize the torque at full load, whereas the valve
timing is delayed with decreasing load to promote therial EGR, thus reducing the need for intake
throttling. This latter strategy is adopted when the external EGR device cannot ensure an adequate
recirculation level, namely for very low BMEPs. The considered engine speeds range from 1000 to
6500 rpm, with anaximum BMEP of about 12 bar at 3500 rpm.

The instrumentation of the test bench enabled measuring both the overall engine performance (fuel
flow rate, A/F ratio, torque, fuel consumption) and theytinder pressure cycles. The latter were
postprocessedising an inverse analysis to obtain the burning rate profiles and the characteristic
combustion angles, namely MEBMFBso, and MFByo.

Concerning th@ollutant emissioma reduced setf operating points33 in numberis availableat

differentfixed loads and speeslby varying the EGR percentage.

5.1.1.2Model description

The tested engine has been schematized and simulated in tReW&F environment. The
simulation is based on a 1D model of the unsteady flow inside the intake and exhaust pipes and a 0D
model of the ircylinder processes. The engine schematic includesdess, intake and exhaust pipe
systems, airbox, throttle valvand EGR circuit (composed of a valve and an EGR coolé&g.
cylinder description, based on a 0D approach, is hence coupled with-dgquassional

phenomenological models to predict thecytinder process.
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The experimental A/F ratio and valve timing are used as input data to the simulations. According
to the experiments, the throttle valve is fully opened for the full load analysis, while it is adjusted by
a PID controller to match the measdrBMEP for the part load calculations. The EGR valve is
controlledto reproduce the measured external EGR rate. The spark advance is automatically modified
by another controller targeting the experimental angle of 50% Mass Fraction BurneshYMFB

The conbbustion and the turbulence are simulated according to the models of $edtajrthis
thesis, namely the fractal approach &rki- T turbulence model, suitable for a conventional Sl engine.

As discussed, the autgnition table for the knock modelling is based on the kinetic scheme
developed by Andrafd].

The knock modeiks validatedat full load, where the selected engine always operates at the knock
limit. In these analyses, the spark advance was iteratively modified to realize a numerical knock index
below a predefined threshblevel[2], [3],[4]. This methodology allowed to correctly agree with the
experimental knock limited spark advance, with a maximum errorCADs, also referring to
different engines.

A refined model of the heat transfer inside the cylinder and exhaust pipes is introduced, applying
a wall temperature solver based on a finite element approach. Concerningctliedar heat
transfer, a Woschlike correlation is used, while convectivadiative,and conductive heat transfer

modes are considered for the exhaust pipes.

5.1.1.3Model tuning and validation

The first stage of the model tuning is the identification of the constants of the turbulence sub
model, according to a hierarchical 1D/3D metblody [5],[6]. The constants are adjusted by fitting
the resilts of 3D CFD simulations for various engine operating conditiBresviously a number of
3D simulations were carried out using the commercial software STBR/4.28, as described in
detail in[7]. The computational domain includes the combustion chamber andhbadrintake and
exhaust ports. Base and minimum cell sizes are 0.6 mm and 0.1 mm, respectively. The total number
of fluid cells at the TDC is nearly 350&nd the addition of mesh layers at increasing cylinder volume
leads to a maximum of about 700k cells at the BDC. The simulations are based on a RANS approach
coupled witha®J RNG t ur b u[8] adapted fomtonpeedsible flows. The tiwarying
boundary conditions at the intake and exhaust ports are derived from 1D simulations under motored
conditions. The tuning of the OD turbulence model and the investigated operating conditions for the
consideed engine are detailed 6], where a satisfying agreement between the 0D and-mass

averaged 3D turbulence parameters is found.
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Concerning the combustion model, it svéuned at full load for bottaminar flame speed
correlati ons 0,Q@iscussedio seetidh@.], tH Emoducdtbe experimental burning
rates and ircylinder pressure cycles. In the flillad calculations, the effect of the flame stretch on
the LFS is not considered, since preliminary simulations showed that it had a negligible influence on
the results. Theptimal values of theéhree tuning constantdiscussed in sectioB.7 have been
selected as the ones that produce the best fitting of experimental data of combustion core duration,
MFBios0 (Cwrk), initial combustion stage duratioiFBo.10 (Crans), and combustion tail duration,
MFBso-90 (Xwc). Single values ok, Crans @andxwe Wwere identified at full load as the best compromise
over the entire range of engine speeds.

The tuning of the combustion parameters was performed separately for each of the considered LFS
correlations, and the optimal values of the constanteegited inTable5.2f or bot h ACor
ACor BO. | t xic take® thessammewalua fort bbtl ¢orrelations, wheteasand cwrk

exhibit slightly different values, just to compensate the difference in the LFS predictions.

Table5.2. Values of the tuning constants oétbombustion model

Cor. A Cor.B
&) 1.2 1.1
&) 058 | 0.7
) 0.5 0.5

—+— Exp —&— CorA —e— CorB

1 90%
20 —

] W 505
10 —

] W 10%

-10 —
. Spark

'20 T I T I T I T I T I T I T
1000 2000 3000 4000 5000 6000 7000 8000
Engine Speed, rpm

Combustion Events, CAD ACTDC

Figure5-1 Experimental numerical comparison of the characteristic combustion angles at full load.

Figure 5-1 shows the comparison between experimental and predicted values of the characteristic
combustion angles at full load and various engine sp@éusnumerical values, computed using
either ACor A0 or fACor BO, are observed to be
correlations. This means that they respond in a similar way to the variations in pressure, temperature,

residual gasantent and equivalence ratio that typically occur at full load operations. However, some
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differences are detected at high engine speeds. In fact, the predictions olVBfud.and MFBgo

over 4500 rpm resul ting f moreactutatethanshese abfained Geo r
AnCor AO.

Since the two correlations behave in a very similar way at full load, the validation of the engine
mod el reported below refers only to the wuse

breathing reslts from the experimentalnumerical comparison of the volumetric efficiency shown
in Figure 5-2(a). Moreover, the good agreement between predictedreeasured BMEPS-(gure
5-2(b)) and ircylinder pressure peakBigure 5-2(c)) shows that the model is capable of reproducing

properly the combustion process and the wall heat transfer.
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Figure5-2 Experimental/numerical comparison of volumetric efficie(@y BMEP (b), and itylinder peak pressure (a) full load.

A further insight into the model reliability is provided by the numerieaperimental comparisons
of the incylinder pressure cycles and burning rates at three different engine speeds repagtee in
5-3. A satisfactory agreement is found for all the considered speeds, despite the significant variations
in BMEP, in-cylinder pressure, temperature, EGR rate, and turbulence intensity.

Only at 15@ rpm the model predictions are somewhat inaccurate, probably due to a slight
overestimation of heat transfer or turbulence intensity. Summarizing, all these results prove that the
proposed approach is capable of reproducing the engine operationdadulvithout the need of

any casalependent tuning and regardless of the adopted LFS correlation.
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Figure5-3 Experimental numerical comparison of inylinder pressure cycle and burn rate at 258 (a),3250x11.84 (b),
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Theenginemodelhas been validatesiso for the second daset(33 operating pointsusing the

same constaspresented abovier the turbulence and combustion subdels Figure 5-4(a) depicts
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the engine loads, in terms of BMEP, and the rotational spegalast the case numb In Figure
5-4(b) theexaminedEGR percentageare reportedAs can be seesix different EGR sweeghave
been investigatedat four load andspeedconditions While in Figure 5-4(c) the experimental/
numericalBSFCcomparisos arereported showing a quite good agreememith a maximum error

of less thar2.5% atthelowestload.
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Figure5-4 Experimental numerical comparison of BMEP and engine speed (a), EGR percentage (b), and experimental/numerical
comparison of BSFC (@gainst the case numbéar the set of 33 operating points.

The emissiorsubmodels presented in secti8B have beermereemployedto predict the NQ
CO, and uHCsFigure 5-5(a) underlines a good model accuracy in#isémationof NOx emissions.
As expected, while increasing the EGR percentage, thephduction rate is less intend&nks to
the lower temperates of the burned gai Figure 5-5(b), both computed and measured uHC
emission present an increasing trend wherEBR percentage increasdsis can be justified by a
less effective posbxidation process of the uHC releademim the crevice volumes, due to lower in
cylinder temperature3he model in some cases overpredicts the inteoityis effect, for instance,
the second and third EG&veep Figure 5-5(c) reports the experimentahumerical results fo€O.
This figure, coupled tdrigure 5-4(b), showsan inverse relation betwe@&0O andEGRrate This is
quite well captured by the modehce again, exceptirfgr the second and third EGRveepDespite
the abovementioned inaccuracies, the pollutant sobdebk provide satisfactory results, being
capable to correctly sense the superimposed variations-affliimler thermodynamic conditions

(pressure, temperature) and compositie@R percentage
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Figure5-5 Experimental numerical NQ, [ppm (&), uHG [ppm] (b), and CQ[%)] (c) comparison against tliase numbefpr the
set of 33 operating points.
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5.1.1.4Model assessment at part load

After ascertaining the prediction capabilities of the model at full load, it is used to compute the
engine performance and combustion parameters over its whole operating range. The two LFS
correlations are compared once again to assess their relative iompdoe combustion simulation
under part load conditions. Coherently with the full load calculations, the effect of the flame stretch
on the LFS is not taken into account at this stage. The present assessment includes operations with
and without the appdation of an external EGR. Note that all the following results are obtained
without modifying the values of the model tuning constants identified at full load operdtigase
5-6(a) shows the contour plot in the engine operating plane of the percent difference between

experimental and numerical BSFCs, computed according to the definition below:

V5 "Y' 08 6 "Y'06 6 Y00 .
oo 3 "Y'08 P mm (5.1)

The contour plot of the measured BSFC is showkigare 5-6(b) for completeness. Both pictures
referto EGRf r ee operating conditions and to simul g
Metghalchi correlation provides very similar BSFC levels. @ver map inFigure 5-6(a) shows a
satisfactory global accuracy of the BSFC predictions, which mainly depends on the good reproduction
of enginebreathing, combustion evolutiopand wall heat transfer also under part load operations. The
largest errors are observed at medium loads and low speeds, where the BSFC is overestimated by ug
to 5%, and at high speeds, where the BSFC is underestimatedd®g¥p These disagreements are
probably due to an overestimation of the heat transfer at low engine speeds and an underestimation
of the pumping work at high speeds.

A similar comparison is reported irigure 5-7 for the case of activated eEGR circuit. The
experimental mass percentages of recirculated gas are sh&iguiia 5-7(c). Looking at the latter,
it can be noted that the highest eEGR rates are applied at low speeds andimgldioads, resulting
in a maximum BSFC reduction of 10 g/kWh, i.e. about 4% (coenpayure 5-6(b) with Figure
5-7(b)). At increasing engine speed, the EGR rate is reduced becauseuafaheurablepressure
gradient between the intake and exhaust pipes. After testing the overall accuracy of the model also at
part load, the relative impact of two LFS correlations iesssd with reference to the prediction of
the characteristic combustion duratidiBB1o50 andMFBo.10. The maps ifrigure 5-8(a) andFigure
5-8(b) show the angular differences between experimental and preMé&Behsof or A Cor A0
AnCor BO, r e s p e c-free vperhtipnsSimalar data fare plottdfl @igure 5-9(a) and
Figure 5-9(b) for the case with eEGR. For completen&sgure 5-8(c) andFigure 5-9(c) display the

values ofMFB1050 resulting from the measurements. As a first consideration, the comparison of the
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experimental combustion dations with and without eEGRFigure 5-8(c) andFigure 5-9(c)) shows
that the exhaust gas recirculation causes, as expected, some increase in the combustion duration. Thi:

effect is more pronounced for the highest eEGR percentages, namely at low apdddwto-

medium loadsKigure 5-7(c)).
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Figure5-6 Maps of (a) BSFC percent error without eEGR, and (b) experimental BSFC without eEGR [g/kWh].
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Figure5-9 Maps ofMFBi1os0 [CAD] with eEGR: (a)MFBu1o50,exp- MFB1osomodelf 0 1 i C 0 MFB1As@exp- MER0)0,modelfOr
iCcor BO, (c) experimental data.
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